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Preface

BeiDou Navigation Satellite System (BDS) is China’s global navigation satellite
system which has been developed independently. BDS is similar in principle to
global positioning system (GPS) and compatible with other global satellite navi-
gation systems (GNSS) worldwide. The BDS will provide highly reliable and
precise positioning, navigation and timing (PNT) services as well as short-message
communication for all users under all-weather, all-time and worldwide conditions.

China Satellite Navigation Conference (CSNC) is an open platform for academic
exchanges in the field of satellite navigation. It aims to encourage technological
innovation, accelerate GNSS engineering and boost the development of the satellite
navigation industry in China and in the world.

The 8th China Satellite Navigation Conference (CSNC 2017) is held during May
23-25, 2017, Shanghai, China. The theme of CSNC2017 is Positioning,
Connecting All, including technical seminars, academic exchanges, forums, exhi-
bitions and lectures. The main topics are as follows:

Conference Topics

S01  Satellite Navigation Technology

S02  Navigation and Location Service

S03  Satellite Navigation Signals and Signal Processing

S04  Satellite Orbit and Satellite Clock Error

S05  Precise Positioning Technology

S06  Atomic Clock and Time-frequency Technology

S07  Satellite Navigation Augmentation Technology

S08 Test and Assessment Technology

S09  User Terminal Technology

S10  Multi-source Fusion Navigation Technology

S11  PNT New Concept, New Methods and New Technology
S12  Policies and Regulations, Standards and Intellectual Properties



vi Preface

The proceedings (Lecture Notes in Electrical Engineering) have 188 papers in
twelve topics of the conference, which were selected through a strict peer-review
process from 599 papers presented at CSNC2017. In addition, another 272 papers
were selected as the electronic proceedings of CSNC2017, which are also indexed
by “China Proceedings of Conferences Full-text Database (CPCD)” of CNKI and
Wan Fang Data.

We thank the contribution of each author and extend our gratitude to 249
referees and 48 session chairmen who are listed as members of editorial board. The
assistance of CNSC2017 organizing committees and the Springer editorial office is
highly appreciated.

Beijing, China Jiadong Sun
Wuhan, China Jingnan Liu
Beijing, China Yuanxi Yang
Beijing, China Shiwei Fan

Shanghai, China Wenxian Yu
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Part 1
Satellite Navigation Signals and Signal
Processing



Research on Communication Delay Model
for Narrow Beam Inter-satellite Links
in a TDMA System

Daoning Yang, Ying Liu, Gang Li, Jun Yang, Qian Zhao
and Zhixi Yang

Abstract Navigation constellation inter-satellite link (ISL) is one of the efficient
ways to improve the service performance of global navigation satellite system
(GNSS). The four major GNSSs have been equipped with ISLs or plan to equip in
near future. Narrow beam inter-satellite link in a time division multiple access
(TDMA) system have advantages of fast beam switching, flexible networking, high
communication speed and good security. For navigation constellation to improve
service performance, the measurement values have to transfer back to the ground
facilities in a short time, at the same time, facilities have to transfer telecommand
and uplink ephemeris to satellites which are invisible to ground facilities as soon as
possible. These all made a request to shorter communication delay. And it is very
important to improve the performance of ISLs by rapidly assessing the quality of
the connection and adjusting the unreasonable connection in time. In this paper, a
communication time delay model for ISLs based on directed graphs is studied. By
abstracting the ISL timeslot table into a directed graph, and based on the shortest
path algorithm, the communication time delay can be obtained quickly. Simulation
verifications have been carried out for different scenes. Results show that the
proposed model works well.

Keywords Inter-satellite link - Time division multiple access (TDMA) - Delay -
Directed graph
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4 D. Yang et al.

1 Introduction

The Navigation constellation ISL is one of the efficient ways to improve GNSS
service performance, the four major GNSSs have been equipped with ISLs or plan
to equip in near future. Global Navigation System (GPS) which has already been
equipped wide beam ISL in UHF band is planning to be equipped with V or Ka
band narrow beam ISL in the next stage as well as Galileo system [1-4]. Ka band
narrow beam ISL is also planned to equip BeiDou system which will supply global
navigation service in 2020 [5]. Research aiming to the implement of the ISL
technology is going on with the recent launched new generation satellites of
BeiDou system.

ISL is one of the important infrastructure of GNSS in the future. Time-divided
narrow beam ISL is the development direction for GNSS because of its fast beam
switching, flexible networking, high communication speed and good security [6, 7].
Navigation constellation can complete the inter-satellite measurement and com-
munication quickly in this system.

In order to improve the service performance, measurement data need to be
transmitted to ground facilities in a short time. At the same time, facilities have to
transfer telecommand and uplink ephemeris to satellites which are invisible to
ground facilities as soon as possible. So these all made a request to shorter com-
munication delay. Timeslot is a kind of important resource in time-divided system,
and the design of timeslot and route decides the performance of satellite commu-
nication, so it is need to be estimated to optimize the system performance. In this
paper, a communication time delay model for ISLs based on directed graphs is
studied. By abstracting the ISL timeslot table into a directed graph, and based on
the shortest path algorithm, the communication time delay can be obtained quickly.

2 Timeslot and Route

2.1 Timeslot and Superframe

In the time-divided system, continuous time is divided into timeslots, a satellite may
build different link with different target in different timeslots, so that it can achieve
multi-access connection and realize communication with different targets. Timeslot
is the basic unit that TDMA ISL can build and maintain.

The visibility to others of a satellite varies real time, and it is the basic restraint
because ISL can only be built between two satellites which are visible to each other.
To simplify our analysis, we divide the continuous time into superframes, and there
are several timeslots in every superframe. During a superframe, the visibility
relationship in the whole satellite constellation is considered to be invariable. Only
if two satellites are visible to each other in the whole superframe, we consider the
two satellites are visible in this superframe.
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2.2 Timeslot Table

Timeslot tables describe the slot scheme. The row of a table represents satellite
index in the constellation and the rank is timeslot counter in a superframe. Consider
that the number of satellites in the constellation is m, and there are n timeslots in a
superframe, then an m x n orders matrix S is used to represents a timeslot table.
The element S(i, j) represents the target that satellite i establishes the inter-satellite
link with in slot j. The ISL is dual-directional, so when

S(i,j)=r (1)
It is obvious that
S(r.j) =i (2)

A timeslot table is shown in Fig. 1 and three satellites within 4 time slots are
listed.

2.3 Design of Route

The route of our ISL scheme used is minimum delay route because the connection
target may varies in every timeslot. When a satellite A has the requirement to
communicate with the target satellite P in timeslot T, it judges whether the current

Fig. 1 Example of timeslot Timeslot #—p
table Satellite # 1 2 3 4

1 0 0 3

2 0 3 3 0

3 1 2 2 1
f‘elagl.ciinExarrzglisof the route Search link
) & proces object P

Link object of A in
timeslot T Stop
searching
Not P, it is B after find P
Link object of A in Link object of B in
timeslot T+1 timeslot T+1
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target B is the destination node P. If is, it will transport to B directly, if not, it will
look up the timeslot table for the T + 1 target and the next target of B to find the
destination P. Repeat the step until P is reached. The process is shown in Fig. 2.

3 Time Delay Model
3.1 Directed Graph Model

Obviously, time delay of two satellites can be obtained from the timeslot table
because the table describes the connection relationship in every timeslot. Directed
graph is abstracted from timeslot table. The nodes of the directed graph represent
the satellites in timeslots, dual-directional vectors represent the communication
links established with other satellites and single-directional vectors represent time
the data spent in a satellite when the transmission is not implemented.

As mentioned above, directed graph shown in Fig. 3 is abstracted from the
timeslot table shown in Fig. 1. It is notice that there are no vectors come from node
2 to 4, that is to say that satellite node 2 does not establish a link with other satellites
in slot 4. So the transport has to be deferred to the next slot and dotted line is used to
describe this.

3.2 Shortest Path Algorithm

Shortest path algorithm is a classic algorithm in graph theory. The original purpose
of the algorithm is to find the shortest distance of two nodes. There are two main
algorithms that are usually used, Dijkstra algorithm and Bellman-Ford algorithm.
We will use Dijkstra algorithm to calculate the shortest delay between two satellite
nodes. The basis of the algorithm is optimum factor character which is a theorem
that if the shortest path from node i to node j is P(i,j) = {V;,.. . Vi,...Vs,...V;},
then path P(k, s) is the shortest path between node k and node s who are in the path
i to j. We can calculate the shortest path between two nodes base on the theorem.

Fig. 3 Directed graph time 1-1 1-2 1-3 1-4
delay model > > P-o
2-1 2-2 2-3 2-4
> > po-1->
3-1 I I
> > Pe

3-2 3-3 3-4
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In the directed graph, every timeslot of a satellite is a node. The source node and
timeslot is confirmed when we want to obtain the communication time delay of two
satellites and the destination node is unknown because of the unknown time delay.
The adjacent nodes of a same satellite is connected, so if there is a shortest path
between source node i — m and destination node j — n passing j — (n — 1) nodes,
then the path from node i — m to node j — (n — 1) is a shorter one that node i passes
to j. The first step to find the shortest path between i and j is to set the destination as
the node j at current timeslot, if the path is not exist, set the node j at next timeslot
as the destination node. Repeat the step until the shortest path is found. The number
of directional-vectors that the path goes through is the communication time-delay.

4 Simulation and Analysis

In this section, we simulate the navigation satellite constellation and analyze the
result to verify the practicability of the model.

4.1 Simulation Scene

We simulate the BeiDou Navigation System which will contains 24 Medium Earth
Orbit (MEO) satellites, 3 Geosynchronous Orbit (GEO) satellites and 3 Inclined
Geosynchronous Orbit (IGSO) satellites when completely established. The orbit
parameters are listed in Table 1 [8]. There are 3 ground facilities in China.

Every satellite equips an ISL narrow beam antenna. The ISL is dual-directional
link. The simulation time is set 7 days (10,080 min). Every timeslot is 3 s and every
superframe is 60 s, that is to say there are 20 timeslots in a superframe [9, 10].

Firstly, we generate 10,080 timeslot tables randomly based on the visibilities
between satellites. Directed graphs which are abstracted from timeslots connect
together to one. We analyze the time delay that the invisible satellites invisible to
the ground facilities downlink telemetry data back to the ground in 7 days. In the
simulation we consider the satellite-ground time delay is O.

After that, we adjusted the link relationship with large time delay and regener-
ated the optimized timeslot tables. Then we analysed the performance of the
optimized timeslot tables with same method.

Table 1 Orbit parameters of satellites in constellation

Satellite type Orbit parameters

MEO Walker 24/3/1 satellite constellation, orbit height 21,528 km, incline 55°
GEO Orbit height 35,786 km, longitude 80°, 110.5° and 140°

1GSO Orbit height is 35,786 km, orbit incline 55°, phase interval 120°
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4.2 Simulation Result

The time delay of random-generated timeslot tables are shown in Fig. 4. The result
shows that there are less than 60% links delay within one timeslot and more than
30% links delay beyond 3 timeslot.

The time delay of the optimized timeslot tables are shown in Fig. 5. The result
show that links whose delays beyond 3 timeslot are no longer exist and the number
of links whose delays within one timeslot are up to 80%.

Fig. 4 The time delay of 60
random scheme

50 -

40 p--

30 -

percentage (%)

20 [

10 f------ - .
0
<1 <2 <3 <4 <5 <6 >6
downlink delay (timeslot)

Fig. 5 The time delay of 100
optimized scheme

percentage (%)

<1 <2 <3
downlink delay (timeslot)
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5

Conclusion

This paper studies and simulates the inter-satellite link communication delay model
based on directed graph. The result show that this model can obtain the commu-
nication delay of any two satellite nodes rapidly and accurately. It is also indicated
that the model have the reference to estimate and adjust the connection relationship
of ISL.
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Satellite-Induced Multipath Analysis
on the Cause of BeiDou Code
Pseudorange Bias

Hailong Xu, Xiaowei Cui and Mingquan Lu

Abstract Data from previous observation have shown that the BeiDou satellite
navigation system (BDS) has been suffering from satellite-induced
elevation-dependent code pseudorange bias, which can be as much as 1 m and
degrade the performance of high-precision applications such as Precise Point
Positioning (PPP). Mechanism analysis on the cause of the bias has been absent in
previous literature, which is essential to avoid the issue from happening again in
following satellites. In this paper, both theoretical analyses and simulations are
performed, proving that the bias can be caused by the multipath effect induced by
the transmitting array on the satellite. Based on a proper model of this
satellite-induced multipath effect, the bias values can be calculated through math-
ematical derivation. Under certain model parameters, the simulation results agree
with the observed bias values very well. Methods and conclusions of this paper are
useful in both investigating the current BeiDou bias issue and the process of design,
development and test of following satellites by satellite manufactures.

Keywords BeiDou satellite navigation system - High-precision application, pre-
cise point positioning - Code pseudorange bias - Satellite-induced multipath -
Correlation function

1 Introduction

With the system construction advancing and the application areas expanding, the
BeiDou satellite navigation system (BDS) is becoming more and more important in
both military and civilian fields. All of this is based on the condition that the system
provides code pseudorange measure precise enough to end receivers. However,
through the transmitting, propagating and receiving processes of the
navigation signals, it is inevitable that biases will be induced to the pseudorange
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measurements. The bias sources include the satellite clock and orbit error, the
ionosphere and troposphere delay, as well as the multipath effect on the receiver
end. Features and correcting methods of these biases have been studied extensively
in the past. However, in recent years, a new kind of pseudorange bias is observed in
BDS, whose values are dependent on the elevation of the satellite from the view of
the receiver and can be as large as 1 m. This bias is independent of the type,
location, observation interval of the receiver, but holds differences between the two
satellite groups, which are in medium earth orbits (MEO) and inclined geosta-
tionary orbits (IGSO), respectively, thus is supposed to be caused by the satellites
[1]. This bias has little effect on absolute positioning applications due to the limited
accuracy requirements, but can degrade the performance of some high-precision
applications using code pseudorange measurements but without differencing tech-
niques, such as Precise Point Positioning (PPP), thus restricts the application
extension of the system.

Towards this issue, one countermeasure is to determine the bias values under
different satellite elevations from historical observations, then perform compensa-
tion in the receiver [1]. Another countermeasure is to adjust the broadcasted
ephemeris, and use the orbit shift calculated from the ephemeris with respect to the
true orbit to counteract the bias [2]. However, these solutions cannot eliminate the
bias from the source. To solve the issue thoroughly, the cause of the bias must be
found, and then be avoided strictly in the design and manufacture of following
satellites.

This paper proves through theoretical analyses and simulations that, signal
delays between different elements of the satellite antenna can cause bias similar to
the observed one. These delays can be modelled as the satellite-induce multipath
effect, in which the direct and multipath signals result in their respective correlation
functions with different delays in the receiver, causing the peak of the composite
correlation function to be distorted. Based on an accurate model of the
satellite-induced multipath effect, the bias values can be calculated through math-
ematical derivation. Under certain parameters of the model, the simulated bias agree
with the observed one very well. The methods and conclusions of this paper are
helpful in the investigation of the BeiDou bias issue, as well as in the design,
development and test of the following satellites by satellite manufactures.

2 Transmitting Array Modelling

Navigation satellites transmit signals towards the earth from orbits of certain alti-
tudes, just as presented in Fig. 1. The off-boresight angle is defined as the angle
between the line from the satellite to the earth center and the line from the satellite
to the receiver. For a receiver on the earth’s surface, the larger the satellite eleva-
tion, the smaller the off-boresight angle, and so is the distance between the satellite
and the receiver. Thus, the propagation loss of the signal increases with the
off-boresight angle. In order to let the signal reach the earth’s surface with nearly
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equal power, the beam pattern of the transmitting antenna on the satellite should be
shaped to form a dimple towards the earth’s center [3].

In order to achieve this goal, multi-antenna arrays are used to transmit signals on
the satellites [3, 4]. For example, Fig. 2 presents the array geometry of the GPS
Block IIR satellite, including 8 equally distributed elements in the outer ring and 4
equally distributed elements in the inner ring [3]. The signal transmitting flow on
the satellite is presented in Fig. 3. For beam pattern shaping, the navigation signal
of a particular frequency is generated by the signal generation payload before being
divided into 12 streams by the power dividing and phase shifting network, each of
which is transferred to one array element to be transmitted. In the division, most of
the power is allocated to the inner ring, forming a strong wide beam, while the rest
is allocated to the outer ring, forming a weak narrow beam. Besides, the carrier
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Fig. 3 Signal transmitting Power
flow on the satellite Signal dividing
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Table 1 BeiDou MEO Parameters Values
satellite transmitting array Radi Iy - 13.03
parameters used in this paper adws Ol InNer rNg Finner 2> cm

Radius of outer ring 7y, 47.50 cm

Power allocation of inner ring Pje, 95%

Power allocation of outer ring P, 5%

Phase shift of inner ring ¢;,,,., 0°

Phase shift of outer ring ¢,,,,,, 180°

phase of the signal transmitted by the outer ring is shifted by 180° with respect to
the inner ring. Thus, the composite beam pattern is obtained by subtracting the
narrow beam from the wide beam, with a dimple towards the earth’s center being
formed.

The parameters of the BeiDou satellite transmitting antenna are not available in
open literature, so it is assumed in this paper the BeiDou MEO satellite has an array
with similar geometry and parameters with the GPS Block IIR satellite. Through a
“try and see” method, it concludes that under the parameters presented in Table 1,
the desired beam pattern can be obtained approximately. Based on these parame-
ters, the weighting value corresponding to each element can be calculated by fol-
lowing equations:

Wouter = — Pouler/ga Winner = Pinner/4' (1)

Then, under the isotropic element assumption, the transfer function of the array
can be written by [5]

12
HE0) = > we e, @
i=1

where f denotes the frequency, A denotes the corresponding wavelength, and 0
denotes the off-boresight angle. Due to the rotational symmetry of the array
geometry, the beam pattern variations along the same off-boresight angle are
omitted. Index i ranging from 1 to 8 corresponds to the outer ring with w; = Wuer,
while index i ranging from 9 to 12 corresponds to the inner ring with w; = Wiy,
Vector p; denotes the position of the ith element, and vector a(f)) denotes the signal
transmitting direction. Fixing f to be B1 (1561.098 MHz), B2 (1207.14 MHz) and
B3 (1268.52 MHz), respectively, the beam pattern of the three frequencies can be
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obtained, which are presented in Fig. 4. It can be seen that the desired dimples are
indeed formed, the depths of which are nearly identical to the propagation loss
differences between the near point and far point in Fig. 1, proving the rationality of
the parameters used. Following simulations will be performed under these
parameters.

3 Satellite-Induced Multipath and Pseudorange Bias

In practice non-ideal factors always exist in the power dividing and phase shifting
network depicted in Fig. 3, which can cause signal transfer delays between the
different elements. These delays can be modeled as the satellite-induced multipath
effect. Considering the two-ring array geometry, it is reasonable to assume that
there is no delay difference between the elements within the same ring, but the
signal transmitted by the outer ring is delayed by t; with respect to the inner ring.
Thus, the signal out of the inner ring can be regarded as the direct path signal, while
the signal out of the outer ring can be regarded as the multipath signal. The complex
envelopes of them can be written as follows, respectively:

Einner(t) = d(t)c(t)ejd’fwr, (3)
S‘outer(l) = OCd(l — ’L'd)c(t — fd)ej¢014rgr’ (4>
where d(t) denotes the ephemeris bits, ¢(¢) denotes the pseudo-random ranging

codes, ¢;,,.r and ¢,,,,, denote the carrier phases of the direct and the multipath
signals, respectively, while « denotes the amplitude ratio of the multipath signal to
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the direct signal. Assuming that within the observation interval, the ephemeris bit of
the two signals are the same, then the complex envelope of the composite signal is
given by

5(1) = d(1)(c(1) + ac(t — 14)e2P)elPmer (5)
where

A¢ = ¢outer - (rbinner' (6)

At the receiver end, a delayed local code ¢(r — 1) is generated to correlate with
the received signal, resulting in the correlation function to be

R'(2) = [|R(z) + 0’ R(z — 14)]|, (7)

where || - ||, denotes the 2-norm operation, and R(7) is the ideal correlation function
of the pseudo-random ranging codes which is given by

R(’L’) —_ { (1 - |TLC|)7 |T| <T. (8)

0, x| >T’

with T, denoting the period of one code chip.

Figure 5 presents an instance of the correlation functions of the direct, multipath
and composite signals when A¢ equals zero. Although the ideal correlation func-
tion R(t) is symmetric and reaches its peak at T = 0, the composite correlation
function R'(7) is no longer symmetric and suffers a peak shift. In a typical receiver
the Delay-Lock-Loop (DLL) is usually used to estimate and track the code phase
through finding the peak of the correlation function [6]. With D denoting the
early-minus-late interval of the DLL, let
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R'(tr, —D/2) = R'(t,+ D/2), 9)
then 7, is the code phase bias. As a result, the code pseudorange bias is calculated by
P, =C-Te, (1.10)

where c is the speed of light.

The amplitude ratio o can be calculated from the array model. For this purpose,
Eq. (2) is divided into two parts for the two rings, respectively:

8
Huuter (fv 0) = Z Woutereij%pia(e)a (1 1)
i=1
12 "
Hinner (f7 0) = Z Winnere_r%pia(m . (12>

”

Under the narrowband presumption [S], 4 can be fixed to A. which is the
wavelength at the central frequency of the signal, so the argument f can be omitted.
If the center of the array geometry is at the antenna coordinate origin, then

pi:_pi+4(i: 1727374)7 pj:_pj+2(]:9710) (13)

Thus the transfer functions of the outer and inner rings can be reformed as

outer - 2W0uter Z CcosS < ) (14)
lnner - 2 nner . 15
w; Z cos < )»L ) (15)

Therefore, o is obtained by

H, outer ( 0)

O((H) Hmner(e)

(16)

Figure 6 presents the transfer function variations of the inner and outer rings, as
well as the amplitude ratio o over the off-boresight angle.

From equations from (7) to (1.10) it can be seen that the code pseudorange bias
is determined by o, A¢ and t,. Parameter o is dependent on 60, while 6 and the
satellite elevation el are in one-to-one correspondence. Thus it concludes that the
code pseudorange bias is dependent on the satellite elevation.

If « is small enough, then 7, can be calculated by Braasch’s approximate
formula [7]:
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with
f = acos(Ag). (18)

The chip period of the ranging code in BDS is usually hundreds of nanoseconds,
while D is usually set to 7,./2 or a bit smaller. Besides, it is reasonable to assume 74
is about tens of nanoseconds or less. Then, the condition of the first branch in
Eq. (17) is always satisfied, leading the calculation formula to be

a(0) cos(Agp)t
Pe(0) = ¢ 20 cos(Ag) +d1 ' (19)

After A¢ and 1, are fixed, the code pseudorange bias under any elevation can be
calculated using this equation.

4 Simulation

The B1 signal of BeiDou’s MEO satellites is taken for example in this section,
where simulation results of how the code pseudorange bias varies with the satellite
elevation angle are given, and comparisons with the observed results given in [1]
are made. The goal is to find proper parameter combinations in the parameter
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domain of A¢ and t,;, with which the simulated bias values agree with the
observations very well.
Here we define a parameter called the bias dynamic as below

Ap, = p.l el=0° — Pel el=90° (20)

When the simulated and observed Ap, are the same, then it is highly possible
that the simulated and observed bias values are very close to each other for each
satellite elevations.

Figure 7 presents how Ap, varies with 7,4, with the observed Ap, depicted by the
dotted red line. It can be seen that under different values of A¢, the “proper” values
of 7, under which the simulated and observed Ap, meet are also different. As a step
further, Fig. 8 presents how the proper values of 7, vary with A¢. Considering the
even symmetry of cos(A¢) in Eq. (19) and assuming t; is positive, only the
interval 0 < A¢ <m/2 needs to be considered. It can be seen that the proper 14
increases with A¢. When A¢ is zero, 1, achieves the minimum, which is 7.69 ns.

In the end, Fig. 9 presents how the code pseudorange bias varies over the
satellite elevation under a few randomly selected parameter combinations on
the curve of Fig. 8. It can be seen that under all these parameter combinations, the
simulated results agree with the observations very well. Similar results can be
obtained for the B1 and B2 signals of the BeiDou MEO satellite, as well as the B1,
B2 and B3 signals of the BeiDou IGSO satellite, thus proving the effectiveness of
the method proposed in this paper.

It is worth emphasizing that, due to the real parameters of the BeiDou satellite
transmitting antennas are not available in open literature, the parameters of GPS
Block IIR satellite are used as demonstration in this paper’s simulations. Although
with this compromise, the results are still persuasive enough to illustrate the
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Fig. 8 Multipath signal delay
variations over the phase
difference between the direct
and multipath signals

Fig. 9 Simulated code
pseudorange bias variations
over the satellite elevation
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principle. Once the real parameters are given, more accurate simulation results can
be obtained using the same method given above.

5 Conclusion

In order to analyse the cause of the code pseudorange bias anomaly of the BeiDou
system, this paper models the satellite-induced multipath effect and proposes a
method of calculating the bias value. Simulation results prove that transfer delays
between different antenna elements can indeed cause elevation-dependent code
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pseudorange bias, and under certain parameter combinations of the multipath
model, simulated results agree with the observations very well. Therefore, it con-
cludes that the anomaly may be caused by the satellite-induced multipath effect.
Accordingly, we suggest that in the investigation of the BeiDou bias anomaly,
special attention should be paid to see if the transfer delays motioned above exist. In
addition, in order to avoid the satellite-induced multipath effect in the manufacture
of following satellites, the transfer delay inconsistency of different antenna elements
should be strictly restricted in the design, development and test processes.
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Single Receiver Against Repeater
Deception Jamming Technology Research

Ke Liu, Wenqi Wu, Kanghua Tang, Shihao Zhang and Zhijia Wu

Abstract Intentional deception jamming brings great threat to satellite navigation
receiver and seriously influence GNSS application security. For repeater deception
jamming, an anti-spoofing algorithm based on a single receiver is proposed. Using
the adjacent two times measurement pseudo-range does double differences, and
Taylor expansion is applied to the position relationship in equations. Under the
condition of the previous time’s position information is known, the authenticity of
the satellite signal of the next time can be verified according to the position
information when it is combined with the least square iterative solution for the
double differences equations. The algorithm is simple, and only a single receiver
and pseudo-range measurement data is needed. NovAtel receiver is adopted for the
actual experiments, and the result validates the feasibility and effectiveness of the
algorithm.

Keywords Single receiver - Repeater deception jamming - Anti-spoofing
Pseudo-range differences - Taylor expansion

1 Introduction

As the global satellite navigation system plays more and more important roles in
people’s life and production and in-depth application, its security is becoming more
and more seriously. Intentional or unintentional deception and interference affect
the normal use of the navigation terminals and timing terminals and results in
wrong positioning and timing information. Deceptive interference to the satellite
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navigation receiver is mainly to make the receiver to capture the jamming signal,
and then produce the wrong location. In general, it has two kinds of types: gen-
erated and repeated. C/A code of the satellite signal is open and transparent, and its
structure is well known to the public, therefore the spoofing signals which are so
similar to the real satellite navigation signals can be simulated and mislead receiver
from the correct position. P code is encrypted, so it cannot be simulated easily.
Compared to generated, repeated deception jamming has lower cost, and realized
more easily. Normally, we are faced with repeated deception jamming.

For deception jamming, the jammer first need to destroy the connection between
the receiver and the real signal, and then make the receiver capture the jamming
signal preferentially by a higher signal power than the normal. In [1], the author
pointed out that the receiver’s tracking for the real signal can be destroyed as long
as the deception jamming signal’s power higher 4 dB than the real signal. In order
to realize deception jamming suppression, the first thing is to detect the existence of
the deception jamming signal accurately. The original detection methods are mainly
concentrated on the signal distortion detection, including the signal power [2, 3],
the spatial distribution properties [4, 5], etc. The current research focuses on using
antenna array [6], the receiver pseudo-range or carrier phase differences [7, 8],
correlation [9, 10], inertial aided [11, 12], etc. Different methods can realize
deception jamming signal detection in a certain extent, but it also has the limitations
and application scopes. For example, the signal arrival angle information can’t be
get when the ordinary antenna is used, then the method of direction of arrival
monitoring will invalid; when there is only one single receiver or single antenna,
dual receiver or dual antenna difference calculation method cannot be used, and the
performance of the pseudo-range single difference is affected by the baseline length
and the number of satellites. If single receiver can be used to implement detection,
the disadvantages of the dual receivers can be overcome.

The purpose of this paper is to use a single receiver for repeated jamming signal
detection. Through the pseudo-range differences calculation at the two time points
and the least square iterative method is used to get the position, the authenticity of
the signal can be confirmed. The paper is organized as follows: Sect. 2 gives the
theoretical and method of single receiver against repeated deception jamming
signal, in Sect. 3 signal transponder is used to build simulation environment for the
actual test, and the conclusion is summarized in Sect. 4.

2 Single Receiver Pseudo-range Difference

2.1 Real Signal Difference

Suppose the measurement pseudo-range of the ith satellite at # is pi, and # 4 is
Pk 1, then we have
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pL = i+ [51,(k) — 88 (K)] - ¢+ [Stion(K) + Stirop (k)] - ¢+ & (1)

Pist = gy T [06(k+1) = 0 (k+ 1)] - ¢ + [Stion(k + 1) + 0tiyop (k +1)]
CtE 2)

where, r is the real distance, 0t, is the receiver’s clock bias, ot is the satellite clock
bias, Jtj,, is the ionosphere delay, 6t is the troposphere delay, and ¢ is mea-
surement noise and other non-model error.

We assume the ionosphere delay and troposphere delay at two times are con-
sistent, and the non-model error such as measurement noise are not taken into
account, then the pseudo-range single difference of Egs. (1) and (2) is

APy = [resr — ri] + [0t (k+1) = 61.(k)] - ¢ — [0f' (k+ 1) = &' (k)] - ¢ (3)
For the satellite clock bias, we have

01 (k) = ag + a1 (1,(k) — toe) + as (t,(k) — toe)?

= a2 (k) + (a1 — 2anto )t (k) + ag — artye + axt?, “)
In the general case, a, = 0, so Eq. (4) can be rewritten as
ot (k) = arts(k) 4+ ap — ajtoc (5)
further more, Eq. (5) can be written as
5t (k) = ay [t — pi/c] +ao — ity (6)

substituting Eq. (6) into Eq. (3), and known that pj ., —pj = Ap} |
ter1 — t = 1, then

(1=a\) APy = [resr — i) + [0t (k+1) =01, (k)] -c—ar-c (7)
Similarly, for the jth satellite, we also have

(1- a{)Ap£+ k= [r,{Jrl - r,i] + [0t (k+1) = dt,(k)] - c—ay - ¢ (8)
Pseudo-range double differences is calculated between Egs. (7) and (8)

(1 - ai)Api+1,k - (1 - a{)AP1{+1,k = [r;'c+l - V;J - [VI{H - r,ﬁ] )
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2.2 Spoofing Signal Difference

Suppose the measurement pseudo-range of the ith satellite at #; is p};, and #; 1 is
Py 1 then we have

Py = disk +dy i + [5t:(k) — 01 (k)] - ¢ + [0tion (k) + Styop(K)] - e+ (10)

P;ﬁLl = dis.kJrl +dsr,k+1 + [51,(/(—}- 1) - 5tl<k+ 1)] " C

. (11)
+ [Otion(k + 1) + Otyrop (K +1)] - c+ &),

where, d;; is the distance between the satellite and the transponder, dg. is the
distance between the transponder and the receiver, other symbols are defined as the
former.

Pseudo-range single difference is made between Eqgs. (10) and (11), and Eq. (6)
is substituted in, then we have

(1- a’i)Apf{H’k = [digk+1 — disx] + [drk+1 — dyri] + [01,(k+1) = 01,(k)] - c — a1 - ¢
(12)

Similarly, for the jth satellite, we also have

(1—a])Ap, 14 = [doks1 = disi] + [dorscs1 — dypie] + [00,(k+1) = 31, (k)] - ¢ — a1 -

(13)

Pseudo-range double differences is calculated between Eqs. (12) and (13)

(1 - ail)AP;cHJc - (1 - a{)APJ{H,k = [disﬁk+l - disvk] - [djs,k+l - d/’s?k] (14)

2.3 Taylor Expansion

For the real distance r,’; in the real single, we have

= \/(xjc — xr,k)z + (- }’r,k)2 + (g%~ Z"A,k)z (15)

where, (xi,yi,z;) is the ith satellite position in ECEF coordinates at #; which can be
obtained by navigation messages, (x,{yk7 Vrk z,ﬁk) is the receiver’s position in ECEF
coordinates at #;.
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Taylor expansion of Eq. (15) is done at (xo,Y0,20), SO

. ) OF OF OF
iy g ; A - A ”
Ty ro,k+_axAx,k+ ay Vrk 1 7 Drk

where

e =\ (6 = x0)2 (0 — o) + (2 — 20)°

@_ —Xf{-l-xo i
ox ; 2, . 2 3 Cnk
V6 —x0) + (0 —30)" + (&~ 20)

OF —Vi + o _
dy ; 2 - 2 ; 2 vk
V6 —%0) 4 04— ) + (6 — )

i ,
a_F_ Zk+ZO :e;’k

% S —x0) + (0= 30) + (&~ 20)°

Xr g = X0 + Axyx
Yrk = Yo+ Ayrk
Zrk = 20+ Az

27

In Eq. (9), the position at #; is known when we detect the signal at #;, so

ion i J
Taylor expansion is only needed to make for r; | and r; .

[’iﬂ _rlﬂ - [r1{+1 —r,{] = \/(x;-{ﬂ _x0)2+(y§c+1 _y0)2+(Z§<+1 _10)2

6 =5+ O = )+ (8 — 20)?

VO —%0) + 001 —0) + (&1 — =)

i 2 : 2 . 2
=)+ O = 3+ (el — )
+ (elxﬁkﬂ B e-’]c,k+ I)Axr«,k + (e_lvxk+1 - e;,k+ 1) Ayrk

i j
+ (ez‘k+1 - ez,k+1)Ath

Similarly, for djx in the spoofing signal, we have

disk = \/(x}( - Xs,k)2 + (y}( - ys‘k)z + (Z;( - Zs,k)2

(22)
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where, (x, y;,z,) is the ith satellite position in ECEF coordinates at 7, which can be
obtained by navigation messages, (xsﬁk,ys_rk,zs_’k) is the transponder’s position in
ECEF coordinates at .

Taylor expansion of Eq. (23) is made at (xo,yo,20), SO

OF OF OF

dis,k ~ disO,k + EA-XA + EA)]& + a—ZAZS (24)
where
: 2 ; 2 ; 2

disox = \/ (o —x0)"+ (vh —y0)” + (% — 20) (25)

el L N (26)
\/(x;c - xo) + ()’Z - )’0) + (ZL - Zo)

?9_1: - : 2 _y-;c o 2 4 3 e;"*" (27)
Y sz —x0)" 4+ (3k —y0) "+ (2§ — 20)

i _ath g, (28)
© = x0) (4 —w0) + (& — )

Xsk = X0 + Axs,k
Ys.k = Yo + Ays,k (29)

Zok = 20 + Azgx

In Eq. (14), the distance dj,; and djx at #; is known when we detect the signal at
tx+1, so Taylor expansion is only needed to make for djsx 1 and djs 1.

[disk-+1 = diss] = [dsir1 = djsi]
= +\/ (st —x0) 2 + (Vs _)’0)2+ (%1 _10)2
— \/ (= xox)* + (0 = yex) 4+ (& — 208)°
- \/ (x4 1 — x0) “t (v *YO)ZJF (244 *20)2 (30)
V=50 + 0 =3+ (= 2)’
+<ex,k+1 xk+1) sk+1+( k1 yl,k+1>Ays-,k+1

i
+ (ez:k+1 zk+1)Aka+l




Single Receiver Against Repeater Deception Jamming ... 29

Substituting Eq. (22) into Eq. (9), and using the least square method for iterative
solution. When the termination condition |x; | — x| <e, is satisfied, the real signal
calculating result at #; | is output as (x,,H 1y Yrk+ 15 Zrj+ 1) and this position is the
receiver’s real positioning. Therefore, when the receiver is at the stationary state,
we have (x.x, Yrks Zrk) & (Xrk+1,Vrk+1,2rk+1), and when the receiver is at the

moving state, we have (x,’k,yrﬁk,z,_yk) =+ (x,.,kH,y,,kH,z,,kH).

Substituting Eq. (30) into Eq. (14), and using the least square method for iter-
ative solution. When the termination condition |x;i; — x¢| <ég, is satisfied, the
spoofing signal calculating result at #; 1| is output as (x&k 15 Ysk+1sZsk+ 1) and this
position is the transponder’s positioning. So, no matter the state of the receiver is
stationary or moving, we all have the approximate equality (xs,k, Vsks Zs.k) ~
(xs,k+1, Vsk+ 15 Zsk+ 1) as long as the transponder keeps still.

So we can draw a conclusion that the vehicle’s real position information can be
obtained from both of the least square method and the algorithm in this paper when
the real satellite signals are acquired, and the results of them are approximate. While
for the spoofing signals, the least square method get the wrong positioning result,
and the algorithm in this paper get the transponder’s position, and both of them are
not equality. Furthermore, from Eqs. (22) and (9), Egs. (30) and (14) we can see
that equations solving accuracy depends on the position precision of the previous
time and pseudo-range measurement precision.

In the course of the receiver for the real signal is lock-lose and capture the
deception jamming signal, u-blox receiver can implement with no interrupt, but
NovAtel receiver will have no satellite signal or less than four satellite signal in
2-3's. Due to the position information (x,x,yrk,Zrk) OF (Xsk,Vsk,Zsk) at & is
unknown, we cannot continue to determine the authenticity of the satellite signal
according to Eq. (22) or Eq. (30). Aimed at this situation, we can increase the time
span between two signals when unlock occurs and the receiver capture signal again,
and the form of the equations remain the same. For example, it is real signal at #
and spoofing signal at #; 4, and #; | ~#; 13 have no satellite signal or less than
four satellite signal, then the pseudo-range double differences form like Egs. (9) and
(14) is

(1 - ai)AP};M,k - (1 - a{)Ap1{+4,k = [dis,k+4 - rllc} - [djs,k+4 - r,{] (31)
where the vehicle’s position at #; is known, that is to say, r,i and r;g can be deter-

mined. Then we can make Taylor expansion for djsx +4 and dj 44, and Eq. (31)
can be rewritten as
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[disk+4— 1) = [dskra— 1] = +\/xk+4 20)>+ (714 —30)° + (24 — 20)°
- \/ (i *er + (v — YI"k)z + (g — Zr,k)z
*\/X'JZH*XO ()’1{+4*yo)2+(zi+4fz())2
\/ —xk) O =)+ (& = 2i)
+ <ex,k+4 e k+4) sk+4 T+ (e;',k+4 - ei,k+4>AYS,k+4

+ ( Crk+4 e-k+4>AZ?k+4

(32)

Repeated deception jamming signal transponder’s position at ;44 can be
obtained through the iterative solution of the above equations.

3 Experimental Analysis

To verify the feasibility and effectiveness of the algorithm, NovAtel receiver is
adopted for the actual tests, and the process is divided into static actual tests and
dynamic simulation tests. Receiver is placed at the top of the college building and
receives the real signal. Don’t change the receiver’s position and open the signal
transponder, and then we use its receiving antenna receives the real satellite signal
and place transmitting antenna at the place where with the receiver two meters to
simulate the satellite signal’s relay. This kind of relay is by natural distance without
humane latencies. The least square method and the above algorithm are used for
data analysis and using (—2.1969¢6,5.1775¢6,2.9981¢6) as a reference point to
the calculating result which is shown in Fig. 1 for coordinate transformation.

The sub-graph on the top of Fig. 1, the blue line represents the real position
which from the real satellite signal calculated by the least square method, the green
line represents the positioning result when the transponder is opened and the signal
is transmitted by the signal transponder, that is to say, it is the spoofing positioning,
the red line shows the result with the true signal using the algorithm in this paper,
the black line shows the result with the repeated deception jamming signal using the
algorithm in this paper. The sub-graph on the bottom of Fig. 1, the left is the
position deviation when the real signal calculated by two kinds of algorithms and
the right is the position deviation when the deception jamming signal calculated by
two algorithms.
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Fig. 1 Experimental result with no delay

From the figure we can see that, for the real satellite signal, the blue line and the
red line keep consistent and the position deviation within 1 m. This means the
position solved by the least square method and the algorithm in this paper are
basically the same, and both of them are real position. While, for repeated deception
jamming signal, the green line and the black line are not in the same and the
distance deviation is greater than 4 m. The green line is the fault positioning comes
from the measurement pseudo-range in spoofing signal, and the black line is the
repeater deception jamming signal transponder’s position.

In order to further verify the validity of the algorithm in the existing limited
experimental conditions, we do the following things with measurement data:

(1) Added a fixed value to all the pseudo-range in the whole time of the deception
jamming signals which the value is ¢ x le — 3, where c is the speed of light.
This process is used to simulate the same fixed time delay in the whole time,
and the result is shown in Fig. 2;

(2) Added a fixed value to all the pseudo-range at the same epoch of the deception
jamming signals which the value is ¢ X (1 4 0.5k)e — 4. The value of k is
different at different time and along with time increasing at the rate of unit 1.
This process is used to simulate the same fixed time delay at the same epoch,
different time with different delay, and the result is shown in Fig. 3;
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Fig. 2 Experimental result with the same fixed delay in the whole time

(3) Through data analysis, we found that the satellite which with carrier noise
power density ratio greater than 45 dB have four. Then corresponding four
satellite signals are selected and used for evaluating algorithm. For four
satellite corresponding pseudo-range of the deception jamming signals at the
same time added the value of (1.38¢ —7,0.78¢ —7,1.1¢ —7,1.53¢ —7),
respectively. In addition, for the whole pseudo-range at the same time added a
fixed value ¢ X k x le — 8. The value of & is different at different time and
along with time increasing at the rate of unit 1. This process is used to simulate
all pseudo-range delay are different in the whole time, and the result is shown
in Fig. 4.
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Fig. 3 Experimental result with the same delay at the same epoch

Lines color definition in Figs. 2, 3 and 4 are the same as the definition in Fig. 1.
From the figures we can see that the algorithm positioning results are changed with
the time delay. However, the distance deviation from two algorithms calculating
result is basically remains unchanged. The calculating result in Figs. 1 and 2 are
basically identical, and this is because the deception jamming signal added the same
fixed delay in all the time, and it is offset each other in pseudo-range differences
calculation according to the deception jamming signal model in Egs. (10) and (11).

Experimental results agree with the theoretical analysis, therefore it can be used
to identify whether the satellite signal true or not.
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Fig. 4 Experimental result with different delay at different epoch and different pseudo-range

4 Conclusion

To the common problem of repeated deception jamming, this paper proposes a
single receiver against repeated deception jamming algorithm. The realization of the
algorithm requires only a single receiver or a single antenna, pseudo-range double
differences is adopted between two adjacent times. The Taylor series approximation
is carried out to solve the position relationships in equations, and then use the least
square method to solve it. Finally the authenticity of the satellite signal is identified
according to the calculating results.

The advantages of this algorithm are: (1) the requirement of the equipment and
measurement information is low, and it only needs a single receiver and pseudor-
ange information. Therefore, it can avoid the receiver detection performance
affected by the baseline length; (2) it is not affected by satellite signal lock-lose.
From unlock to recapture, it is only need to increase the time span between two
signals and can realize the signal discrimination.
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The Effect of Cross-Correlation Items
on the Intersystem Interference
Between GPS, BDS and Galileo

Bingxue Chen, Xufang Huang, Xuyang Wang and Tangchao Li

Abstract The spectrum of four global satellite navigation systems allocated on the
L1 band are severely overlapped, which makes signal interfere inevitably. Effective
carrier power-to-noise density ratio ((C /No)eﬂ) and its degradation are important
criteria to evaluate the degree of interference between Global Navigation Satellite
Systems (GNSS). In order to simplify the analysis process and computational
complexity, the cross-correlation items between desired signal and interference
signals outputted from the receiver are ignored when calculating (C/ No)eﬂ- In order
to estimate how much deviation would be caused by ignoring the cross-correlation
items, the power spectrum density (PSD) of cross-correlation items have been
derived, and a new calculation formula of (C /No)eﬁ considering the influence of
cross-correlation items have been given, then the simulated results of intarsystem
interference of GPS, BDS and Galileo were presented, and the results of intersystem
interference between GPS, BDS and Galileo were also presented.
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1 Introduction

Over the past a decade, there are some research about the interference between
GPS, BDS and Galileo [1-10]. The effective carrier power-to-noise density ratio
((C/No) ) is an important criterion to assess the in-band interference from other
systems. Some assessment of these interference effects has generally been overly
conservative for the sake of simplicity in performing analyses [1-7]. Other some
researchers noticed that simplifying may cause estimation errors. Dr. Dierendonck
had considered some relatively short repeating codes, such as the GPS C/A code
signals, and evaluated the effects of signal Doppler on short code spectral lines, data
and symbol modulation effects [8]. Dr. Soualle analyzed the influence of the data
rate and the spreading codes of the navigation signals onto intra-system interference
for the GALILEO and GPS navigation systems [9]. Dr. Wei Liu presented a
methodology combing the spectral separation coefficient (SSC) and code tracking
spectral sensitivity coefficient (CT-SSC) for GNSS radio frequency compatibility
assessment [10].

To date, these interference analysis methods have neglected the influence of the
cross-correlation items onto intrasystem interference and intersystem interference
for GNSS. We would focus on the effects of the cross-correlation items onto
GNSS’s mutual interference.

Firstly, based on the matched filtering principle, the power and power spectral
density of cross-correlation items have been gained from the frequency domain, and
the cross spectral separation coefficient (CSSC) is defined by copying the definition
of spectral separation coefficient (SSC). The modified expressions of the (C/No),
was presented in the end of this part, and the detailed calculating formula of
equivalent power spectral density of intrasystem interference and intersystem
interference were also presented. Then the numerical results of intrasystem inter-
ference of civil signals of GPS, BDS and Galileo were showed, and intersystem
interference between GPS, BDS and Galileo were also displayed. During the
simulation process, the real power spectral of C/A, L1C, B1 and E10S are con-
sidered. Finally, the last section draws conclusions.

2 Signal Model of Cross-Correlation Items

2.1 Power of the Cross-Correlation Items

The expression of received signals from all visible satellites can be written as:

r(t) = s(t) +u(t) +n(z)
s(r) = Re{oos(t — 1) exp(72n(f. +fa) (t — 1)) } (1)
u(r) = Re{ays(t — 1) exp (727 (fyue +fua) (t — 7)) }
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where, n(t) denotes thermal white noise with two-side spectral density of Ny /2. s(¢)
denotes the desired signal, s(r) = ¢(#)d(¢), d(r) denotes the data code, c(¢) denotes
the pseudorandom noise (PRN) of the desired satellite signal. u(f) denotes the
interference signals come from the same satellite navigation system and come from
the different navigation systems. f, and f,. denote the carrier frequency of the
desired and the interference signals, respectively. o and o, denote amplitude of the
desired and the interference signals, respectively. 1o and 7, denote the propagation
delay of the desired and the interference signals, respectively. f; and f,; denote the
Doppler shift of the desired and the interference signals, respectively.

The spectral density function of the pseudo code ¢(z) will be denoted as S(f),
according to the matched filtering theory, the transfer function of matched filter
should be the complex conjugate of S(f), which is denoted as S*(f). When the
impact of noise and front-end filter is ignored, the spectral density function of
output signals from the matched filter, which is denoted as sy(r), would be
expressed as:

Y(f) = (So(f) +S8u(f))S*(f) 2)

where, S, (f) denotes the Fourier transform of the desired signal, S, (f) denotes the
Fourier transform of the interference signal.
Then the power spectral density of sy(¢) can be expressed as:

Gy(f) = [Y ()= ((So(f) +Sul NS (FD((So(f) +Su())S (f))" 3)
S

= [Go(f) + Gulf) + (Su(/)S

= ¥
=
+
el
~
&
)
= =
Q
>

Consequently, the power output from the matched filter can be obtained by
calculating the integral of its PSD within the bandwidth:

P, — / Gy (F)df = / Go(F)G(f)df + / G ()G(f)df
RS oo oo @)

+ / (So()S(F) + S3(1)Su(F) G )df

where, G,(f) is the power spectral density (PSD) of s(¢), G(f) is the PSD of ¢(z),
G,(f) is the PSD of u(r). Si(f) is the complex conjugate of S,(f), S'(f) is the
complex conjugate of S,(f).

Now, considering the effects of the front-end filtering and noise, the power of
sy(t) should be expressed as:
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B,/2 B,/2
Py = / () PGy (F)df + No / H()G(f)dr
—B./2 —B./2
B./2 B,/2
- / H(F)PGo(F)GUf)df +No / (PGS )df
—B./2 —B./2
B./2
+ / HP(GulF) + (Gun() + Goul D))GHF (5)
b/

where, G,,(f) = VC,CuS,(f + AN)Si(f+Af) and G, ,(f) = VC;C,S:(f + Af)
S, (f + Af), which are the cross power spectrum density between desired signal and
interference signals. H(f) is the transfer function of the receiver filter with band-
width f,.

2.2 Cross Power Spectral Density

Assuming that the desired C/A signal emits from one of visible satellites, denoted as
PRN;, and the interference signals may come from other visible satellites which are
the same system or the different systems. For example, the C/A PRN; signal will be
suffered from intrasystem interference, such as Code Division Multiple Access
(CDMA) interference, denoted as PRN,(]' # i) code, P code, M code and L1C code,
these interferences come from GPS. At the same time, the C/A PRN; signal will be
suffered from intersystem interference, such as BDS’s signals and Galileo’s signals.
In the case of intrasystem interference, S,(f) can be rewritten as:

Sulf) = Sea_j(f) +Sp(f) + Su(f) +Sric(f) (6)

The cross power spectrum G, ,(f) and G, ,(f) in Eq. (5) can be written as:

Guo(f) = (Sca_j(f) +Sp(f) + Su(f) +Suic(f)) Sca_ (7)
Gou(f) =S, (f)Su(f) (8)

In the case of intersystem interference, S,(f) can be rewritten as:

Su(f) = Se1a(f) + Se1s(f) + Se1c(f) )
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So the cross power spectrum G, ,(f) and G, ,(f) can be rewritten as:

Guo(f)=(Se1a(f) +Se18(f) + Se1c(f)) Sca_i (10)
Gou()=S, (F)Su(f) (11)

2.3 Cross Spectral Separation Coefficient

Spectral Separation Coefficients (SSC) provides a measure of the interference
power output from a receiver when certain signals with given spectra are incident at
its input, which is defined as:

S22 H(PPGu v (f + ANGN(f)df
f% PGy (f)df

SSC(Af) = (12)

The terms, G, n(f) and Gy(f) denote normalized PSD of the interference
signal and the local reference signal in the infinite bandwidth, respectively. That is,
= Gun(f)df =1 and [*_Gy(f)df = 1. Af represents the frequency shift,
which comprises of Doppler frequency shift and the difference of central frequency
between the desired signal and the interference. The unit of SSC is 1/Hz.

The theory of SSC is extended to measure of the cross-correlation items power,
defined as:

S () (Guo N(f+Af)+Gou v+ D) Ga(F)df
fﬁ/; 2l PGy (f)df

CSSC(Af) = (13)

where, G, ,_n(f) and G,,_n(f) are normalized cross power spectral density, that

means, [~ Guo_n(f)df =1 and [* G,._n(f)df = 1.

For example, CSSC(Af) between the desired PRN; code and the interference
PRN;(j # i) code, can be calculated by the following equation, PRN; codes belong
to C/A signal:

S P (S5, +A)Seailf + Af) +Sea_i(f +A)S;,_(f +AF)) Gu(F)df
fﬁ/f 12| HIFGy(Hdf

CSSCea_y(Af) =
(14)

The CSSC(Af) between the PRN; code and P code, or M code, or L1C code can
be written as:
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S5 1H P (S0 + ASea_ilf + AF) + Sp(F + AF)S:,_(F +AF)) Gu(f)df

CSSC, Af) =
() [RATRREGY;

(15)

2.4 Modified Effective Carrier Power-to-Noise Density Ratio

The traditional effective carrier power-to-noise density ratio has been defined as:

(C) __¢ (16)
NO eff NO"‘Izot
B./2
Lo = Cy / ’H(f)’zGu_N(f+Af)GN(f)df (17)
-B./2

When considering the cross-correlation items, Eq. (16) should be rewritten as:

C
(C/No)or_m= No T o (18)
B./2
c-c / H(F)2Go_x(f + MGy (f)df (19)
—B,/2
B./2
Lo m = L+ /TG / ()P (SolF + AD)S,(F -+ AF) + S0 + APS,(F + AF)) G (£)df
—§,2
(20)

where, C is the received power of the desired signal, Ny is the PSD of the thermal
noise, I, and I, ,, are the equivalent power spectra of the traditional and modified
total interference, respectively. C; and C, are the received power of the desired and
the interference signal, respectively.

Substituting (19) and (20) into (18) yields the modified (C/Ny) offm
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( c ) - Co [P, IH(NP Go_n(f + ANGN(f)df
- B2 B2
Whae (g [ PG+ VEC | RS+ 150+ 40+ 56+ 808,06 + 4G
J=b1 S8,
~Br/2 )
va || Wl anang
(21)
Comparing with the traditional (C/Ny) . [1-5], the traditional calculation for-
paring eff

mula neglects the cross power spectrum and Doppler frequency shift.
The degradation of (C/Np), due to the cross-correlation items (in dB) should

be modified as:
C C C
() ()t (0) @
N 0/ deg__tot N 0/ deg__intra N 0/ deg__inter

where,
C Iinr
(ﬁ> = 1010g10<1 + ”‘)
eg__intra 0
c? deg_intr . (23)
(-) = 1o1og10(1 + 7‘>
No deg__inter No + lintra
I1-1 Uu-1 1 ) )
Lowa(r) = Y CSSC () + 3> clsscliar)
i=1 u=1 i=1
(24)
U—-1 1
+ 33" /aicessclar)
u=1 i=1
-1 K S , o-1 K, Jp R A
Inee(t) = >3 3" sscl(ar) + e chcsscl(af) (25)
g=1 k=1 j=1 =1 k=1 j=1

where, (C/No)geq_ 1 the total degradation, (C/No)
to intrasystem interference. (C/Np)

deg_intra 18 the degradation due

deg_inter 18 the degradation due to intersystem
interference. SSC,(‘;) is the SSC between ith CDMA interference and the desired
signals. SSCL(P is the SSC between the uth service on the ith satellite interference
and the desired signals, CSSij) as the cross spectrum between signals separation

coefficient system. SSC[(,{,)(

the jth interference signal, CSSC

is the SSC of the gth satellite of the pth system to transmit

f]'i,)c is the cross spectral separation coefficient

between the desired signal and interference. C 1(1/;)’ Cff), C;{,)(

of CDMA interference signal, intrasystem and intersystem interference signal,
respectively.

are the received power
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3 Numerical Results

3.1 The Real PSD of Civil Signals

Table 1 summaries the technical characteristics of GPS, Galileo and BDS signals in
L1 band, detailed parameters can refer to the literature [11-13]. Table 2 summaries
the calculation parameters which are calculated for the (C/ No)eff of all civil signals

The GPS C/A codes, as well as the codes on the future GPS, BDS and Galileo
signals, such as L1C, E10S and B1, actually produce line spectrums. These codes
are modulated with navigation data that spread the lines over the data/symbol
bandwidth. The following simulations will account for these facts. A plot of a
typical C/A code spectrum, B1 spectrum and E1B spectrum (relative to 1 W) in
Fig. 1, we assumed that they have the same central carrier frequency in order to
observe the difference. A close-in view of the real spectral density is shown in
Fig. 2.

Table 1 Signal parameters of GPS, Galileo and BDS in L1 band

System Service type Carrier frequency/MHz Modulation type Chip rate/Mcps
GPS C/A 1575.42 BPSK(1) 1.023
P(Y) 1575.42 BPSK(10) 10.23
M 1575.42 BOCsin(10,5) 5.115
L1C 1575.42 MBOC(6,1,1/11) 1.023
Galileo E1B 1575.42 MBOC(6,1,1/11) 1.023
El1C 1575.42 MBOC(6,1,1/11) 1.023
El1A 1575.42 BOCcos(15,2.5) 2.5575
BDS B1 1561.098 QPSK 2.046
B1-2 1589.742 QPSK 2.046
Table 2 Calculation Parameter Value
parameter - -
Time period 7 day
Time step 60 s
Grid resolution 5% x 50
Elevation angle 5°
Emission bandwidth 30.69 MHz
Front-end bandwidth 24.552 MHz
NO —201.31 dBW/Hz




The Effect of Cross-Correlation Items on the Intersystem ...

30 F

40 -

-50 |

-60 V

PSD(dBW/Hz)

-70

-80

-10 -8 -6 -4 -2 0 2 4 6 8
Frequency Offset from 1575.42M(Hz) X 106

Fig. 1 Real PSD of C/A code, B1 code and E1B code

— CIA
— B1
— E1B]

a0}

| ‘
.nll‘ 0 “'

-0.5
Frequency offset(KHz)

PSD(dBW/Hz)

1

Fig. 2 Amplified real PSD of C/A code, B1 code and E1B code




46 B. Chen et al.

3.2 Spectral Separation Coefficient and Cross Spectral
Separation Coefficient

Figure 3 shows the single-sided convolution evaluation of Eq. (12) for two typical
GPS C/A code spectral densities, as illustrated in Fig. 2, as a function of Doppler
frequency offset, illustrating the attenuation of the spectral separation coefficient
versus that offset, covering multiple 1-kHz lines. The minimum attenuation at
zero-Doppler difference has an approximate value of —37.6 (dB/Hz). This attenu-
ation is 20 (dB) less than the —57.6 (dB/Hz) average attenuation computed using a
long-code (with the C/A code chipping rate) continuous spectral density. It is also
more correct. Note that the attenuation at the odd-multiple of 500-Hz Doppler
offsets is as much as 70 dB, much more than the long-code approximation would
yield.

Figure 4 shows the CSSC versus the Doppler frequency offset. From the red
curve, it can be seen that CSSC of desired C/A code and interference C/A code has
the largest change, which is —40 to —80 dB. As the P code is also used BPSK
modulation, the spectrum of the main lobe overlap is relatively serious, cross power
spectrum interference followed by —70 to —110 dB. Moreover, the L1C code uses
MBOC modulation, with the impact of the subcarrier modulation, so the cross
power spectrum interference is slightly smaller. M code is military code, but the
cross interference can not be ignored. While the cross spectral separation coeffi-
cients of P code, M code and L1C code, we can see that they are almost constant.

5T —— SSC-CA-CA
SSC-CA-P

80| ——— SSC-CA-M 4
——— SSC-CA-L1C

-85 - -B1- i
SSC-E1B-E1B

. . . . . . .
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Doppler Frequency Offset(Hz)

Fig. 3 Spectrum separation coefficients
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In this section, all the interference simulation results refer to the worst scenarios.
The worst case assumes the minimum emission power of the desired signal,
maximum emission power of the interference signals, maximum aggregate visible
satellite over a grid of user locations on the earth’s surface and over specified time
intervals, and maximum A(C/Np) over all the steps.

(1) Research on GPS C/A code in the worst scenarios, that is, the desired C/A code
with the minimum power, other interference signals with maximum received
power, and the maximum number of satellites received, the front-end band-
width is 20.46 MHz. A(C/N,) denotes a conventional value that does not take
account of the cross-correlation items, A(C/Ny),, denotes a modified value.

In Table 3, the real PSD of C/A code is used to obtain the results of the effective
carrier power-to-noise density ratio’s degradation with Doppler shift when the cross

Table 3 Maximum intrasystem interference of the real PSD of C/A code

Real PSD A(C/Ny) A(C/No)m
Af =0 Hz 20-21.4 20.8-22.2
Af = 500 Hz 0.95-1.25 1.05-1.35
Af = 1000 Hz 17.2-18.6 18-19.4
Af = 1500 Hz 0.85-1.1 0.95-1.2
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power spectrum is considered. In lateral view, A(C/Ny) is larger than A(C/Ny),,
about 0.8-1.2 dB. In the longitudinal direction, the Doppler frequency shift has a
great effect on the result, which has the smallest at 500 Hz, about 1.05-1.35 dB,
and the maximum is 18-19.4 dB at 1000 Hz. This is also consistent with the results
in Figs. 1 and 2.

The envelope PSD of C/A code is used in Table 4, and the data of A(C/Np) is
the result of the traditional value. It can be seen that A(C/Np),, which consider the
effect of cross power spectrum increases by 2.1-2.4 dB.

(2) Research on BDS B1 in the worst case, that is, the desired B1 code with the
minimum power, other interference signals with maximum received power, and
the maximum number of satellites received, the front-end bandwidth is
20.46 MHz. It should be noted that the BDS system 1-5 satellite transmit a
navigation message at 500 bps while 6-37 satellite navigates at 50 bps. It is
now assumed that the desired signal Bl code is transmitted by one of the
satellites 6-37.

In Table 5, A(C/Ny) is larger than A(C/Ny),, about 0.5-1 dB, and the change
in Table 6 is more obvious, which is about 1.25-1.7 dB. It can be seen from this,
the effect of cross power spectrum is very large when the envelope PSD is
calculated.

(3) Research on Galileo E1B code in the worst case, namely the desired E1B code
with the minimum power, other interference signals with maximum received
power, and the maximum number of satellites received, the front-end band-
width is 24 MHz.

Table 4 Maximum intrasystem interference of the envelope of C/A code

Envelope PSD A(C/Ny) A(C/No)m
Af =0 Hz 1.9-24 4.6-5.6

Table 5 Maximum intrasystem interference of the real PSD of B1 code

Real PSD A(C/Ny) AC/No)u
Af =0 Hz 13-15 13.5-16
Af = 500 Hz 0.45-0.65 0.45-0.65
Af = 1000 Hz 10-12 11-13

Af = 1500 Hz 0.45-0.6 0.45-0.65

Table 6 Maximum intrasystem interference of the envelope of B1 code

Envelope PSD A(C/Np) A(C/No)m
Af =0 Hz 0.65-1 1.9-2.7
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Table 7 Maximum intrasystem interference distribution of the envelope of E1B code

Real PSD A(C/Ny) AC/No)m
Af =0 Hz 6.2-6.8 6.3-6.8
Af = 500 Hz 5.2-5.7 53-5.8
Af = 1000 Hz 5.1-5.6 52-5.7

In Table 7, the effect of cross-correlation on Galileo E1B code is minimal
compared with GPS and BDS, only about 0.1 dB. This has the certain relation with
the anti-interference of the MBOC modulation of E1B code.

3.4 Intersystem Interference of GPS, BDS, Galileo

The data under the envelope PSD in Table 8 represents the traditional results
without regard to cross-correlation effects. Analysis of the data in Table 8, we can
see that: (1) Galileo cross power spectrum is always better than no cross situation,
either on GPS or BDS; (2) the effect of GPS on BDS is greater than the effect of
BDS on GPS, the interference of BDS B1 signal suffered from GPS signal is lager
than that suffered from BDS. (3) The effect of C/A suffered from Galileo is greater
than that from BDS. The center frequency of Galileo and GPS are the same, so the
spectrum overlap is more serious, BDS has 14.322 MHz center frequency offset

Table 8 Maximum intersystem interference between GPS, BDS and Galileo

Envelope PSD Real PSD | Af=0Hz Af = 500 Hz Af = 1000 Hz

C/A < BDS 2-32 (x107%) A(C/No) 0.014-0.032  |3.2-5 (x107%) | 0.025-0.055
AC/Nom | 0.012-0.026 | 0.022-0.036 0.025-0.055

C/A < Galileo | 0.22-0.27 A(C/No) 0.2-0.35 3.55-4.05 0.4-0.65
AC/Now | 0.16-0.3 3.55-4.05 0.3-0.5

C/A < BDS 0.22-0.27 A(C/No) 0.18-0.32 3.55-4.05 0.35-0.55

+ Galileo A(C/Noy | 0.18-0.32 3.55-4.05 0.35-0.55

Bl < GPS 0.09-0.12 A(C/No) 0.26-0.38 0.34-0.46 0.26-0.4
AC/Nom | 0.32-0.48 0.48-0.62 0.32-0.5

Bl < Galileo | 0.03-0.036 A(C/No) 0.085-0.13 | 0.18-0.215 0.115-0.16
AC/Nom | 0.085-0.13 | 0.115-0.16 0.17-0.205

Bl < GPS 0.09-0.11 A(C/No) 0.34-0.5 0.52-0.64 0.34-0.52

+ Galileo AC/Noy | 0.4-0.6 0.64-0.8 0.4-0.6

EIB < GPS 1.3-1.65 A(C/No) 1.7-2.5 22-3.1 2.1-3
AC/Nom | 1.7-2.6 23-3.2 223

EIB < BDS 8.5-13.5 (x107%) | A(C/Np) 0.02-0.04 0.025-0.05 0.03-0.055
AC/Now | 0.02-0.04 0.025-0.05 0.03-0.055

EIB < GPS 1.3-1.65 A(C/No) 1.7-2.6 22-3.1 2.1-3

+BDS AC/No | 1.8-2.6 23-32 22-3.1
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away from them. (4) E1B interference is generally larger than other signals.
Figure 2 can be more clearly seen in the actual power spectrum of C/A code is
much larger than the E1B code, which is why the GPS signal will give E1B signal
carrier to noise caused by more than decay value. (5) Compared with the traditional
A(C/Ny), the values calculated by the cross power spectrum are almost slightly
larger than the traditional values.

4 Conclusion

In this paper, the effect of the cross-correlation items to the (C/Np) 4 has been fully
considered. We first modify the traditional (C/Ny), calculation model, and give a
more accurate analytical formula considering the effect of cross-correlation items.
Based on the modified effective carrier power-to-noise density ratio calculation
model, the simulation results of intersystem interference and intrasystem interfer-
ence between GPS, BDS and Galileo are discussed. It points out that when the
envelope PSD is used to calculate the intrasystem interference, the interference
value is about 1.5-3 dB larger than the unoptimized method; the intersystem
interference is about 0.5—-1 dB when using the cross power spectrum calculation,
and the average value is 0.05-0.1 dB when calculating the intersystem interference;
using the cross power spectrum calculation after correction, the intersystem inter-
ference is about 1-1.5 dB larger than the traditional value. It can be seen that the
influence of cross-correlation items can not be neglected on the calculation of
effective carrier power-to-noise density ratio.

Acknowledgements Funded by National Natural Science Foundation of China (Grant
No. 61563004, 61004123)

Appendix (fff)

See Figs. 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, and 16
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Fig. 5 Maximum
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Fig. 8 Maximum
intersystem interference
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Fig. 11 Maximum
intersystem interference
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Fig. 14 Maximum
intersystem interference
between E1B and GPS
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Fig. 16 Maximum
intersystem interference
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An Improved High-Sensitivity Acquisition
Algorithm for BDS B2 Signal

Xue Wang, Jianchao Du and Weibin Li

Abstract The NH code modulation of Beidou B2 satellite navigation signal causes
the problem of high bit reversal rate, which results in difficulty to directly apply the
coherent integration over periods longer than 1 ms as capturing weak Beidou B2
satellite signal. Besides, it needs to search again to determine the acquisition of NH
code chip position. Based on half-bit acquisition algorithm, an improved acquisition
algorithm is proposed which combines the feature sequence and half-bit algorithm
according to the characteristics of B2 signal. The proposed algorithm handles both
of high bit reversal rate problem and NH code chip positioning problem.
Experimental result shows that the performance of the proposed algorithm is not
only improved about 2 dB compared to the non-coherent algorithm, but also does
not need additional steps to determine the NH code phase.

Keywords Beidou B2 signal - Half-bit algorithm - Characteristic sequence - NH
code

1 Introduction

The Beidou Navigation Satellite System (BDS) is a global navigation system
compatibly with other navigation systems that has been developed and operated
independently by China. It has been designed to provide positioning, navigating
and timing services for Southeast Asia region in 2012 and extend to global users in
2020 [1]. By the end of 2013, the signal context of B2 frequency point is added to
documents Beidou navigation satellite signal in space interface control document
open service signal Version 2.0 [2]. It means that the Beidou has become the
world’s first satellite system to use two frequency points to achieve civil positioning
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service, which the positioning accuracy has improved to meter level even decimeter
level comparing to the single frequency signal.

The Beidou B2 satellite navigation signal of NH code modulation improves the
ability to resist narrow band interference and the performance of cross-correlation.
However, the rate of NH code is 1 kbps, which causes the problem of high bit
reversal rate. Besides, it is difficult to directly apply the coherent integration over
periods longer than 1 ms and to determine the NH code position as capturing weak
Beidou satellite signal. It is not sufficient to meet the requirements of the software
receiver for real-time acquisition.

To overcome this problem, this paper studies a high-sensitive B2 signal cap-
turing algorithm. First, it introduces the composition of the Beidou B2 signal and
analyses the feature of navigation message. Secondly, it brings the concept of
feature sequence and the half-bit acquisition. Then, an improved acquisition
algorithm is proposed that combines the feature sequence and the improved half-bit
algorithm according to the characteristics of B2 signal. Finally, the proposed
algorithm is verified with simulated BDS B2 signal in Matlab. The performance of
the proposed algorithm is compared with that of the non-coherent integration
algorithm [3].

2 Analysis of BDS B2 Signal
2.1 The Composition of the BDS B2 Signal

The B2 frequency signal of Beidou can be written as

St (1) = Ao Cloy (1) Dy (¢) cos(2nfzat + @)
+Ap2gClag (1) Dl () sin(2nfiat + 9y

()
where j is satellite number. I and Q denote the in-phase channel and quadrature
channel. A is the amplitude of signal and C is pseudo-random noise (PRN) code.
D is the navigation data. f5 is the B2 frequency which is 1207.140 MHz. ¢ is the
initial phase.

It can be found the B2 frequency signal of Beidou is similar to the L1 frequency
signal of GPS. Both of them adopt the CDMA and right-hand circular polarization
modulation. The difference is that the Beidou adopts the QPSK modulation and its
ranging code rate and code length are twice than the ranging code rate and code
length of GPS [4]. So the B2 frequency signal of Beidou has high spectrum uti-
lization and good anti-interference ability.

In the paper, we only explore the in-phase channel because the quadrature
channel is licensed and used for military rather than civil use. The received in-phase
channel signal is defined as the following expression.
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S‘zéz(’) = AB21C£21(’)D£21(I) cos(2nfpot + (P{m) (2)

The satellite radio frequency signal is transmitted to the ground by the satellite
aerials. Then the signal passes through the atmosphere and is received by the
receiver. The receiver carries out a serial of operation such as amplifying power,
down-conversion, filtering and sampling-quantization to get IF signal. The navi-
gation satellite captured and processed signal is the digital IF signal. The B2 digital
IF signal of Beidou can be written as

Sk = A[Cr(ty — T)Dy(tx — 7) cos2n(fir +f2) (tk — T) + @) + nx (3)

where #; is the kth sample time, 7 is the delay of signal. The f; is the Doppler
frequency shift of satellite signals. The 7y is the noise value at the sample time. The
Sy is the B2 IF signal value at the sample time.

2.2 NH Code and Navigation Message

The B2 signal is modulated with NH code. The NH code contains 20 chips. Its
length is presented by Ng. The NH code is the fixed value storage code. The values
are that 0,0,0,0,0,1,0,0,1,1,0,1,0,1,0,0, 1, 1, 1, 0. The modulated NH code
can improve the ability to resist narrow-band interference, spread the spectrum. It
benefits to bits and signal synchronization and improves mutual correlation. The B2
satellite signal of Beidou spreads the navigation message, which has a frequency of
50 Hz in D1 message and 500 Hz in D2 message. D1 message is modulated with
NH code and the NH code rate is 1 kbit. Both of code carry out the operation of
mod 2 and load to the B2 I channel signal of MEO/IGSO satellites. The D1
navigation message with modulated NH code has high bit reversal rate, so it is
difficult to capture the weak B2 signal of Beidou. Therefore, this paper focuses on
the D1 navigation message broadcast on high-sensitivity acquisition technology.
The composition of D1 navigation is illustrated in Fig. 1.

According to Fig. 1, the NH code period is 20 ms and the D1 period is 20 ms.
One period NH code matches one bit D1 navigation message and the starting
position of both is strictly aligned. The length of NH code is 20, which means one
period has 20 code chips and the chipping width is 1 ms. The period of bit reversal
is 1 ms so it is difficult to directly apply the coherent integration over periods longer
than 1 ms. It has no effect on no-coherent integration over periods longer than 1 ms.
Therefore the no-coherent algorithm can be used to capture the weak B2 signal of
Beidou. However, it needs to search again to determine the position of NH code
chip using the no-coherent algorithm.
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Fig. 1 The composition of D1 navigation

3 Acquisition Algorithm
3.1 FFT Acquisition Algorithm

Signal fast acquisition in the receiver is implemented by a FFT-based parallel code
phase search acquisition method [5]. The algorithm is illustrated in Fig. 2.

Detection Yes
Threshold

No
| Local Carrier :
H Local Acquisition
Generator Control

Fig. 2 Parallel code phase search acquisition algorithm
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3.2 Half-Bit Algorithm

Previous work related to BDS weak signal acquisition considers only the I channel
signal for coherent integration, and then the result is integrated non-coherently for
longer integration periods to improve the sensitivity of acquisition. The longer the
data for coherent integration, the more the extra gain of coherent integration, the
higher the sensitivity of acquisition is [6]. The improved half-bit method is that each
1 ms IF signal is divides into two parts. The former 0.5 ms data is odd signal and
the rest of 0.5 ms is zero-padding to combine 1 ms data. The latter 0.5 ms data is
even signal and the rest of 0.5 is also zero-padding to combine 1 ms data.
According to the principle of base 2 FFT, the padding data carries out radix-2 Fast
Fourier Transform. In this way, one of the two groups of data doesn’t contain the bit
reversal. The improved half bit algorithm is illustrated in Fig. 3.

4 Improved Half Bit-Feature Sequence Acquisition
Algorithm

4.1 Concept of Feature Sequence

The section introduces the concept feature sequence [7]. Firstly, we introduce the
linear generated space of linear algebra. The longest linear feedback shift register
sequence is called m sequence with periodic and copied. The length n of m
sequence generate pseudo-random sequences, whose cycle is 2" — 1 chips [7].

cr = f(Ch1,Ch-2, -+ Chn) (4)

The minimum length which is sufficient to determine the chip position is called
the linear span space of the code sequence. The NH code which modulates the B2 1
channel signal of Beidou are 20 storage code chips with fixed value not

1ms IF Signal

Group

Fig. 3 The half bit algorithm

Even
Group
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pseudo-random code generated by the shift register. We extend the above men-
tioned concept of the linear span space to the storage codes. We call the linear span
space of NH code the Feature Length. The calculation steps of the feature length are
as follows [7].

(1) Let k be the max number of contiguous ‘zeros’ or ‘ones’ in the sequence whose
length.

(2) The size of M matrix is which the k is the length of sub sequence. Each row is
shifted by one bit based on the previous row. Mathematically,

C1 &) Ck
(&) C3 Ck+1
M = : (5)
CN,—k CNs—K—1 ***  CNg
CNg C1 T Gkl

(3) Calculate the correlation coefficient of M matrix. Detect the matrix for identical
rows. If there are any rows are identical then auto increment k and repeat the
step 2 until no two rows of the M matrix are identical.

(4) The feature length L of sequence is the minimum values of k which satisfies the
condition in step 3.

According to the Sect. 2.2, the NH code sequence which modulates the D1
navigation message is (0,0,0,0,0,1,0,0,1,1,0,1,0,1,0,0,1,1,1,0) and it can
generate 20 sub sequences. The feature length of NH code is 7 using the afore-
mentioned procedure calculation. Only the length of sub sequence is greater than or
equal to 7, any two sub sequence is not identical. Hence the method can uniquely
determine the NH code chip position. And call those sub sequences are feature
sequence of NH code.

4.2 Improved the Half-Bit and Feature-Sequence
Acquisition Algorithm

According to Sects. 3.2 and 4.1, the improved half-bit algorithm can avoid the
reversal of length the correlation operation and the feature sequence can uniquely
determine the NH code chip position. In this paper, we propose an improved
acquisition algorithm which combines the feature sequence and half-bit algorithm
according to the characteristics of B2 signal. The proposed algorithm principle is
introduced as follows. Use the 80 ms length of B2 IF signal to carry out weak
satellite acquisition. According to Sect. 3.2, the IF signal is divided into two parts
using aforementioned procedure. The data of odd group and even group can be
expressed as:
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Sodd = {DI;D27D37 .. ~7Dn} (6)
Seven = {El,E2,E3,...,En} (7)

where S,44 is the data of odd group and S.,., is the data of even group. The D,, is the
data of nth odd block and E, is the data of nth even block.

If k>77, the 20 sub sequences which is generated by NH code is not identical.
Hence

G ={Cu1, Cr2, -, Criy - -, G} (8)

where Cy; is the length k sub sequence of the ith NH code chip. Considering the
signal amplitude and anti-interference ability, the value of k is set 10.

Since the D1 navigation message is modulated synchronously by NH code, the
initial edge of first NH code chip is corresponding to the initial edge of the navi-
gation message. Hence calculate sum of result which the first sequence is multiplied
with the continuous k data blocks. Then first sequence is multiplied with the next
1 ms data and is summed. In this case we need to continue these operation such as
shift, multiply and sum until 20 times because the length of NH code is 20 ms.
When the phases between the NH code and the multiplied feature sequence is same,
the NH code is right stripped. The data of stripped NH code carried out the sum of
data block which equal to coherent integration. It means that do first accumulation
and then carry out correlation calculation. Due to strip the NH code, the longest
length of coherent integration reach to 20 data blocks. Hence it can not only
improve the sensitivity of the acquisition but also avoid the problem of bit reversal
in the presence of NH code.

k
Soi = ZDiJrnfl * Cy1(n) )
n—1
k
Se,' = ZEi+n_1 * Ckl(n) (10)
n—1

where S,; is the result that the feature sequence is multiplied and sum with the ith
data of odd group. The S,; is the result that the feature sequence is multiplied and
sum with the ith data of even group.

The sum results carry out zero-padding and radix-2 operation. Then the output
carries out FFT parallel correlation calculation with local copy PRN (§)).
Mathematically,

Zoi:ifﬁ[fﬁ(sai)-*‘ﬂi(*gl)] (11)
Zoi = Ufftlfft(Sei). * fft(S1)] (12)
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where S; is the complex conjugate of the local copy PRN based Fast Fourier
Transform. The * is the point-multiplication.

Hence, the odd group and even group have 20 result matrix of coherent oper-
ation which correspond to 20 the positions of NH code chip. Find the peak value in
the 20 result matrix. The NH code chip position depends on the maximum peak
result matrix. Comparing the peak between the odd group and even group, there is
greater peak group which does not contain the bit reversal. Then the selected greater
peak value is compared to the set capture threshold. If the value exceeds the set
capture threshold, it means the capture has completed successfully. Otherwise it is
failed. We can set the value of k is 20 when the signal power is very low. Then a
number of coherent integration is integrated no-coherently. Finally, carry out the
aforementioned peak judgment procedures. The specific procedures for the
improved half-bit and feature-sequence algorithm are as follows.

(1) Set the k value and obtain the Cj.

(2) The input of IF signal is divided into odd group and even group.

(3) The contiguous k data blocks of odd group and even group is demodulated with
NH code. It means that the ith data block is multiplied with the ith NH code of
the first sequence.

(4) Sum the data blocks of demodulated kth group.

(5) The sum results carry out zero-padding and radix-2 operation, which obtains
1 ms data of odd group and even group.

(6) Then the output carries out FFT parallel correlation calculation with local copy
signal.

(7) The results of different data blocks of odd arrays or even groups is integrated
non-coherently.

(8) Compare the peak between the odd group and even group, there is greater peak
group which does not contain the bit reversal.

(9) Calculate the capture detection value. If the value exceeds set capture threshold,
it means the capture has completed successfully. If not, the input data is delayed
1 ms and repeat steps 3-8.

Figure 4 shows the flow chart.

Feature- Loca Copy e
Sequence

Sigral

g Growping and NH Sum the Correlation-
l IF Signal H Blocking Dem odulatation H Database |_’ Calculation M

Delay Ims No-

Fig. 4 Flow chart of proposed algorithm
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5 Simulation Results and Analysis

In order to verify the validity of proposed the half-bit and feature-sequence algo-
rithm, make simulation in Matlab. Set up simulation parameters. The sampling
frequency is 4.092 MHz. The IF frequency of B2 signal of Beidou is 1.25 MHz.
The D1 navigation message is a serial of random sequence including 1 and —1
generated by random function. The Doppler frequency of signal is 1000 Hz. The
phase of Ranging-codes is 500. The predictive time of acquisition algorithm is
1 ms. The search Doppler frequency change is in the range of (—10 kHz to
+10 kHz). The search frequency bandwidth is 500 Hz. In the experiment, the input
IF signal of B2; is set consistently 80 ms. In order to avoid the influence of different
threshold settings on the detection results, it means the capture has completed
successfully when the search unit of result matrix peak corresponds to correctly the
phase of Ranging-codes and Doppler frequency.

Firstly, under the same acquisition probability, the proposed half-bit and
feature-sequence algorithm is compared to the traditional non-coherent integration
algorithm. The feature sequence length value k of proposed algorithm is set 15 and
the integration length of non-coherent integration algorithm is set 15 ms. The two
algorithms are evaluated using emulated experiments based on the data of different
signal-to-noise ratios and calculate their acquisition probability. Figure 5 shows the
result of experiments and “Pd” is the abbreviation of “Probability of detection”.

According to Fig. 5, compared with the traditional non coherent integration
algorithm, the improved half-bit and feature-sequence acquisition algorithm is
better in capturing the sensitivity. The simulation results show that the performance
of proposed algorithm improves above 2 dB compared with non-coherent inte-
gration algorithm under same acquisition probability.

Fig. 5 Acquisition 1 ‘ T \ : ‘ /; -
probability of under different 09t i
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Fig. 7 SNR = —34 dB k = 15 the captured 3D result of proposed algorithm

In indoor environment, the SNR of weak signal B2, is about —34 dB. Hence, the
feature sequence length value k of proposed algorithm set 15 carries out the SNR
—34 dB weak B2; signal. The captured results are showed Figs. 6 and 7.

According to Figs. 6 and 7, in indoor environment the proposed algorithm
captures very well the B2; signal. Besides in the process of acquisition, the noise
interference is small, and the correlation value is prominent at the capture point, and
the preference of acquisition is good.

The 15 ms integration length of non-coherent integration algorithm carries out t
SNR —34 dB weak B2, signal. The captured results are showed Figs. 8 and 9.
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Besides, the improved algorithm can determine the NH code position by the
iteration of the flow chart while the phase of the ranging-code and Doppler fre-
quency are captured. However, the non-coherent integration algorithm can’t
determine the NH code position. After capturing the phase of ranging-code and
Doppler frequency, it is needed to other step to search the NH code position.
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6 Conclusions

The NH code modulation of Beidou B2 satellite navigation signal causes the
problem of high bit reversal rate, so it is difficult to directly apply the coherent
integration over periods longer than 1 ms to capturing weak Beidou B2 satellite
signal. In the paper, an improved acquisition algorithm is proposed which combines
the feature sequence and half-bit algorithm according to the characteristics of B2
signal. The concept of NH code feature sequence is introduced and the flow chart of
the improved algorithm is described in detail. Then the algorithm is verified with
simulated B2; signal and compared to the non-coherent integration algorithm. The
experimental result indicates that the performance of the proposed algorithm is not
only improved about 2 dB compared to the non-coherent algorithm, but also does
not need other steps to search the NH code phase in the same detection probability.
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An Implementation of Navigation Message
Authentication with Reserved Bits
for Civil BDS Anti-Spoofing

Muzi Yuan, Zhicheng Lv, Huaming Chen, Jingyuan Li and Gang Ou

Abstract Since navigation message authentication (NMA) requires a modification
in space segment and the signal broadcasted by satellites, negligent implementa-
tions of NMA may cause a failure in legacy GNSS receiver to process civil GNSS
signal. This paper proposes an implementation of NMA applying reserved bits as
signature area. Digital signature and key chain algorithms are employed to improve
security and efficiency of the implement. In additional, performance of this
implementation is investigated.

Keywords Anti-spoofing - Digital signature - Reserved bits - Navigation message
authentication

1 Introduction

GNSS spoofing attack refers to the attack performed by broadcasting a counterfeit
GNSS signal to the target receiver. Without extra information, the receiver is not
able to distinguish an authorized signal from its fake replica. NMA is an effective
method to identify authorized signal by authenticating the signature attached to the
navigation message. Since NMA may include a modification in the structure of
GNSS signal, the implementation should be designed carefully to maintain the
compatibility for legacy receivers.

The spoofing attack neutralized by NMA can be detailed as the security code
estimation and replay (SCER) attack [1]. Several methods of NMA based on
ECDSA and TESLA were proposed recent years [1-7]. In latest research, perfor-
mance of NMA was measured by two indicators as time to first authenticated fix
(TTFAF) and time between authentications (TBA) in term of efficiency [8]. These
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works mainly concentrate on safety, feasibility and efficiency of NMA and ignore
the affects to legacy receivers.

Compatibility is a significant characteristic of GNSS. Modifications in naviga-
tion message should guarantee the capability for legacy receivers. This work pro-
vides an implementation of NMA for BDS. The implementation attaches the
signature to the reserved bits in navigation message. Legacy receivers need no
upgrade to maintain the capability and other receivers can achieve the anti-spoofing
ability by a modification in software.

The paper is organized as follows: model of SCER attack and basic principles of
NMA are discussed in Sect. 2; the proposed strategy of NMA is demonstrated in
Sect. 3; design of modified navigation message structure is introduced in Sect. 4; an
analysis of performance is performed in Sect. 5.

2 Model of SCER Attack and Algorithms for NMA

Meaconing attack can be mitigated because there is always a delay in the spoofing
signal to the authorized signal. Receivers can examine the time mark of all validate
signal and pick up the signal with the minimum delay. However, SCER signal can
be advance in phase than authorized signal. NMA is needed to detect and mitigate
this kind of spoofing attack.

A SCER attacker can manipulate the PVT solution of the target receiver by
broadcasting a well-designed GNSS signal. This counterfeit signal is composed by
two elements: delayed pseudorange code and fake navigation message. The com-
bination of authorized signal and its fake replica can be modeled as

Yk = O“’AVk—de—d + WiCk + Nk (21)

Here in the model, wy_, is the fake navigation message, cy—, is the delayed
pseudorange code, w; and c¢; are navigation message and pseudorange code
broadcasted by authorized satellite. o is the energy gain of spoofing signal and Ny is
an IID Gaussian noise. While authorized signal is jammed or fake signal is higher in
power, the receiver will capture and track the fake signal. Thus w;_,; will be
adopted as the navigation message, which may end up with a fake positioning
result.

NMA works as a tool to identify whether the navigation message is generated by
an authorized source. By adopting specific validation algorithms to navigation
message text in wy_y or wy, receivers can distinguish authorized signal form the
fake one. Algorithms applied by NMA mainly include ECDSA and TESLA.
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2.1 The Elliptic Curve Digital Signature Algorithm
(ECDSA)

First introduced in 1985 [9], the ECDSA is a public key digital signature standard
operates on groups associated with an elliptic curve space. The signature can be
generated by private key and plaintext navigation message. The verification can be
performed through a public key to validate the signature and message [10]. The
length of signature generated by standard 233-bit Koblitz curve is 466 bits [11].

Since the signature is unpredictable to attackers, the SCER attackers are not able
to attach a valid signature to wy_4. Receivers can verify the signature and plaintext
navigation message by ECDSA to implement the NMA.

The advantage of ECDSA is its security. The algorithm has been developed for
years and is adopted as cryptography method in many scenarios. However, com-
pared with the length of a 300-bit main frame, the signature may occupy large
amount of extra bandwidth. The performance of TTFAF and TBA will be limited
due to message bit rate.

2.2 The Timed Efficient Stream Loss-Tolerant
Authentication (TESLA)

Introduced in 2002, the TESLA authenticates a navigation message through keys in
a one-way chain [12]. The chain holds a property that it is easy to generate keys in
one direction while it is unfeasible to generate keys in the opposite direction.
Satellites broadcast the key in the chain in the inversed order of the generation
process. The verification can be performed through verifying the key chain and a
message authenticating code (MAC) generated by message and key.

A SCER attacker is not able to generate the chain from broadcasted information.
Receivers can verify the key and MAC to identify an authenticated signal.

The advantage of TESLA is its low communication overhead. The length of key
is possible to be relatively short because of the short expiration duration. However,
length of the chain is limited due to the storage and calculation capability. Receivers
need a periodic update of the root key in the chain.

Since there are advantages and disadvantages in both algorithms, this paper
provides an implementation of NMA combining both algorithms.

3 Proposed NMA Strategy

The proposed NMA is a scheme that transforms wy, into d; where d; is navigation
message modified for authentication. In user segment, receivers can recover wy
form d; and get the extra information from d; to verify w;. Moreover, for
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compatibility requirement, the implementation should ensure that w; and d;
behaviors exactly the same in both modern receiver and legacy receiver.

As discussed in Sect. 2, EDCSA is adopted to achieve the security demand and
ensure a stable method for key distribution; while TESLA provides an improvement
in efficiency. Thus, the proposed scheme contains two forms with different algo-
rithm, mentioned as super frame authentication (SFA) and main frame group
authentication (MFGA).

3.1 Super Frame Authentication (SFA)

This authentication form is the method to authenticate GNSS signal as well as
distribute keys for NMA. This form is based on the ECDSA. Root keys for TESLA
and public keys for ECDSA are supposed to be acquired from this authentication
from.

In this form, a super frame is separated logically into three parts as navigation
message, key sets and signature, which is shown below. Here in the key sets
segment, operant key refers to those keys used for current authentication stage,
backup keys are keys used for authentication in next authentication stage. An
authentication stage refers to the life time of a single authentication key (Fig. 1).

For every super frame, each satellite calculates a digital signature of navigation
message and key set through a unique private key generated and updated by control
segment for each satellite. Based on the principle of ECDSA discussed in Sect. 2, a
466-bit signature will be generated for every super frame. The plaintext and sig-
nature can be verified by operant public key, which is supposed to be stored in
receivers. The signature is attached to the super frame and broadcasted to receivers.

Receiver is supposed to perform an attempt of authentication after a super frame
is transmitted. An operant public key is loaded into the receiver in the process of
manufacture and can be updated by a wire connection to authorized devices. The
operant public key stored in the receiver is adopted to verify the super frame and its

ECDSA {Operant Private Key}

Plaintext

Navigation Message Key Sets Signature

ECDSA Operant | ECDSA Backup | TESLA Operant | TESLA Backup
Public Key Public Key Root Key Root Key

Fig. 1 Super frame structure of the proposed NMA scheme
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signature. While the verification passes, public keys of ECDSA and root keys of
TESLA are updated by key sets segment in navigation signal. The local time in
receiver is loosely synchronized with the time broadcasted by satellite. When
second of week (SOW) and week number (WN) in navigation message or the local
time in receiver indicates the expiration of operant keys, the operant keys are
supposed to be dropped and backup keys are employed to be operant keys. The
lifetime of ECDSA key pairs are supposed to be relatively long (e.g. 1 year)
because the algorithm is considered safe. Thus, the authentication stage duration of
ECDSA is long enough that the communication overhead in public key update
through wire connection can be ignored.

Receivers can perform one attempt of NMA for every duration of super frame, or
720 s in BDS. This authentication form is a fundamental authentication with long
TBA. This authentication form supports the implementation of advanced authen-
tication with short TBA. The advanced authentication form is main frame group
authentication based on TESLA.

3.2 Main Frame Group Authentication (MFGA)

This authentication form is supposed to be performed every several durations of
main frame. Those main frames which share the same authentication attempt are
grouped as a main frame group. Every main frame group is separated logically into
three parts as navigation message, message authentication code (MAC) and a key of
previous MAC. The structure of main frame group is shown below (Fig. 2).
Authentication stage of MFGA is the time duration of a one-way chain. The
chain is shared by all satellites and keys in chain are applied in the order arranged
by PRN IDs. For every authentication stage, satellite i receives a random number
s generated by control segment and is same for all satellites. Then the satellite
calculates and truncates the hash result Fi)(s) = {trunclhash(s)] }(i) to designed key
length. The result is set as the end of the key chain for TESLA. Here F” means

Held in Satellite
___________ 1 SHA-256
1 Key(m ! -
| . ! Truncation
Navigation Message (n) MAC (n) Key (n-1)
Main Frame Main Frame Main Frame

T

Main Frame Group

Fig. 2 Main frame group structure of the proposed NMA scheme
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adopting hash and truncation function i times. Assuming the stage includes
M complete duration of main frame group, the end of the chain K,,; = F(’)(s). Based
on K,,;, the entire one-way chain can be generated by

K, 1 = FN(K,||SOW,),n =M, M —1,...,2,1 (3.1)

Here N is a fixed number lager than the number of satellites in the constellation,
marked as Nc. Operator | merges two string, SOW, is the second of week in
navigation message when the first bit of key K,, is released. The introduction of
SOW, is to add unpredictable part into the key chain. This structure can neutralize
the attack performed by generating and storing all possible chains. Kj; is the
operant root key for satellite i of the stage. A different chain generated by another
random number s’ is generated at the same time. The root key Kj,' is the backup
root key. In ECDSA authentication from, keys broadcasted can be generated by
Ko = FM'™(K,,) and Ky = FY'™)(K, ). These two keys are broadcasted to
receivers in authentication form of ECDSA (Fig. 3).

In every duration of main frame group, the MAC is calculated by hashing and
truncating the conjunction of navigation message and TESLA key for current
duration. The generation of MAC can be described as MAC,, = trunc[hash(M,||
K,)]. Here M, is the navigation message for current duration of main frame
group. TESLA key for previous group, navigation message and MAC for current
group are broadcasted to receivers in a main frame group. For the first group
duration, Ky ; is broadcast as the previous key.

After the transmission of a main frame group, the receiver first verifies the
validation of TESLA key K,,. As the duration of key chain is supposed to be set as a
fixed number for all authentication stages. The receiver can speculate the authen-
tication stage and the location of K,,; in current chain by the local time which is
loosely synchronized with satellite. While function K,—; = F(K,,;) to K,,; is repe-
ated by n * (N + 1) — i times, the validation of chain can be verified. If K|, is the
final result, current K, ; is validate.

N Keys
&5 Kt K e | Kui K Rev O Rev
|
41 = = I
Kitii Ll Koz . Kieii e | K L Rev e | Rev
— |
—* — — 1 —
Ko Ko Ko Wi Ko Rev Rev Ko

Fig. 3 Key chain of TESLA. Here in the figure Rev represents reserved key, black arrows are
generation direction, blue arrows are release direction (Color figure online)
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When the validation of TESLA key is verified, the authentication can be per-
formed by calculating the hash result of the conjunction of navigation message in
previous group duration and TESLA key K,, to get the MAC of previous group
duration. If it matches the MAC received in previous group, the signal passes the
authentication.

4 Design of Modification in Navigation Message

To maintain the capability of legacy receivers, all modifications in navigation
message should not change significant information bits. Thus, the implementation
of NMA is supposed to be arranged in the areas which are reserved.

4.1 Reserved Bits in D1 Navigation Message of BDS

The structure of BDS navigation message is documented in the interface control
document (ICD). From the ICD, reserved bits in D1 navigation message can be
located as Table 1 [13].

Here in Table 1 the slash mark (/) represents all available IDs. There are at least
25 bits reserved in every main frame and 2722 extra reserved bits in a super frame.
For SFA scenario, key sets and signature are supposed to be arranged in those 2722
reserved bits. In MFGA form, MAC and TESLA key are supposed to be arranged in
several 25-bit blocks.

Table 1 Res.erv.ed bits in Frame ID Page ID Start bit End bit Length

BDS DI navigation message ; ; 2 5 1 bits
3 / 292 292 1 bit
4 / 43 43 1 bit
4 / 291 292 2 bits
5 / 43 43 1 bit
5 1-6 291 292 2 bits
5 7 286 292 7 bits
5 8 214 276 63 bits
5 9 219 276 58 bits
5 10 171 260 90 bits
5 11-24 51 228 178 bits
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4.2 Proposed Structure of Navigation Message

Based on conclusion in Sect. 4.1, a practical arrangement of NMA functional bits
can be proposed.

The scale of key sets in SFA is two ECDSA standard 233-bit Koblitz curve
public keys (for each key up to 233 bits) and two TESLA root keys (for each up to
128 bits). Length of the signature to authenticate the super frame is 466 bits. Thus,
reserved bits 51-228 in the fifth frame in page 11-24 can be applied for SFA.

For example, the operant key of ECDSA can be broadcasted in the reserved bits
51-228 in page 11 and 51-105 in page 12; the backup key of ECDSA can be
broadcasted in the reserved bits 51-228 in page 13 and 51-105 in page 14; the
operant key of TESLA can be broadcasted in bits 51-178 in page 15; the backup
key of TESLA can be broadcasted in bits 51-178 in page 16; the signature can be
broadcasted in bits 51-228 in page 16, 51-228 in page 17 and 51-160 in page 18.
This arrangement ensures a rapid update of key sets through MFGA because keys
are transmitted in several independent main frames.

The scale of MAC and key in MFGA is variable. The arrangement bases on the
principle that all reserved bits in frame 1-4 in every page are supposed to be applied
for TESLA authentication. Thus, total length of MAC and key is supposed to be
integer multiples of 25 bits.

5 Performance Analysis

Performance of NMA can be indicated from the aspect of security and the aspect of
efficiency. For security indicators, this paper takes the average attack time
(AAT) and the possibility of false alarm (PFA) into consideration. For efficiency
indicators, the TTFAF and TBA are taken into consideration.

5.1 Security

Introduced in a 1998 report, it takes 3 months of a network of 50,000 Pentium Pro
200 MHz machines to crack a ECCp-109 challenge in ECDSA [11]. Based on
Moore’s law and analysis of hardware associate [14], the estimating time to crack a
ECDSA signature system by the network of 50,000 mainstream machines can be
shown as below (Table 2).

For a normal expiration period (e.g. 1 year), ECDSA is secure for NMA in
predictable feature.

Keys in TESLA key chain are operational only for a very short period (e.g. key
chain designed for 32 satellites with 16,384 keys set to expire in one day, every key
only stands for about 2 min). Crack of the chain requires series of crack of hash
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Table 2 Crack time estimation for different length of key by different platforms

Key length Pentium M XC3S51000 [14] ASIC

96 10 h 36h -

128 97 years 51 years 5 months

160 7.6 x 10° years 6.2 x 10° years 5.0 x 10* years
233 (estimate) 5.0 x 10'° years 4.1 x 10" years 33 x 10 years

function. Thus, the TESLA method would be secure if the estimate crack time for a
single truncated hash function exceeds two times of the transmitting time of a main
frame group [15]. Because in this scenario both operant key and backup key will
expire before the attacker succeeds in crack process.

By Moore’s Law, a mainstream processor may take 3.5 x 10%* attempts in 1 s
in 2037 [14]. Thus, the length of key is supposed to meet the condition shown
below.

Liey + L
2L >R, {ceil (M> L,,,frb} (5.1)
‘Rev

Here in 5.1 L., is the length of key, Lyac is the length of MAC, Lg,, is the
length of reserved bits in every main frame (25 bits in BDS), ceil(s) is the minimum
integer not smaller than s, L,,is the length of main frame (1500 bits in BDS) and 7},
is the interval of chip (0.02 s in BDS). For example, an 88-bit key and 12-bit MAC
can work securely (k = 4).

The PFA changes with the bit error ratio (BER) in the receive process. Every
single error bit can lead to an FA. Thus, PFA of both two authentication forms can
be shown as Fig. 4.

Form Fig. 4 MFGA has a much lower PFA than SFA. Thus, MFGA is the
mainstream authentication method in this implementation.

5.2 Efficiency

The TTFAF of the proposed implementation is discussed in two scenarios: initial
NMA and continuous NMA.

Initial NMA refers to the scenario where the receiver losses capture of authorized
signal for over two expiration durations of TESLA key chain. In this scenario
TESLA root keys stored in the receiver are not applicable. Hence the receiver is
supposed to perform an entire process of SFA first to access the operant and backup
key for TESLA. In this scenario, the TTFAF is
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Fig. 4 PFA in different authentication forms under different BER conditions
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(5.2)
Here in 5.2 Ly is the length of super frame (36,000 bits in BDS). For
BER = 107° the average TTFAF is 1119 s (18.65 min).
Continuous NMA refers to the scenario where the root keys stored in the

receiver are applicable. In this scenario, receiver can authenticate the signal through
MFGA. The TTFAF is

KLy (n + Qkme) T,

KLug £ (1 — BER)" b +1se)

YTFAFMFGA = (53)

Here in 5.3 L, is the length of main frame (1500 bits in BDS), & is number of
main frame in a group and Lg,, is the length of reserved bits applied for authen-
tication message transmission in main frame (25 bits in BDS). For k = 4 and
BER = 107° the average TTFAF is 311 s (5.18 min).

The TBA is the time interval between two MFGA, which is
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KLy

TBAwron = pRy

(5.4)

Here k is number if main frame in a group. For k = 4 and BER = 107¢ the
average TBA is 124 s (2.07 min).

6 Conclusion

This paper offers a practical implementation of NMA for BDS. The proposed
implementation combines ECDSA and TESLA, maintains the capability of legacy
receivers in NMA signal. The proposed strategy enables receivers to authenticate
signal every 2 min. The implementation does not severely degrade the performance
in time to first positioning fix of an authentication receiver with respect to a legacy
receiver.
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Performance Analysis of Signal Diversity
Reception for Large Aperture Array
in Beidou RDSS System

Haodong Jiang, Jingyuan Li, Xiangwei Zhu and Gang Ou

Abstract Due to the fact that the double-satellite active positioning function of
Beidou RDSS system needs the users are at least double-layer overlapped by GEO
satellites, so the ground central station (GCS) of RDSS system can get several same
copies of user instation signals through different large aperture antenna. The RDSS
GCS can take the advantage of received redundant signal to meet the requirement of
diversity reception. It can increase the signal-to-noise ratio (SNR) of the received
signal and reduce the code error rate of the received instation signal. The diversity
gain of instation signal is depended on the error of pseudo-code phase and carrier
phase. Based on the algorithm of Maximum-Ratio-Combination (MRC) and
without taking into account of the influence of SNR on the tracking accuracy, both
theoretical analysis and simulation results show that when the pseudo-code phase
error is less than 0.1 chip and carrier phase error is less than 0.1477 rad, the
diversity gain of two signals can greater to 2 dB compared to the signal without
tracking error.

Keywords Beidou - RDSS - MRC - Diversity gains - Code error rate

1 Introduction

Beidou RDSS business is an effective means of contact navigation and commu-
nication [1]. Since its completion, the cost-effectiveness ratio is satisfactory [2].
Beidou RDSS system consists of five GEO satellites and usually the instation beams
will multiple coverage. The GCS utilizes the signals which received by different
large aperture antenna in the overlapping area to realize the diversity reception.
Beidou RDSS short message service requires the bit error rate (BER) is below to
107 (SNR is 9.6 dB). However, we need data transmission which requiring the
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BER is below to 107’ (SNR is 11.3 dB). So we come up to the diversity gain is
greater than 1.9 dB index based on this. The purpose of diversity reception is to
overcome the fading effect in the signal transmission and reduce the BER in the
data demodulation. Single-channel signal is easy to be affected by the sudden
change of the transmission channel. However, the probability that multi-channel
signals are affected by the transmission channel at the same time is much smaller.
Therefore, taking the advantage of the redundancy between the signal to achieve
diversity reception and reduce the BER has important research value and applica-
tion prospect.

2 Theory of Beidou RDSS Business Diversity Reception

The analog diversity is usually used in the mobile communication since the arriving
time of multipath signals is roughly equal. But the signal transmission time delay is
large through different GEO satellite, so we adopt digital diversity method in this

paper.

2.1 Flowchart of Beidou RDSS Diversity Reception

User diversity reception of instation signal process is shown in Fig. 1. Different
user instation signal which transmitted by different GEO satellite is received by
different ground large antenna. The antenna receiving link accomplishes the signal
sampling, down-conversion, filtering, analog to digital conversion and signal syn-
chronization. And the signal will be sent to the signal processing unit and after
processing the results will be sent to the ground terminal business processing server.

GEO1L GEO2 GEON

Receiving antenn

Signal Receiving
processing link :

Signal Receiving |
processing link P

Fig. 1 The reception process of user instation signal

youms yqesio

User

$53201d ssauisng
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2.2 The Model of Instation Signal and the Principle
of Diversity Algorithm

Beidou RDSS intermediate frequency (IF) discrete form signal can be represented as
1
ri(k) = V2aD(k)C(k) sin (znﬁ 7 k) (2.1)

where £ is the sampling point; a is the amplitude of the signal; D(k) is the data code;
C(k) represents for the spread spectrum code [3]. In this paper, the IF signal was built
for the instation signal. The intermediate frequency f; = 1.5 MHz, the sampling rate
fs = 4.6875 MHz, the spread spectrum code rate is 4.08 Mcps and the data rate is
500 bps. In order to check the stability of the test system, 30 bit short length data
code (60 ms) is chosen and in each experiment the Monte Carlo simulation time is
10,000.

We use the playback to check out the validity and feasibility of the signal. And
the signal spectrum is shown below (Fig. 2).

The diversity receiver receives the multipath signals can be represented as:

r= (4] (22)
i=1

where r; is the received signal of the large aperture antenna i. w; is the weighted
coefficient for the channel i. When choosing different weighted coefficient, different
way of merger is constituted. There are three common way of diversity merger [4].

Fig. 2 The IF signal
spectrum
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(1) Selective combining (SC).
Selective combining means detecting all the diversity branch and choosing a
branch of the signal which has the highest SNR as the output of the combiner.
According to this, the weighted coefficient of the signal branch which has the
highest SNR is 1 and the other weighted coefficient is 0. After data demodu-
lation, the two IF signal branch compare their SNR and select the branch with
the higher SNR as output. Selective combining method is simple and easy to
implement. However, the branch we not chosen is a loss of the signal
information.

(2) Maximum ratio combining (MRC).
Maximum ratio combining is a best way to merge. The weighted coefficient of
each branch is decided by the SNR. And for the MRC method, the output SNR
is the sum of each branch’s SNR. So, when multiple signals are very poor and
there is no signal can be demodulated separately, MRC method is still likely to
demodulate the right signal.

(3) Equal gain combining (EGC).
It is no need to weight for the signal for the EGC method because the weighted
coefficient is equal. The EGC method is simple and its performance is close to
the MRC.

In this paper, the MRC is adopted and the two branch signals’ coherent accu-
mulation value is merged. Since the simulation in this paper set the two branch
signals have the same SNR, the weighted coefficient can be chosen as both 1.
Therefore, under the premise, the MRC method is also the EGC method in this

paper.

3 Demodulation Loss Analysis for Single-Channel Signal

RDSS instation signal adopt the way of I, Q coherent demodulation. And the
coherent integration results are shown below [5 — 8].

I (k) = gD(k)R(Ar) sin ¢(AfToon) % coS(TAfTeon + Adpo) +11 (3.1)

0,(k) = gD(k)R(Ar) $in c(AfTeon) % Sin(wAfTeon + Adpo) + g (3.2)

where, R(-) is the autocorrelation function of the pseudo code. Az, Af, A¢, rep-
resent for the code phase mismatch, frequency mismatch, carrier initial phase
mismatch between the local signal and the received signal. T,,, is the coherent
integration time.
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3.1 Pseudo-Code Phase Mismatch Loss Analysis

When the local carrier frequency is the same as the received signal frequency,
Af =0, sinc(AfT.;) = 1, ignoring the carrier initial phase difference and the
influence of noise, the pseudo-code phase mismatch loss is [9]

Lg = 101log 10([R(A7))) (3.3)

In the tracking phase, code lock loop can take control of the code phase error in
0.5 chip. So when the pseudo-code phase error are 0.1, 0.3, 0.5 chip, the SNR loss
for the code phase mismatch are 0.9151, 3.0980, 6.0206 dB.

3.2 Frequency Mismatch Loss Analysis

When the local pseudo-code phase and received signal pseudo-code phase are
aligned, At =0, R(At) = 1, ignoring the carrier initial phase difference and the
influence of noise, the frequency mismatch loss is

Ly = 101og 10(sin ¢*(AfT.on) x cos®(nAfT.on)) (3.4)

As we can see, frequency mismatch relates to AfT,,;,, and usually AfT,,, is small.
So the demodulation loss of frequency mismatch is minimal. But, on the other hand,
the frequency mismatch will lead to the accumulation of phase, and we must use the
method of phase compensation to offset the impact.

3.3 Carrier Phase Mismatch Loss Analysis

Ignoring the frequency, pseudo-code phase difference and the influence of noise,
the carrier phase mismatch loss is

Ly = 101log 10(cos*(A¢y)) (3.5)

In the accurate tracking phase, carrier loop can keep the carrier phase within
0.4 rad. When the carrier phase error is 0.1, 0.2, 0.3 rad, carrier phase mismatch
loss is 0.0435, 0.1749, 0.3969 dB.
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3.4 Summary

For single-channel signal demodulation loss is mainly caused by the pseudo-code
phase mismatch and the carrier phase mismatch. Demodulation loss formula is

L = 101og 10([R(A7))* cos*(A¢)) (3.6)

4 Performance Analysis and Simulation for Two Channel
Signals Diversity Reception Algorithm

Through the above analysis, we have made it clear that, for single-channel signal
demodulation loss is mainly caused by the pseudo-code phase error and the carrier
phase error. In the following question, we discuss two channel signals’ diversity
gain based on the MRC algorithm.

4.1 Performance Analysis and Simulation for Pseudo-Code
Phase Mismatch Diversity Gain

4.1.1 Theoretical Analysis for Pseudo-Code Phase Mismatch
Diversity Gain

Assume that the pseudo-code phase mismatch of the first channel signal is A1, and
the second is At,. And the two pseudo-code phase mismatch are range from —0.5
chip to 0.5 chip. Assume that two signals have the same SNR and do not have
frequency mismatch and carrier initial phase mismatch. From Sect. 3.1, the two
signal diversity merger is the sum of two channel signals’ coherent accumulation
value. When we sum up the coherent value, the signal energy increment speed is
squared but the accumulation of noise item is first power. So the SNR is increased.
We concluded that, compared to the first signal, the diversity gain is

Gy = 10log10 <(R(AT‘) +R(AI2))2> (4.1)

2R(Ar)?

Compared to the second signal, the diversity gain is

Gy = 101og10<(R(A“) +R(AT2))2> (4.2)

2R(A‘Cz)2
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And compared to the signal without pseudo-code phase mismatch, the diversity
gain is

Go = 10log10 <(R(A“) J;R(A“) )2> (4.3)

The theoretical diversity gain is given below.

From Fig. 3, we can conclude that when the first signal pseudo-code phase
mismatch is getting greater, the diversity gain compared to the first signal is getting
greater. But when the second signal pseudo-code phase mismatch is getting smaller,
the diversity gain compared to the first signal is getting greater. When |At,| = 0.5
chip and At, = O chip, diversity gain compared to the first signal reach maximum
6.5321 dB; When Aty = 0 chip and |At,| = 0.5 chip, diversity gain compared to
the first signal reach minimum 0.5115 dB. We can conclude the diversity gain
figure compared to the second signal by formula 4.2. And the figure is similar to
Fig. 3. Also, we can come up to the similar conclusion.

From Fig. 4, when the two channel signals do not have pseudo-code phase error,
diversity gain reach maximum 3.0103 dB; When the two channel signals
pseudo-code phase error are 0.5 chip, diversity gain compared to the signal without
pseudo-code phase error reach minimum —3.0103 dB.

If we assume that diversity gain compared to the signal with better tracking
accuracy is more than a dB (might as well set the first signal has high estimation
precision), we can conclude that

diversity gain compared to the first signal (dB)

0
= 0.1
03 0.2
04 03
05 o5 04

pseudo-code mismatch of the second signal (chip) pseudo-code mismatch of the first signal (chip)

Fig. 3 The diversity gain compared to the first signal
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pseudo-code mismatch (dB)

diversity gain compared to the signal without

0.2 0.3
0 0.1
0.1

0.3 03 02

pseudo-code phase mismatch of the S 05 05 pseudo-code phase mismatch of the
second signal (chip) first signal (chip)

Fig. 4 The diversity gain compared to the signal without pseudo-code phase error

R(At)) +R(AD))?
G, = 10logl0 (( ( 22(111()2 ©)) ) >a (4.4)
R(A1;) > R(A1) (4.5)

And we can calculate the second signal pseudo-code phase error must fulfill the
formula below.

(V2 x 105 — 1)R(A1)) <R(A1,) <R(At) (4.6)

For example, when a = 2, it means that we have 2 dB diversity gain compared
to the first signal which have better tracking accuracy and the second signal
pseudo-code phase error must fulfill the relation below.

|At)| <|Aty| <0.7804|At | +0.2196 (4.7)

When guaranteed the diversity gain compared to the first signal, relation between
the two signal pseudo-code phase is shown below (Table 1).

Table 1 ‘Relation between Ay |AT,|

the two signal pseudo-code

phase 0.1 0.1 <|A1,|<0.29764
0.2 0.2 <|A1,|<0.37568
0.3 0.3 <|At,|<0.45372
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According to the formula G, and Fig. 4, we can conclude that if we want to have
b dB diversity gain compared to the signal without pseudo-code phase error, we get
the formula below.

(R(A1) +R(Afz)>2> - b (4.8)

We conclude that the pseudo-code phase error of the two channel signals must
fulfill the relation below.
|ATi| + ATy <2 — V2 x 10% (4.9)

For example, if we want to have 2 dB diversity gain compared to the signal
without pseudo-code phase error, we conclude the conclusion below.

|Aty| 4 |A12] <0.2196 chip (4.10)

4.1.2 Simulation for Pseudo-Code Phase Mismatch Diversity Gain

Simulation parameter settings: the two signal IF f; = 1.5 MHz; sampling rate
fs = 4.6875 MHz; pseudo-code rate is 4.08 MHz; data rate is 500 bps. The data
length is 30 bit (60 ms) and in every experiment the Monte Carlo simulation time is
10,000. The pseudo-code phase error of the first signal is 0.5 chip and the second is
0.25 chip. Besides, the two signals do not have frequency and carrier phase error.
Additive white Gaussian noise was chosen. We simulate the scenario with low SNR
(—40 dB) and high SNR (—28 dB) separately. The results are shown below
(Table 2).

From Table 2 we can see, basically the simulation results are equal to the
theoretical value. The correctness and feasibility of the theory are verified.

Table 2 The simulation results for the pseudo-code phase mismatch

SNR = —40 dB

SNR = -28 dB

First signal BER

31.24% (—45.94 dB)

2.64% (—33.99 dB)

Second signal BER

23.36% (—42.5 dB)

0.18% (—30.42 dB)

Diversity reception BER

19.51% (—41.05 dB)

0.03% (—29.02 dB)

Diversity gain compared to first signal

4.89 dB

497 dB

Theoretical gain compared to first signal 4.9485 dB 4.9485 dB
Diversity gain compared to second signal 1.45 dB 1.43 dB
Theoretical gain compared to second signal 1.4267 dB 1.4267 dB
Diversity gain compared to ideal signal —1.05 dB —1.02 dB
Theoretical gain compared to ideal signal —1.0721 dB —1.0721 dB
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4.1.3 Summary

Analysis for the two channel signals, we conclude that

(1) Without taking into account of the influence of SNR on the tracking accuracy,
the two signals’ diversity gain have no connection with SNR but is relevant to
the pseudo-code phase error of the two signals.

(2) When we want to have a dB diversity gain compared to the signal which have
better pseudo-code tracking accuracy, the two signal pseudo-code phase must
fulfilled formula 4.6.

(3) When we want to have 2 dB diversity gain compared to the signal without
pseudo-code phase error, the summation of two signal pseudo-code phase must
less than 0.2196 chip.

4.2 Performance Analysis and Simulation for Carrier Phase
Mismatch Diversity Gain

In the carrier tracking phase, the frequency error can control within 1 Hz. And in
the project implementation, the carrier phase is compensated in every a short time.
So the carrier phase error can be controlled within 0.4 rad completely.

4.2.1 Theoretical Analysis for Carrier Phase Mismatch Diversity Gain
Assume that the first signal carrier phase mismatch is ¢, the second signal is ¢,

and there not exist other error factors. Through Sect. 3.3, we conclude that the
diversity gain compared to the first signal is

(cos(¢b;) + cos(¢,))*
G, =10log 10 4.11
: o8 ( 2 cos?(¢y) (4.11)
Compared to the second signal, the diversity gain is
2
Ga = 101og 10 [ (CO3(P1) + cos(@y)) (4.12)
2 cos?(¢p,)

And compared to the signal without carrier phase mismatch, the diversity gain is

(4.13)

Gy = 101log 10<(COS(¢1) +2008(¢2))2>
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The theoretical diversity gain is given below (Figs 5 and 6).

The conclusion of carrier phase mismatch diversity gain can be drawn from the
analysis of the pseudo-code phase mismatch analogy. From Fig. 6, the curve is
smooth compared to the pseudo-code phase mismatch figure. It is that the carrier
phase mismatch demodulation loss is cosine-squared item and the pseudo-code
phase mismatch is squared item. Therefore, the carrier phase mismatch diversity
gain curve is smooth.

4.2.2 Simulation for Carrier Phase Mismatch Diversity Gain

The simulation parameter settings are the same with Sect. 4.1.2. The carrier phase
error of the first signal is 0.3 rad and the second is 0.4 rad. Additive white Gaussian
noise was chosen. We simulate the scenario with low SNR (—40 dB) and high SNR
(—32 dB) separately. The simulation results are shown below (Table 3).

From Table 3 we can see, basically the simulation results are equal to the
theoretical value. The correctness and feasibility of the theory are verified.

3.4

3.2 4

0.4

diversity gain compared to the first signal (dB)

0

-0.1
03 03 0.2

04 0.4
carrier phase mismatch of the second signal (rad) carrier phase mismatch of the first signal (rad)

Fig. 5 The diversity gain compared to the first signal
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diversity gain compared to the signal
without carrier phase mismatch (dB)
~N
~
]

0.4

0
01
02
03

carrier phase mismatch of the first signal (rad)

04 D4
carrier phase mismatch of the second signal (rad)

Fig. 6 The diversity gain compared to the signal without carrier phase error

Table 3 The simulation results for the carrier phase mismatch

SNR = —40 dB

SNR = —28 dB

First signal BER

17.84% (—40.44 dB)

1.01% (=32.41 dB)

Second signal BER

18.61% (—40.72 dB)

1.24% (=32.71 dB)

Diversity reception BER

9.929% (—37.55 dB)

0.053% (—29.43 dB)

Diversity gain compared to first signal

2.89 dB

2.98 dB

Theoretical gain compared to first signal 2.8531 dB 2.8531 dB
Diversity gain compared to second signal 3.17 dB 3.28 dB
Theoretical gain compared to second signal | 3.1704 dB 3.1704 dB
Diversity gain compared to ideal signal 2.45 dB 2.57 dB
Theoretical gain compared to ideal signal 2.4562 dB 2.4562 dB

4.3 Chapter Summary

(1) This chapter analyzes the diversity gain under the condition that the two
channel signals have pseudo-code phase mismatch and carrier phase mismatch.
We can draw the following three diversity gain formula. The diversity gain
compared to the first signal is

(R(At1) cos(¢y) + R(A1a) cos(¢5))’
2[R(A1)]* cos?(¢1)

G, = 10log 10 (4.14)

Compared to the second signal, the diversity gain is
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@

3

5

Gy — 1010g 10 ((R(Am cos(¢) + R(A) cos<¢2>>2> 415)

2[R(Aw2)]* cos?(¢)

And compared to the signal without carrier phase mismatch and pseudo-code
phase mismatch, the diversity gain is

(4.16)

Go = 101og 10 ((R(A‘cl) cos(¢) +R(A1?) cos(¢2))2>

2

In addition, we made the simulation verification. The simulation results ensure
the correctness and feasibility of the theory.

Without taking into account of the influence of SNR on the tracking accuracy,
the two signals’ diversity gain have no connection with SNR but is relevant to
the pseudo-code phase error and the carrier phase error of the two signals.

In engineering practice, if we want to ensure the technical index of the diversity
gain, the pseudo-code phase error and the carrier phase error of the two signals
are strict limited. And the diversity gain is given by formula 4.16.

Conclusion

This paper started from the demodulation loss of single-channel signal, focusing on
the two channel signals’ diversity gain under the condition that the two signal have
pseudo-code phase and carrier phase mismatch. Besides, the simulation was made
to verify the correctness of the theory. We came up with the following conclusions.

@

@

Single-channel signal demodulation loss is mainly caused by the pseudo-code
phase mismatch and the carrier phase mismatch. When the pseudo-code phase
error is 0.1, 0.3, 0.5 chip, the demodulation loss is 0.9151, 3.0980, 6.0206 dB;
When the carrier phase error is 0.1, 0.2, 0.3 rad, the demodulation loss is
0.0435, 0.1749, 0.3969 dB.

Based on the MRC diversity algorithm implementation, the diversity gain
depends on the two signals’ pseudo-code error and carrier phase error.
Theoretical analysis and simulation show that if we want to have 2 dB diversity
gain compared to the signal without pseudo-code phase error, the summation of
two signals’ pseudo-code phase error less than 0.2196 chip; When we want to
get 2 dB diversity gain compared to the signal without carrier phase error, the
two channel signals’ carrier phase must fulfill the formula
cos(¢,) + cos(¢,) <1.7804. From formula 4.16 we can calculate that when
the two signals have the same tracking performance, if the pseudo-code phase
error is less than 0.1 chip and the carrier phase error is less than 0.1477 rad, the
diversity gain can greater than 2 dB compared to the signal without
pseudo-code phase error and carrier phase error.
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Study on Multipath Model of BDS/GPS
Signal in Urban Canyon

Yuze Wang, Xin Chen, Peilin Liu and Wenxian Yu

1 Introduction

In the field of high precision satellite navigation applications, multipath is one of the
most important interferences that decrease the positioning accuracy. With the
development of high-precision satellite navigation technology, various types of
multipath mitigation technology has been proposed [1], but none of them can
completely solve this problem. Therefore, in order to study the influence of mul-
tipath interference and improve multipath mitigation technology, characteristic
model of multipath signal has attracted much attention.

Multipath model can be divided into two types according to different method,
namely, accurate model and statistical model. The accurate model mainly uses the
ray tracing method to accurately calculate each propagation path of the electro-
magnetic wave under a given 3D scene model. The advantage of this model is that
the parameter characteristics are detailed and accurate. The statistical model often
gives the probability density distribution model of multipath characteristic based on
experiment measurement. This type of model is suitable for the large scale scene
which is difficult to be calculated.

In recent years, a large number of multipath model have been proposed.
Lippincott gives a multipath model for multipath delay and power fading in 1992
[2]. The DLR group impulse signal on a Zeppelin in different environment, and the
impulse response data is used to model the multipath characteristics [3].
JAN P. WEISS build the 3D model for fighters and warships, and calculate the
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multipath model accurately under these carriers [4]. Hannah uses a parabolic for-
mula to simulate land-based multipath reflection models and validates it using
lake-side data [5]. Yang Gao calculates the influence of satellite orbit on multipath
fading theoretically [6]. Although a variety of multipath models have been pro-
posed, there are still missing multipath statistical models based on the real navi-
gation signal data, especially in complex environments such as urban canyons.

Because multipath signals are heavily dependent on the surrounding environ-
ment, it can be seen that the characteristics of multipath parameters are not similar
in different types of environments. Therefore, it is necessary to establish corre-
sponding statistical models in different types of scenes. Considering the multipath
interference is most serious in the urban canyon environment, this paper will focus
on the multipath characteristic model in this kind of scene. In order to make the
model truly represent multipath characteristics, this paper extracts the characteristic
parameters such as code phase delay and multipath energy attenuation in real
navigation signal data, and using it to build model. Since the Beidou navigation
satellite system contains GEO satellites, and it is significantly different from the
motion characteristics of other types of satellites, GEO satellites and NGEO are
distinguished and discussed separately.

2 Multipath Characteristic Parameters Extraction

2.1 Mathematical Model of Multipath

When the receiving antenna receives the line of sight (LOS) signal and the mul-
tipath signal at the same time, the received signal can be regarded as the combi-
nation of two signals. The formula is as follows:

s(t) = AD(t — 19) cos(wot + 0p)
. (1)
+A Z axD(t — 19 — ¢ ) cos[wot + Oy + Dy (7))
k=1

where A and 7 is the signal power and propagation time of LOS respectively. o is
the power attenuation proportionality coefficient, and t; is the kth multipath time
delay, and @y (7) is the carrier phase difference.

It can be seen that oy, 7; and @ (z) are the main parameters in multipath signal.
Furthermore, d®y(¢)/dr is the multipath Doppler difference compared with LOS,
which is also called multipath fading frequency [7]. In this paper, the statistical
models of multipath signals are analyzed based on the above mentioned parameters.
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2.2 Multipath Parameter Estimation

In this paper, the multipath characteristic parameters are obtained by processing the
intermediate frequency navigation signal data in real environment. In order to get
multipath characteristic parameters, this paper uses CADLL algorithm [8, 9, 10] in
the tracking loop to track all the signals, then the parameters of all the signal can be
estimated. The block structure of CADLL algorithm is as follows (Fig. 1):

In order to verify the correctness of the multipath parameters extracted by
CADLL algorithm, Spirent GSS8000 navigation signal simulator is used. The
configuration parameters of the simulator are shown in Table 1.

Figure 2 shows the detection result by CADLL algorithm, and each of the
sub-figure represents multipath time delay 7, multipath power attenuation oy,
multipath carrier phase difference ®(¢), and spread code correlation waveform
respectively. It can be seen that two multipath signals have been detected, and all
the parameters are estimated in real time. In Fig. 2, the red line represents multipath
1 and the green line represents multipath 2, then the estimated error can be given as
follows:

Table 2 shows that estimated error of the multipath characteristic parameters is
within a reasonable range, so the statistical model of multipath based on the esti-
mated parameter is effective. In addition, it can be seen that multipath interference
distort the spread code correlation waveform. When the multipath signal is miti-
gated, the correlation peak returns to the triangular wave shape.

Moni. — g .4

500E 0 ]

' Directly used in

6 pseudorange
comoutation

Fig. 1 Block structure of CADLL

Table 1 Configuration Constellation GPS L1CA/PRN2
parameters of GNSS Multioath b Multioath 1 Multioath 2
simulator ultipath number ultipatl ultipat]
Multipath delay (chip) 0.3 1.3
Power attenuation (dB) 5 15
Fading frequency (Hz) 0.1 0.3
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Fig. 2 Multipath characteristic parameters

Table 2 Estimated error of CADLL algorithm

Multipath number Multipath 1 Error Multipath 2 Error
Multipath delay (m) 82.3 5.6 377.4 35
Power attenuation (dB) 4.3 0.7 13.5 1.5
Fading frequency (Hz) 0.1002 0.002 0.3003 0.003

The main work of this paper is analyzing the characteristic parameters of the
multipath signal in a large number of collecting data, and building the statistical
model of these parameters.

3 Modeling Environment Description

3.1 Signal Collecting Environment

In order to establish the statistical characteristics model of multipath signal in urban
canyon environment, this paper chooses the Lujiazui area in Shanghai as the real
signal collection scene. Figure 3 shows all the collecting spots in google earth, and
many skyscraper can be seen from the map. This paper randomly selects 10 col-
lection site in the whole area with approximate uniform distribution, and each
collection site is given by the yellow mark of 1-10.
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Table 3 Configuration

: . Location 10 spots in Lujiazui, Shanghai
pararr}eters of signal sampling Time length 40 min per spot
machine
Antenna carrier Van/static
Constellation BDS B1I and GPS L1CA
Sampling 62 MHz | Bit 8 bit
frequency wide
Signal bandwidth 50 MHz | Mode Complex
signal

Configuration parameters of the signal sampling machine are shown in Table 3.
Most parking place is the square before buildings for convenience, and a photo is

shown in Fig. 4.

3.2 Model Description

Four kinds of statistical models are established based on the multipath characteristic
parameters extracted from the real signal data. The models are described as follows:

e Multipath time delay probability density model: it is built by parameter 7;. This
model focuses on the probability density distribution of multipath time delay,
and the relationship between multipath time delay distribution and satellite

elevation.
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Fig. 4 Photo of signal collection site

e Multipath power attenuation model: it is built by parameter oy. This model
focuses on the relationship between power attenuation and multipath time delay,
and gives the probability distribution of multipath power attenuation probability
in similar delay intervals.

e Multipath fading frequency probability density model: it is built by parameter
d®y(t)/dt. When there is Doppler difference between the multipath signal and
the direct path signal, the observation error of GNSS receiver caused by mul-
tipath signal is periodic, and this frequency is called multipath fading frequency.

e Multipath occurring probability model: This model gives the proportion of
multipath occurring in entire experiment time.

4 Multipath Statistical Model
4.1 Multipath Time Delay Model

Multipath code phase delay is the main factor that causes the positioning error,
and delay within one chip will seriously reduce the code phase measurement
accuracy. Therefore, study of multipath time delay characteristic is very significant.
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Fig. 5 Multipath time delay probability density model of NGEO satellite (Color figure online)

Figure 5 gives multipath time delay probability density model based on the
experiment data. It can be seen that the general trend of the multipath delay
probability distribution increases first and then gradually decreases, and the delay
distribution in 100-150 m accounts for the largest proportion.

According to the statistical measurement data, Gamma function is used to fit the
measurement data. The green line in Fig. 5 is the fitted curve, and its formula is as
follows:

PGamma(Tn) = ‘ T e (2)

Figure 6 shows the multipath time delay probability density distribution of GEO
satellite. However, because the number of GEO satellites is small and the location is
easy to be blocked, the measurement data is not enough to obtain the fitted dis-
tribution model. But the overall trend of GEO multipath time delay probability
distribution is similar to NGEO.

4.2 Multipath Power Attenuation Model

Figure 7 gives the scatter distribution plot of the relationship between multipath
power attenuation and time delay. As can be seen from the figure, with the increase
of multipath delay time, the overall trend of the power attenuation is gradually
increasing. Thus, liner function is used to fit the measurement, and the formula is as
follows:



102 Y. Wang et al.

0.01" ' - —Measurement data

0.008

0.006

0.004 I

Probability density

0.002

0 100 200 300 400 500
Time delay (meters)

Fig. 6 Multipath time delay probability density model of GEO satellite

Fig. 7 Multipath power

. "+ Power attenuation
attenuation distribution 20 —Fitted value
=
2
=
S
k=
-4
=
=
2
=
5 .
=
£ 5
0 200 400 600 800
Multipath time delay (meters)
f(x) =plxx+p2 3)

4.3 Multipath Occurring Probability Model

In order to describe the overall effect of multipath interference, this paper further
explores the occurring probability that antenna receives multipath signal. The result
is shown in Fig. 8. In the figure, the occurring probability of multipath signal under
different satellite elevation angles is given. The black point is the probability of
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NGEO satellite, and the red fork indicates the probability of GEO satellite. In
general, the multipath occurring probability is higher when the satellite elevation is
lower. But Fig. 8 shows that the occurring probability decreases when satellite
elevation is lower than 20°. Because multipath signal will be largely attenuated by
trees or other shelter when the satellite elevation is lower than 20°, then the
algorithm is not able to detect the multipath signal. The red line in Fig. 8 is the
Gauss fitted curve of NGEO satellite multipath, and it can be seen that GEO satellite
characteristic is similar as NGEO satellite. The formula is as follows:

1 (0-1)?
P(0) = 22 4
0 =3¢ @

4.4 Multipath Fading Frequency Model

Figures 9 and 10 show the multipath fading frequency probability density distri-
bution of NGEO satellite and GEO satellite. It can be seen from the figure that the
multipath fading frequency of NGEO satellite changes within the range of 0.3 Hz,
while the GEO satellite is within £0.003 Hz. Although the receiver is statistic, the
Doppler frequency between LOS signal and multipath signal is also different
because satellite is moving. In addition, the multipath fading frequency will be large
when the reflected object is moving.

0.9 . | ® NGEO Probability
=—=NGEO Fitted Value
0.8 % GEO Probability

0.7

0.6
0.5
0.4

Probability

0.3
0.2;
0.1

10 20 30 40 50 60 70 80 90
Elevation Angle

Fig. 8 Multipath occurring probability model
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It can be seen from Fig. 9 that the probability density distribution of multipath
fading is basically symmetrical, and the formula is as follows:

_f axexp(bxf) f>0
P(f) = {a*exp(—b xf) f<O0 (5)

Figure 10 shows that the multipath fading frequency distribution trend of GEO
satellite is similar as NGEO satellite, but the value range is much smaller.
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5 Conclusion

This paper extracts the characteristic parameters of multipath signal in urban can-
yon, and multipath delay model, multipath power attenuation model, multipath
fading frequency model and multipath occurrence probability model are established
by using these parameters. It reveals the feature of multipath in the urban canyon,
and can help to improve multipath mitigation algorithm.
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An Efficient Algorithm for Determining
the Correspondence Between DFREI
and opprg for a Dual-Frequency
Multi-constellation Satellite-Based
Augmentation System

Jie Chen, Zhigang Huang, Rui Li and Weiguang Gao

Abstract Global navigation satellite systems (GNSSs) will broadcast two open
signals for civil aviation within the next ten years. Satellite-based augmentation
system (SBAS) providers are currently developing the dual-frequency
multi-constellation (DFMC) SBAS interface control document (ICD) to take
advantage of the four GNSSs and two signals. In order to ensure the interoper-
ability, a SBAS provider is allowed to determine the correspondence between
DFREI and opprg based on the performance of its service within the frame of the
ICD. Considering that the search space of the correspondence determination is too
larger, an algorithm is proposed, which reduces the search space by decorrelating
DFREIs. The evaluation based on real data shows that the effect of quantitation
error resulted from the correspondence determined by the algorithm to SBAS
service performance is neglectable, indicating that the algorithm is efficient. The
algorithm could be of value for SBAS providers to design the correspondence.

Keywords Dual-frequency - Multi-constellation - Satellite-based augmentation
system - DFREI - Correspondence

1 Introduction

In order to take advantage of the Galileo system and the Beidou system to be of full
operational capability, and the two open signals centred around 1575.42 and
1176.45 MHz for civil aviation, the satellite-based augmentation system (SBAS)
interoperability working group was formed by the SBAS providers to develop the
dual-frequency multi-constellation (DFMC) SBAS interface control document
(ICD) [1, 2]. The ICD defines the augmentation message types and describes the
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usage of the parameters in the augmentation messages. Because of the limited data
rate of the SBAS signal and the need to augment 92 satellites simultaneously,
DFMC SBAS does not broadcast equivalent terms for fast pseudorange corrections
in legacy L1-only SBAS. Thus, there are only four components in the user range
error (URE) variance bounding satellite clock-ephemeris (SCE) error after applying
SCE corrections, denoted as O'%)FC, as follows:

0hre = (Trre - Oprre)” + €2, + & (1)

where oppge is converted from the parameter DFREI in the message type (MT) 32,
MT 34, MT 35 or MT 36 with the correspondence broadcast though the MT 37;
Jprre 18 a spatial parameter computed as:

Sprre = VIT -RT-R -1+ ¢c
Eyy Epp Eiz Ey
0 Ex Epx Ey
0 0 Ex Exu
0 0 0 Ey

— ScaleExponent—35
&c = Ccovarinace x 2 P

R = 2ScaleExponent75 .

Il
95
Ry
—~
N

with ScaleExponent and Ej; being parameters in the MT 32, Ceoparinace being a
parameter in the MT 37, I being the four-dimensional observation vector, and &c
being used to compensating for the errors introduced by quantization; &, 1S a
temporal degradation parameter; ¢,, is computed based on the approach type.

In order to simplify the description, &¢ is set to 0, which is the same value
broadcast by WAAS. Thus, opgre - dprre is computed as:

oprrE - OprrRE=0prRVIT - RT - R -1 = \/1T - Py - 1 (3)

where Py = 0hppi - RT - R.

The master station of a SBAS decomposes the matrix Pgs, which is the
covariance matrix of SCE errors after applying SCE corrections, into opggg,
ScaleExponent and Ej;. Then, oppgg is converted to DFREI, and ScaleExponent and
E;; are quantized, so that these parameters can be broadcast to SBAS users. The MT
32, containing DFREI, ScaleExponent and Ej;, has a maximum update interval of
120 s. During the update interval of the MT 32, MT 34-36, whose maximum
update interval are 6 s, broadcast DFREI to meet the alert time requirement of
precision approaching operations. SBAS users receive these parameters to compute
Pyp,q. The difference between Pgig and Py, is the quantization error.

A DFMC SBAS provider is allowed to customize the correspondence between
DFREI and oppre based on the performance of its service within the frame of the
ICD. This ensures the interoperability among SBASs with variant service perfor-
mance. For instance, WAAS has a lot monitoring stations distributed in a wide area,
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supporting LPV-200 operations with GPS, so that WAAS can choose a small scale
factor for the correspondence. Meanwhile, a SBAS like MSAS with serval stations
distributed in a limited area may choose a large scale factor. In addition, a SBAS
augmenting a new GNSS whose satellite is less robust than a GPS satellite may
choose a large scale factor so that the instability can be protected against. This is
different from the L1-only SBAS, in which the correspondence between UDREI
and oypgg is unchangeable and is same among different SBASs, as listed in Table 1
[3]. Note that UDREI and oypgg in L1-only SBAS are equivalent terms for DFREI
and oppgreg in DFEMC SBAS. Therefore, the problem that how to determine the
correspondence so that the quantization error can be minimized comes up to
DFMC SBAS providers, which L1-only SBAS providers do not need to face.

In the draft DFMC SBAS ICD, MT 37 is described as a critical message which is
not planned to be dynamically changed [1]. Thus, the parameters in MT 37,
especially the correspondence parameters, should be determined by SBAS provi-
ders in advance. According to the parameters description listed in Table 2, there are

Table 1 Correspondence between UDRE and Gyprg

UDREI Supre [m] UDREI Supre [m] UDREI Supre [m]
0 0.2280 5 0.9119 10 2.2796

1 0.3040 6 1.1398 11 4.5593

2 0.3800 7 1.3678 12 15.1976

3 0.5320 8 1.5958 13 45.5927

4 0.6840 9 1.8237

Table 2 opprg parameters in MT 37

Parameter name Length [bit] Scale factor [m] Range [m]

Min Max
opere:DFREI = 0 4 0.0625 0.125 1.0625
oprre:DFREL = 1 4 0.125 0.25 2.125
oprre:DFREI = 2 4 0.125 0.375 2.25
opere:DFREI = 3 4 0.125 0.5 2.375
opere:DFREI = 4 4 0.125 0.625 2.5
oprre:DFREI = 5 4 0.25 0.75 4.5
oprre:DFREI = 6 4 0.25 1 4.75
opere:DFREI = 7 4 0.25 1.25 5
opere:DFREI = 8 4 0.25 1.5 5.25
oprre:DFREI = 9 4 0.25 1.75 5.5
oprre:DFREI = 10 4 0.5 2 9.5
opere:DFREI = 11 4 0.5 2.5 10
oprre:DFREI = 12 4 1 3 18
oprre:DFREI = 13 4 3 4 49
oprre:DFREI = 14 2 30 10 100
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(24)14><22 ~ 2.88 x 10'7 combinations of the correspondence if all 15 DFREIs are
used. A problem like this is always solved by a brute-force search. However, the
combinatorial explosion is highly likely to take place with so many candidate
solutions. The key to avoid combinatorial explosion is introducing external infor-
mation specific to the problem to reduce the search space, so that the brute-force
search can be sped up [4-6].

Although a draft version of the DFMC SBAS ICD has been approved by SBAS
providers, a public version has not been released yet. There is no public research
about how to determine the correspondence. Based on the fact that the SBAS
service performance is highly relied on the monitoring geometric dilution of pre-
cision (MGDOP) defined in (4), an algorithm using MGDOP to reduce the search
space is proposed. This algorithm provides an efficient way for SBAS providers to
determine the correspondence based on the its service performance under the
constraint listed in Table 2.

2 Methodology

The proposed algorithm contains two parts. The first part decorrelates all DFREIs,
so that the search space is cut into independent subspaces. The second part finds the
optimum correspondence of each DFREI using a brute-force search. The criterion is
that a correspondence candidate is optimum if the quantization error of it is min-
imum among those of other candidates.

2.1 Decorrelate DFREIs

There are 2.88 x 10!7 candidates in the whole search space as mentioned above,
which is infeasible to find the optimum one. After decorrelating all 15 DFREIs, the
search space is cut into independent subspaces, so that there are only 16 candidates
in each subspace when DFREI is smaller than 14 and only 4 candidates in the
subspace when DFREI is 14. That means there are only 228 candidates totally if all
15 DFREIs are used. Thus, the optimum correspondence can be determined within
a short time. The problem is how to decorrelate DFREIs.

DFREI describes the URE resulting from SCE errors after applying SCE cor-
rections. The accuracy of SCE corrections depends highly on the configuration of
SBAS monitoring stations. Given that all monitoring stations have a same tracking
accuracy, MGDOP is the best indicator of tracking accuracy. The MGDOP of a
satellite viewed from SBAS tracking stations is given by:



An Efficient Algorithm for Determining the Correspondence ... 113

MGDOP= \/Dl,l +Dso+D33+Dy 4
D=(H"H) H= [cos(Ele;)sin(Azi;) cos(Ele;)cos(Azi;) sin(Ele;) —1] (4)

where D;; is the (i, j)th element of the matrix D; H; is the i-th row of the matrix H
and it is the observation vector from the ith monitoring station to the satellite; Ele
and Azi are the elevation angle and azimuth angle of the satellite. Figure 1 shows
that the MGDOP is suitable for decorrelation because its trend is similar to the trend
of user differential range error indicator (UDREI) broadcast by WAAS.

The samples for determining the correspondence are classified into subsets by
MGDOP. Each subset corresponds to a DFREI value. The mapping function from
MGDOP to DFREI is designed and given by:

In(MGDOP) — In(MGDOP ;)
In(MGDOP,) — In(MGDOPyy,) (5)
X (DFREl s — DFRElLyin)] + DFRELy,

DFREI(MGDOP) =

where MGDOP.,;, and MGDOP,.« are the minimum and the maximum of
MGDOPs of a satellite; DFREI.;, and DFREI,,, are the minimum and the max-
imum of DFREI the SBAS plans to broadcast; [x] rounds the number x to the
nearest integer. Considering that the ranges of MGDOP of GNSS satellites are
similar, MGDOP;, and MGDOP,,,x are set to be the quantiles of all satellites’
MGDOPs with the probabilities 1 and 99%, respectively, for simplicity.

The problem of the mapping function above is that the computation of MGDOP
needs at least 4 stations tracking the satellite. Thus, if a SBAS can provides integrity
information with less than 4 stations, Eq. (5) cannot classify all samples.
The MGDOP is the combination of the number of tracking stations and the geo-
metric relation between tracking stations and the satellite. It is hard to describe the
geometric relation quantitatively when there are less than 4 tracking stations, so that

Fig. 1 MGDOP and UDREI 12 r
of GPS PRN 1 satellite on ! In(MGDOP)
May 21, 2015 10} y UDREI
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the number of tracking stations is chosen to classify those samples. The amended
mapping function is written as:

DFREI(MGDOP,n) =
DFREI a4 Niin — 1, n<3

In(MGDOP)—In(MGDOP in .
ln(l}l(/IGDOPml)—nlsq(MGDOPmi)n) X (DFRElnax — DFRELyin +min{nyin —4,0}), n>3
(6)

where 7 is the number of tracking stations; 7, is the minimum number of tracking
stations when the SBAS can still provide integrity information; min{x, y} returns
the smaller value between x and y.

2.2 Determine the Correspondence

After all samples are classified into subsets using (6), the correspondence of a
DFREI is determined with the corresponding subset. A brute-force search is used,
which tries all values of gpggg to find the one leads to the minimum quantization
error. The quantization error QF is the maximum difference between
(opFrE - 5DFRE)2 computed Py,4 by and that computed by Pgy within the service
area, defined as follows:

QE = max  {I"Pyy(DFREI,ScaleExponent, E;)I — I' Pgsl}  (7)
usereservicearea
where Pp, (DFREI ,ScaleExponent, El]) is computed using (2) and (3).

The pseudocode of the brute-force search for a certain DFREI with a subset
containing N samples is given below.

for k=I1:N
Jor n=0:n,44-1
Oprre (1) = Oy min + 1% ScaleFactory,yy, ;
compute R from Py, / O-ZZ)FRE (n) using Cholesky factorization;
for ScaleExponent =0:7
compute E[/- with R/zs(alempmmm—s B
compute QF ;
end for;
choose the ScaleExponent whose QFE is the smallest, and add its QE to QE(n) ;
end for;
end for;
find the n_ whose QE(n) is the smallest;

The correspondence is determined as & () = O ppgy in + 1, X ScaleFactory,, .

s
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The parameter n,,x in the pseudocode is the candidate number of the DFREI,
which is 16 if the DFREI is smaller than 14 and is 4 if the DFREI is equal to 4. The
parameters oprrermin and ScaleFactorprgg; are listed in Table 2.

3 Application and Evaluation

The data used in performance evaluation include the GPS broadcast message and
precise ephemeris provided by the National Geospatial-intelligence Agency (NGA),
WAAS broadcast message and WAAS stations’ antenna L1 phase center positions
provided by the National Satellite Test Bed, the GPS ultra-rapid ephemeris pro-
vided by the IGS, and measurements made at 1 Hz by WAAS reference stations
and provided by the National Geodetic Survey. The GPS L5 service has not offi-
cially been announced to operate at full capability, so that measurements of the GPS
L2 signal were used instead. The first part uses 7-day data to determine the cor-
respondence as a SBAS provider. The second part uses anther 7-day data to find out
the effect of the correspondence determine in the first part in user position domain.

3.1 Determine the Correspondence

The correspondence is determined with the SCE covariance matrix Pg;g computed
by the AK method [7]. The mask angle, nmin, DFREIL i, and DFREI,, are set to be
5°, 1, 0 and 14, respectively. The mapping result using (6) on May 21, 2015 is
showed in Fig. 2.

Fig. 2 Mapping result of 14 | [ 7
GPS PRN 1 satellite on May l
21, 2015 12 \ '
|J ‘
101 | \
5 ° '
i \ [

Time of Day [seconds] %10
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Table 3 Correspondence DFREI | 6pgpe [m] | DEREI | Gpgre [m] | DFREI | Gpgre [m]
between DFREI and cDFRE 0 0.125 5 075 10 )

1 0.25 6 1 11 2.5

2 0.375 7 1.25 12 3

3 0.5 8 L5 13 4

4 0.625 9 1.75 14 10

Based on the data from May 21 to 27, the correspondence is determined as listed
in Table 3. It is noteworthy that the oppgrg of each DFREI is the minimum in its
range.

3.2 Evaluate the Effect in User Position Domain

With the correspondence listed in Table 3, the SCE integrity parameters computed
by the AK method are quantized. Based on the measurements of WAAS stations,
navigation solutions are computed with the unquantized matrix Pg;s and quantized
matrix P4, respectively. With the navigation solutions, the effect of quantization
error introduced by the correspondence is evaluated in user position domain. The
results presented below are based on data obtained from May 28 to June 3, 2015.

3.3 Position Error

Table 4 shows that there are 24 stations whose statistical results about position error
before and after quantization are different. The differences in terms of the quantile
with the probability 95% and the root mean square (RMS) are both less than 2 mm.

3.4 Availability of CAT-I

A DFMC SBAS is expected to support CAT-1 operations. The most critical
requirement is that the vertical alert limit ranges from 10 to 15 m depending on the
need of an airport. The vertical alert limit is set to be 15 m in this evaluation. The
availabilities of CAT-I in WAAS stations, which is the portion of time the vertical
protection level is smaller than the vertical alert limit, are analyzed. There are 5
stations whose availabilities increase about 0.01%, and there are 6 stations, 1 station
and 2 stations whose availabilities decrease about 0.01, 0.02 and 0.04%, respec-
tively, while 23 stations’ availabilities are unchanged.
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Table 4 Position error
No. | Position error before quantization [m] Position error after quantization [m]
Horizontal Vertical Horizontal Vertical
95% quantile | RMS | 95% quantile | RMS | 95% quantile | RMS | 95% quantile | RMS
1 1.525 0.892 | 2.448 1.215 | 1.526 0.892 | 245 1.215
2 1.153 0.654 |2.711 1.424 |1.153 0.654 |2.712 1.424
3 1.276 0.752 | 1.777 0.908 | 1.275 0.752 | 1.777 0.908
4 1.651 0.93 2.367 1.174 | 1.651 0.930 |2.366 1.173
5 1.618 0.94 2.539 1.324 | 1.617 0.940 |2.539 1.324
6 1.621 0.923 | 3.746 2.046 | 1.621 0.923 |3.745 2.046
7 1.585 0.909 |2.859 1455 | 1.585 0.909 | 2.860 1.456
8 2.027 1.129 | 2.856 1.467 |2.027 1.129 | 2.855 1.466
9 2.071 1.121 |3.414 1.66 2.072 1.121 |3.414 1.660
10 2.296 1.303 | 3.155 1.571 |2.296 1.303 |3.155 1.571
11 1.949 1.079 | 2.586 1.291 | 1.948 1.079 |2.585 1.291
12 2.057 1.134 |3.34 1.662 | 2.057 1.135 |3.341 1.662
13 1.428 0.842 | 2.526 1.303 | 1.43 0.843 |2.527 1.304
14 2.372 1.272 | 3.555 1.802 |2.371 1.272 |3.556 1.802
15 1.882 1.046 | 2.691 1.345 | 1.881 1.046 | 2.691 1.345
16 2.167 1.176 | 3.166 1.648 | 2.167 1.176 | 3.166 1.647
17 2.147 1.203 |3.514 1.808 |2.147 1.203 |3.513 1.808
18 1.941 1.094 | 2.760 1.425 | 1.941 1.094 |2.761 1.425
19 1.995 1.149 |2.764 1.400 | 1.996 1.149 |2.765 1.400
20 1.968 1.093 | 2.946 1.508 | 1.968 1.093 |2.947 1.508
21 2.655 1.529 |3.932 1.989 |2.655 1.528 |3.932 1.989
22 2.028 1.132 2914 1.471 |2.029 1.132 (2914 1.472
23 1.697 0.971 |2.928 1.497 | 1.697 0.971 |2.928 1.498
24 1.878 1.023 | 2.526 1.282 | 1.878 1.023 | 2.525 1.282

4 Conclusion

The correspondence between DFREI and oppgg should be determined by a
DFMC SBAS provider in advance. Considering that MGDOP is an indicator of
augmentation performance, an algorithm based on decorrelating DFREIs with
MGDOP is proposed to decrease search space so that the combinatorial explosion
in determine the correspondence concurrently can be avoided. Using 7-day real
data, the proposed algorithm determined a correspondence, as listed in Table 3,
within a search space of only 228 candidate solutions instead of 2.88 x 107 can-
didate solutions. Another 7-day real data is used to analyze the effect of quanti-
zation error introduced by the correspondence in user position domain. The result
shows that there is little influence on the service performance, proofing that the
proposed algorithm is efficient. The algorithm could be of value for SBAS provi-
ders to design the correspondence.
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Analysis on Ionospheric Delay Variogram
Modeling in China

Dun Liu, Xiao Yu, Liang Chen and Weimin Zhen

Abstract Ionospheric delay variogram is essential for Kriging based Space-Based
Augmentation System (SBAS) ionospheric grid model. Variogram realizations are
compared for various solar activity conditions and different latitudes for China and
around areas. It shows that the ionospheric anomaly in low-latitude areas impacts
the variogram seriously, causing a larger intercept at zero distance and a “bump” at
the distance of about 1000 km. An alternative method is proposed for variogram
modeling for China areas and parameters are given for variograms under different
solar conditions. A variogram with fixed constants is further proposed for practical
use in SBAS, and the parameters are given also.

Keywords Ionospheric « Variogram - Kriging method - Ionospheric grid model -
SBAS

1 Introduction

SBAS is established to augment GNSS performance in local region. In SBAS iono-
spheric grid model is used to correct the ionospheric delay which is one of the main
error sources degrading system performance. Threshold to bounding the residual error
effectively is also estimated in grid model. In the new development of SBAS, kriging
method is adopted to estimate the delay and its bounding [1-3, 9—11].

The essence of kriging method is to estimate the grid ionospheirc vertical delay
(GIVD) by making use of the spatial correlation characteristics of ionospheric
delays, which is actually depicted by variogram model (or the corresponding
covariance model). Variogram is also used for estimation of ionospheric delay error
bound, namely the grid ionospheric vertical error (GIVE) [3, 9-11].
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In previous work, characteristics of ionospheric spatial correlation structure in
China area has been studied, and comparison has been made with that of North
American region. Results show significant difference would be caused by the iono-
spheric anomaly in low latitude area of China [5, 7, 8]. For variogram realization,
ionospheric anomaly effects in south of China may also exist. Study has to be carried
out in variogram modeling and its further applications in SBAS for China area.

In this paper, the method of ionospheric delay variogram construction has been
analyzed. Different variograms under various solar activity conditions and in dif-
ferent latitude areas have been studied and compared for China area. Section 2
introduces the definition of variogram and its application in ionospheric grid model.
Section 3 gives the method of developing ionospheric delay variogram. Section 4
analyzes the characteristics of the variogram in detail for China area and the pro-
posed variogram model is also presented. Conclusion is given at last.

2 Ionospheric Delay Variogram and Its Application
in SBAS

2.1 Ionospheric Delay Variogram

The kriging estimated ionospheric delay can be expressed as the sum of a trend
item, a random field (process noise) item r and a measurement noise item m [1-3].

Tmeas (X¢) = ao + alx,iem) + azx]((No"th) + r(x) +m(xe) (1)

Where [ag, a1, az] are coefficients of the planar trend item. x; is the coordinate of
ionospheric pierce point (IPP) in local coordinate system centered at ionospheric

grid point (IGP) x,(CN"rth),x,(:”‘”) are respectively coordinates in the north and east
direction.
For each pair of IPPs x;, x;, ionospheric delay variogram is defined as y(x;,x;):

55) = (b =) = 32((r) = r(x))?) @
Covariance function Cov(x;,x;) can then be defined as:

Cov(r(x). () = E(rlvr(x)) = Coflx — ) G
Relation between variagram 7 (x;, x;) and covariance function Cov (x;, ;) is:

Cov(x,-,xj) = aio — y(xi,xj) 4)
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In kriging method, ionospheric delay variogram is required to be a non-zero
value at distance of zero, which is called the nugget effect. The nugget-effect here is
equivalent to the white noise in delay estimation. The variogram increases linearly
near the origin, and at distance of infinite, it should converge to a constant value,
which is called the sill effect [3].

An admissible and widespread model for the variogram is the exponential model
shown as Fig. 1, where og = 2" 0., = 0’7l are respectively the nugget and
sill. The corresponding ionospheric delay variogram and covariance function is
shown as below [9, 10].

5 ) s Dy,
(s x1) = (0l *[(sz“e'férr) = (9Gecorr) }eXp ( ' > G)

ddecorr

D
Claem) = [ (o~ (otim,)] exp(— i ) ©)

Dy, = \/(Xk —x) (o — x1) (7)

Where g0 gom are coefficients that need to be estimated. Constant decy,
is the de-correlated distance, which is generally selected as 8000 km.

2.2 Ionospheric Grid Model Based on Kriging Method

The kriging estimate of the grid ionospheric vertical delay (GIVD) [, is determined
as [3, 9]:

Iext(x) = Z ;LkImeas (Xk) (8)
k=1

Fig. 1 Ionospheric delay 1.2
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where / is weight matrix, I, are the vertical ionospheric delays at IPPs, n is the
number of IPPs around the IGP for GIVD estimation.

7= (W = WG(G"WG) ™' G"W ) C(x,x) + WG(G"WG) !X 9)
W= (C(xk,xl)—|—M(xk,xl))71 (10)
X = [ 1 x(east) x(north) ]T (11)

where G is the coefficient matrix determined by the satellite and user’s location.
W is the weight matrix, C is the covariance matrix from ionospheric variogram
model, and M is the measurement noise matrix.

GIVE, the bound for residual of delay estimation, is defined as follows [1-3]:

O decorr

Gpound 1P = Rirreg |21 C ks %1) 4 — 247 C(xe, x) + (0l )2} + "M (12)

where R;, . is the inflating factor.
As can be seen, the variogram is used to construct weighing matrix for iono-
spheric delay and its accuracy estimation. Moreover, it also depicts the uncertainty

total H : : :
(g'eial ) of the background ionosphere in error bound estimation.

3 Method of Ionospheric Delay Variogram Construction

3.1 Modeling Data

GPS dual-frequency measurements are used in the study. The sites distribution
covers the low and mid latitude areas around China (Fig. 2). The data period spans
different solar activities (2003, 2005, 2009), and includes various status of iono-
sphere (calm and stormy).

3.2 Data Pre-processing

Ionospheric delays are extracted from GPS dual-frequency measurements. The
following steps are taken to improve the accuracy of derived ionospheric delays [4].

(1) Carrier phase smoothed code pseudo-ranges are used to extract the ionospheric
delays.

(2) Differential Code Bias (DCB) of GPS satellites released by CODE is used, so
only the hardware bias for receiver is to be estimated.
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Fig. 2 GPS network around China areas

(3) Only data during nighttime is used in receiver hardware bias estimation to
reduce the effects of larger variation of background ionosphere during daytime.

(4) Results from multiday are smoothed to improve the stability of receiver
hardware bias estimation, especially for ionospheric disturbance period.

Comparison with results from CODE shows an accuracy of better than 0.2 ns
could be achieved for the receiver hardware bias estimation in this way. As the
smoothed pseudo-ranges could reach the accuracy of millimeter or even better, the
resulting ionospheric delays will have the accuracy of about 0.2 ns.

3.3 Construction of Ionospheric Delay Variogram

With delays at IPPs, the variogram model can be constructed as below [3].

(1) For each pair of IPPs, we did a planar fit on the remaining measurement (up to a
certain radius) with the middle point of the two IPPs as reference.

(2) Ateach epoch, underlying trend described by this planar fit is removed from the
delays at the pair of IPPs, and then the difference of de-trended delays I(x;) —
I(x;) is calculated.

(3) Compute all the difference I(x;) — 1 (xj) between pairs of de-trended mea-
surements and the corresponding distance ‘xi — xj| for all epochs.
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(4) The experimental variograms defined below are estimated with the difference of
de-trended delays. Because we do not have pairs of measurements separated by
exactly d, we bin the pairs with the certain tolerance 6 of 50 km [3].

Yexp (d) = %E(I(x,-) —1(x))? u—xle {d —g,d+ g] (1.13)

(5) Fitting the experimental variograms with exponential model given in Eq. 5 and

i total nom :
determining the ¢~ and ¢/ . for the variogram models.

4 Realization of Variogram for China Areas

4.1 Variogram Under Various Solar Activities

Figures 3, 4 and 5 shows the experimental variograms (blue line) for low (2009),
modest (2005) and high solar activity (2003) respectively. Data from days of quiet
ionospheric conditions are used in these variogram realizations. A period of three
hours is used to bin the data for statistics in each day. As can be seen:

(1) At the distance of zero, experimental variograms have values of non-zero,
which means the uncertainty caused by the background ionosphere. Yet
compared with variograms for North America area, the intercept of experi-
mental variograms and the range of its variation are much larger at the distance
of zero [1, 3].
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Fig. 3 Variograms for China areas (2009) (Color figure online)
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Fig. 5 Variograms for China areas (2003) (Color figure online)

Satellite signals may pass through the same IPP from different azimuths and
elevations, leading to different ionospheric delays at different paths. Moreover,
mapping function will also introduce error in vertical delays when converting from
the slant ones. As a result, the difference of de-trended delays will not be zero even
for neighboring IPPs.
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This difference would be larger in areas where low latitude anomaly exists.
Larger errors from excess ionospheric delays when signals pass through the
anomaly region and mapping function based on the imperfect thin shell model
destroyed by ionospheric anomaly contribute to this increasing difference.

(2) For years of modest and high solar activities, a “bump” at the distance of about
1000 km exists evidently in the ionospheric delay variogram. This phe-
nomenon is not shown in the variogram for North America area.

Within approximately £20° on both side of the magnetic equator lies the
equatorial anomaly. It is the occurrence of a trough in the ionization in the F2 layer
at the equator and crests at larger magnetic latitude depending solar activity. For
China area, the south of Changjiang River (magnetic latitude of about 20°N) is
located under the ionospheric anomaly, where the area along the River is at the
northern edge of the anomaly, and the area around Guangzhou and Haikou is
located under the crest of anomaly [12].

When part or all IPPs are located in ionospheric anomaly region, the anomaly
structure will break down the assumption of the planar trend underlying the
thin-shell ionospheric model, increasing the error in de-trended delays. The error
will reach the largest especially when the two IPPs, with a distance of about
1000 km, are located respectively at the edge and the crest of the anomaly along the
same longitude. In that case, most of the IPPs for grid model fitting are located in
the northern area of the anomaly and the crest structure of the anomaly will have the
maximum effect on delay estimation.

With the distance between two IPPs increasing, the difference of ionospheric
delays will decrease even both IPPs are located in anomaly, as this two IPPs has a
smaller geomagnetic latitude span.

4.2 Variogram in Different Latitude Region

To understand the anomaly effects on variogram more deeply, we divided the IPPs
distribution into two parts: IPPs in low latitude area, and IPPs in middle latitude
area. The latitude of 30°N is selected as the separator. Experimental variograms for
these two regions are respectively estimated and results are shown in the following
figure. As can be seen that,

(1) For the middle latitude area, linear variation is shown clearly in the experi-
mental variogram. This means that in this region ionosphere has the perfect
planar variation, and the fitting results of variogram is in good accordance with
that of the North American [3, 9] (Fig. 6).

(2) For the low latitude area, the “bump” at distance of about 1000 km in the
experimental variogram still exists. This means that the abnormal variation in
experimental variogram of China area is caused by the ionospheric anomaly in
the low latitude area (Fig. 7).
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4.3 Fitting of Experimental Variogram

With the analysis of ionopsheric anomaly effects, it can be seen that there are two
features in the experimental variograms under modest and high solar activity.

(1) Larger difference between de-trending delays even for nearby IPPs.
(2) “Bump” in the experimental variogram for modest and high solar activity.



128 D. Liu et al.

In variogram modeling, exponential model is selected to fitting the experimental
variogram, in which the variogram increases linearly near the origin [1, 3].
Tonospheric anomaly effects make the modeling difficult as abnormally large values
would be estimated for ¢’ and ¢/ _if the large error in the intercept at zero
distance and the “bump” effects at 1000 km would be taken into account.

As can be seen from Sect. 2, the ionospheric delay variogram is mainly used to
construct the spatial covariance function for weighting estimation in kriging method.
So we could focus only on the regular change in experimental variograms, here is the
linear variation with distance, and dismiss the change of “bump” variation.

At the same time, variogram fitting provides the estimation of the parameter
Utd[gcaolrr’ which describes the uncertainty of the background ionosphere. The O':;Zfolrr
will contribute to the estimation of threshold on grid ionospheric delay error. Since
system availability is impacted adversely by an increasing error bound, smaller
value for ¢’9 _is preferred in variogram modeling.

In SBAS, spatial threat model is adopted to compensate the delay estimation
error caused by disturbance. As the effects of ionoshperic anomaly on SBAS is the
same as that of modest storms, it is reasonable to neglect the anomaly induced
“bump” error in variogram modeling and make the errors absorbed by the spatial
threat model.

Based on above consideration, we neglected “bump” part of the experimental
variogram and only fit the linear trend variation in variograms in our variogram

modeling efforts. Exponential function is still selected for modeling.

4.4 Realization of Variogram for China Area

Experimental variograms are fitted for various solar activities and the variogram
models with different parameters are then established. In Figs. 3, 4 and 5, results of
variogram models are shown as the red lines. The estimated parameters of ¢!
and o¢7)"  are also given. In Table 1, typical values of parameter for variograms
under various solar activities are given.

As can be seen, variogram models are quite distinct for different level of solar
activity. Moreover, there’s no multiple variation between different variogram
models. In Reference [3], a method is recommended to build covariance model
C(d) = u}Cy(d) for different ionospheric condition, in which Cy(d) is the basic
covariance model for quiet conditions, and the “zooming” factor u3 is derived based
on the degree of disturbance in the ionosphere. Yet this way in establishing

Table 1 Typical parameters  gg]ar activity ghom glotal

for variogram models = decory
Low (2009) 0.3 0.65
Modest (2005) 0.4-0.6 1.2-1.8
High (2003) 0.6-1.2 34
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variogram models for various ionoshperic conditions is not applicable for China
area. A possible resolution is to develop different ionospheric delay variogram
models according to the solar activity.

However, there are still difficulties in the multi-variogram scenario mentioned
above for practical use. As the spatial threat model is constructed based on vari-
ogram model, a new variogram model realization will require the corresponding
spatial threat modal to be established [10, 11]. In addition, what principles are
adopted to determine the solar activities and then the selection of a suitable vari-
ogram model are also the difficulty.

Sparks et al. pointed out that the kriging estimation based on varigram model with
fixed constants could still has a better performance than the planar fit method [9, 10].
The same way can also be adopted in variogram modeling for SBAS in China. In
practice, the varigram model with fixed constants is established based on the exper-
imental variograms from middle latitude area for periods of various solar activities and
that from low latitude area in periods of modest and low solar activities. The
parameters for the final model is o7 . = 0.45 and Jf;’e’fol,,r = 1.25. The effectiveness
of this variogram modeling method has been tested in our work on ionospheric spatial
threat model development which will be presented in another paper [6].

5 Conclusion

Variogram is essential for ionopsheric grid model in SBAS based on kriging
method. Variogram is generally used to construct the weighing factors in the
estimation of grid delay and its error bound. Different realization of variogram will
result in distinct system performance.

Experimental variograms for different solar activities and different latitude areas
are compared in this paper. Result shows that in the mid-latitude area of China
variogram follow the linear change. But when considering the low latitude, its
variation becomes more complicated with effects of the ionospheric anomaly. These
effects are much more significant under modest and high solar activities. These
characteristics make it difficult to modeling the ionospheric delay variogram for
SBAS in China with the ways used in WAAS.

Method is recommended on ionospheric delay variogram modeling after analysis
of typical features in experimental variograms caused by the ionoshperhic anomaly.
In this method the anomaly caused “bump” effect is neglected in the experimental
variograms and only the underlying linear variation is considered in the variogram
model fitting. Any possible errors from effects of the ionospheric anomaly would be
absorbed in the ionospheric spatial threat model. Ionospheric delay variograms are
modeled for different solar activities and typical values of parameters in the model
are given. An ionospheric delay variogram with fixed constants is recommended
further for practical SBAS in China and the parameters are also given for this model
realization.
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Scintillation Modeling and Its Application
in GNSS

Dun Liu, Xiao Yu, Jian Feng and Weimin Zhen

Abstract A method to analysis GNSS effects flexibly under various scintillation
conditions is presented with a combination of irregularity strength modeling and
signal propagating model. Irregularity strength model describes the spatial and
temporal variation of strength of scintillation-producing irregularities. The model
could be represented in terms of solar activity, magnetic latitudes, season and local
time, and the coefficients are derived with measurements from China areas.
Irregularity strength distribution, combined with propagating model, could produce
the simulated time series of scintillation affected signals received by users. The
combination also could give the scintillation index at user receivers under various
geometry configurations, which could be further used to GNSS availability analysis
under different scintillation conditions.

Keywords Ionospheric scintillation - Irregularity strength - Propagating model -
GNSS

1 Introduction

Tonospheric scintillation impacts seriously the space based information system such
as the GNSS, SAR etc. It is essential to develop models to simulate the scintillation
affected signals to assess the potential degradation of system performance under
scintillation [1-3].

The ionospheric scintillation model generally includes two parts: the irregularity
models and the signal propagation model [4—7]. The ionospheric irregularity
models, which depict the characteristics of the irregularity that caused the scintil-
lation effects, include models on height, thickness, strength and spectral index of the
irregularity [4, 6-9]. Among them, the strength model of irregularity is the most
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important one. The signal propagation model is generally based on the phase screen
theory, since the phase screen theory is one of the theoretical model to explain the
scintillation phenomenon on one hand, and tests had also verified the good con-
sistency between the theory analysis and the experimental results on the other hand
[10, 11, 16].

There are two main ideas in the irregularity strength modeling. One is to develop
model on the irregularity strength directly (actually CsL or CkL, the product of the
strength of turbulence and the irregularity layer thickness), with the WBMOD
(Wide-Band MODel) as the typical one [7-9]. Another is to model the local
electron density perturbation. The typical models based on this method includes the
GISM (Global Ionospheric Scintillation Model) in Europe, as well as the early
version of the WBMOD [6].

As the irregularity strength can be retrieved from the ground observation, such as
the GNSS scintillation measurements widely deployed, developing an irregularity
strength model is more favorable in scintillation modeling efforts [4, 7, 8].

In the implementation of phase screen method, by using the split step algorithm
and the Discrete Fourier Transformation (DFT) to solve the propagation equations,
we can obtain the complex amplitude of signal reaching receiver antenna. With the
assumption of “frozen field”, the spatial variation of signal intensity caused by
scintillation can be transformed to temporal variation of signal intensity, and then
time series of signal intensity can be obtained. In addition, the scintillation index
can also be obtained by theoretical calculation [11, 12]. Therefore, the phase screen
method provides a flexible way in the analysis of the scintillation effect.

Efforts on scintillation modeling have been conducted in our previous work, here
in this paper we focus on the analysis the scintillation effects on GNSS with these
models. Section 2 introduces the irregularity strength model for low latitude areas
of China. Section 3 introduces the signal propagation model based on the phase
screen theory. Based on these models, the scintillation effect was analyzed for
different cases in Sect. 4. Finally the conclusion is given.

2 Scintillation Related Irregularity Modeling

2.1 Irregularity Strength

The parameters of the scintillation related irregularity include the height, thickness,
strength, drift velocity, axial ratio, spectral index, and so on [4, 7-9]. Among them,
the strength of the irregularity is the most important one in scintillation modeling.

The strength of irregularity is generally expressed as CsL or CkL, in which the
disturbance strength Cs is closely related to the structure constant that is used in
classical turbulence studies, and L is the thickness of irregularity. Due to the dif-
ficulty in distinguishing the contribution of these two factors in scintillation effects,
CsL is generally modeled in study [4, 7, 8]. CkL is the introduced as a new



Scintillation Modeling and Its Application in GNSS 133

parameter describing the irregularity strength in WBMOD [9]. The relationship
between them is:

CkL = (1000/27)" ' CsL (1)

As CsL or CkL can be retrieved from the scintillation measurement, an empirical
model could be developed with the long term observation. In the estimation of CsL
or CkL, auxiliary parameters needed in the modeling can be obtained from the
location of the satellite and receiver, such as the geometry configuration, or from
the empirical values, such as the spectral index p.

2.2 Irregularity Strength Model

The study shows that scintillation activity depends on the magnetic latitude, season,
time after sunset, solar activity, and so on [4, 7, 8]. Therefore, irregularity modeling
was generally been conducted with different functions fitting into these parameters.
In Ref. [7], the irregularity strength is expressed as the functions of R, the sunspot
number, 7, the angle between solar terminator and magnetic meridian at geomag-
netic equator, 7,, the time after E-layer sunset, and 4,, the apex latitude [11].

VCsL = Cfy (R (D (1)1 (Za) (2)

The irregularity strength CkL is selected in our modeling effort instead, and the
following model is developed with observation in China [4].

VCKL = Cefy(R)f(0)fs(te)f2 (a) 3)

where, the functions of f;(R) f;(7) f;(z.) f2(%a), With the variables defined as before,
are derived from observation.

(1) f+(R) model

The function of Ay/1 + C,R is adopted for f.(R). Coefficients of the function are
estimated with a least-squares fit to the CkL data retrieved from observation. The
result is A = 16.48, C, = 0.06, [4].

(2) fi(r) model

The following function is used for f;(7), and the coefficients in the function were
estimated with the scintillation data. The result obtained is B = 1.11, w, = 28.5 [4].

£:() = B exp l— (;) ] )
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3) fi(t.) model

The analysis shows that in the low latitude area of south China, ionospheric
scintillations begin 1 h after sunset in the E layer, and can last up to 4 h, then its
strength slowly decay [4]. Therefore, the following form is used for f;(z,).

e[ -0y] w1
filte) =<1 ) I<t,<3 (5)
e |- (53] 3<n

4) f:(4,) model

The magnetic latitude dependence of equatorial v/ CkL was represented by a
function that increases toward the north and south from a non-zeros value at the
magnetic equator and which peaks on its way to an asymptote of zero at
mid-latitudes [7, 8]. So the following form is estimated for f;(4,).

fi(24) = 0.5{1 —of [@} } (6)

where 4, is the apex latitude in degrees, erf denotes the error function,
erf(x) =2/y/x [y e " .

With the functions f,(R),f;(7),f;(t.),fi(4.) substituted into Eq.3, and a
least-square fitting to the retrieved CkL data, the value for the constant Cg can then
be readily estimated. The final model representation of the irregularity strength CkL
as in Eq. 3 will be straightforward with all these functions and its coefficients
available. In the study, the strength model of irregularity is established by using the
scintillation observation data of Haikou area during 2003-2008 [4].

2.3 Accuracy Assessment of Irregularity Strength Model

The accuracy of the irregularity strength model was verified with the ionospheric
scintillation data in Haikou and Guangzhou from GPS measurements. The internal
and external consistency accuracy is tested for the model.

2.3.1 Internal Consistency Accuracy of Strength Model
The internal consistency accuracy of the model is analyzed with the observation

data of Haikou area during 2003-2008. Figure 1 shows that the residual error of the
model has a normal distribution, with a mean of 0, and a variance of 0.44.
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The result shows that an unbiased estimation achieved for the model, better than the
performance of the model in Ref [7]. which is a biased estimation and had a larger
variance [4].

2.3.2 External Consistency Accuracy of Strength Model

In order to further verify the validity of the model, the external consistency accu-
racy of the model is analyzed by using the GPS scintillation data in Haikou and
Guangzhou in 2013. Figure 2 shows the results of the model with data in Haikou. It
has a mean of 0.07, and a variance of 0.42 for the variance. The result of a mean of
0.01 and a variance of 0.42 is achieved for the test with data from Guangzhou [4].

It can be seen that the irregularity strength model has a satisfied performance for
Haikou and Guangzhou areas, even in a year of higher solar activity (2013). In
these two tests, the model error maintains the normal distribution with a mean close
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to zero and a variance of 0.42. This result is consistent with that from the Haikou
data set of 2003-2008 [4].

The consistency accuracy analysis shows that the established irregularity model
has a good applicability in the low latitude area of China. Features of the zero-mean
and the constant variance for the model residual make it possible to estimate the
strength of irregularity with a given confidence level. This is of great significance to
the studies such as the system availability assessment under scintillation.

3 Signal Propagating Model Based on Phase
Screen Theory

In phase screen theory, the irregularity layer is taken as a thin screen at certain
height. When wave passes the screen, only phase of the wave varies. Emerging
wave from the phase screen propagates in the free space and then reaches receiver
antenna. As the wave propagates towards the ground, interference across the
wave-front creates complex amplitude and phase diffraction patters. Scintillations
are produced when these spatial diffraction patterns are transformed into temporal
ones [12, 13]. To develop the propagating model with the phase screen theory, a
random phase screen should be generated and the parabolic wave equation
(PWE) is resolved to get the complex amplitude of signal reaching the receiver
antenna.

3.1 Generation of Random Phase Screen

According to Rino’s work, when the complex amplitude signal passes the phase
screen, the variation of phase caused by phase screen follows the specified power
spectral density (PSD) function [12, 13]:

222 sec? Bab(21/1000) ' C L
D) = (27/1000) ™)

) 5 )\ P /2
(KO + Axs + Bryky + Cky)

where kg = 271/Ly is the outer scale wave number, Ly is the outer scale of iono-
spheric irregularity, p is phase spectral index, a, b are respectively axis ratio along
and transverse to the principal axis of irregularity. xy, i, are respectively compo-
nent in X axis and Y axis of the transverse wave number. CL is strength of the
irregularity. A, B, C are coefficients depend on propagation geometry angle 0, ¢
and geomagnetic inclination /. Detailed definition of these parameters can be
referred to Ref. [13].
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Random phase variation which follows the power spectral density function of (7)
can be generated by passing Gaussian white noise with zero mean value into a filter
with a transfer function of \/@ This can be realized in a way of digital signal
processing and the algorithm has been given by Rino [12].

3.2 Propagating Model Based on Phase Screen Theory

In phase screen theory, the irregularity layer is taken as a thin screen at z = 0. When
wave passes the screen, only the phase of the wave varies. That means, the complex
amplitude of the signal just below the screen is [2, 12]:

Up,0") = U(p,0)e”® (8)

where U(p, 0) is the wave signal incidence on the phase screen, ¢(p) is the phase
variation caused by electron density fluctuation AN, concentrated on the phase
screen.

L/2(sec0) L/2
o(p) =k An(r)dl = Ar,sec 0 / AN, (p + tan 0ay, (n — z),n)dn (9)
—L/2(sec0) —L/2

Where p is the distance vector in the transverse (horizontal) plane, ﬁkr =
(cos ¢, sin @) is a unit vector in transverse plane, r, is the classic electric radius, and
dl is the differential length element along the propagation path. The geometric
parameters are as shown in Fig. 3.

Emerging wave from the phase screen propagates in the free space and then
reaches receiver antenna. For signal propagation in free space (An is 0 then), (9) can
be solved by using transverse Fourier transform of U(p, z) defined as:

Fig. 3 Coordinate system in
phase screen simulation. The
origin is located at the
ionospheric pierce point
(IPP), axis X, Y, Z are
respectively pointing to
geomagnetic north,
geomagnetic earth and
vertical downward
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Ulp,2) = — 7 /OO 0 (x, 2)e™Pdx (10)

Where, k is the transverse Fourier wave number. The complex amplitude of
signal reaching receiver antenna can be expressed as:

o0 o0
1 ~ 2 '
Ulp,2) = / / U(k,0+)exp {—i(gkz sec 0+ (ay, - )z tan 0)] 5Pk

(11)

4 Application of Scintillation Models

With the date, space environment conditions (sunspot number, magnetic field etc.),
locations for satellites and users, observing geometry, and system information
(operating frequency) as input, the ionosphere scintillation model can estimate the
irregularity strength at the ionospheric pierce point where the signal pass through
the phase screen. Then the phase screen can be produced and the signals received
by the user can be resolved with the signal propagating model. Consequently,
analysis could be carried out on these received signals to assess the scintillation
effects on system performance. The following shows the potential applications of
the established scintillation model.

4.1 Simulation of Scintillation Affected Signals

Under the “frozen field” hypothesis, the variation of the complex amplitude of
signal can be transformed into the time series of the signal intensity and phase [12,
13]. These signal intensity and phase time series, modulated on the signals from a
GNSS simulator, can then be used to test the tracking performance of the receiver
under various scintillation conditions [15].

Figure 4 shows the simulated time series of the signal intensity with the scin-
tillation model. The amplitude scintillation index is also shown for the signal
intensity. In the simulation, the date is 12:30 (UT) 14th Sep. 2014, the satellite is in
a geosynchronous orbit with the nadir point at the 85°E, 0°N, user location is set to
20°N, 110°E, and the signal frequency is 1575.42 MHz. The space environment
parameters are obtained from NOAA according to the date in the analysis (the same
as below). We can see that a weak ionospheric scintillation is simulated in this
scenario.
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4.2 Maps of Scintillation Effects

4.2.1 Computation of Scintillation Index

An important application of the ionospheric scintillation model is to analyze the
system performance under the influence of scintillation. It can be realized with the
following steps:

(1) Map of the irregularity strength distribution in the specified region is generated
by using the ionospheric irregularity model.

(2) With the phase screen model, the ionospheric scintillation effects for the user
within the designated area can be obtained as a map of scintillation index (such
as the amplitude scintillation index).

(3) The performance degradation in the area can then be evaluated by a receiver
model with the scintillation index as input.

In the above process, the scintillation index can be computed based on the phase
screen theory. Rino gives the analytical resolution of the amplitude scintillation
index S, under the phase screen theory [12].

T((25-v)/2)
270 ((v+0.5)/2)(v — 0.5)

§2 = r2J2(L sec 0)Csz'~1/? F (12)

AzgpsecO
Z=— 1
4 (13)
v = p/2 (14)

where r, is the classical electron radius, 4 is the wave-length of the signal, 0 is the
zenith angle of the incident signal at the receiver, p is the spectral index and the
typical value of 2.5 is used for low latitude areas, F is the propagating geometry
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factor, I" is the gamma function [7, 8]. zg = zz;/(z+ z5), Where z, z; is the distance
from the phase screen to the ground receiver and the satellite, respectively. CsL is
obtained with the ionospheric irregularity strength model presented before.
Parameters for geometry configuration in simulation can be calculated with the
positions of the satellite and user.

4.2.2 Scintillation Affects Mapping

In previous work, we have established a GNSS receiver model with the scintillation
index S, as the input to analyze the performance degradation of GNSS [3]. Here in
this paper, we only focus our efforts on the distribution of the irregularity strength
and the scintillation index. With these data, the map of the degrading performance
can be readily obtained.

Figure 5 shows the distribution of the irregularity strength using the model
constructed in Sect. 2. The date is 16:00 (UT), 10th Sep. 2001. The ground range
for the user is [-50°S, 50°N], [SO0°E, 180°E]. As the ionospheric scintillation index
depends not only on the irregularity strength, but also on the observing geometry,
two typical cases were analyzed below [12, 14].

In the first case, the user in the specified area has the same observing geometry
(the same azimuth and elevation angle). This situation is specialized in the analysis
of the spatial and temporal distribution of the ionospheric scintillation effects under
the same observing configuration.

Latitude (deg)

40 60 80 100 120 140 160 180
Longitute (deg)

Fig. 5 CsL map (16:00 UT, 10th Sep. 2001)
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Figure 6 shows an example of the S, map in this case. In simulation, the user
received signals at the same azimuth angle of 0°, and elevation angle of 32°, the
date is set to 16:00 (UT), 10th Sep., 2001, the user range is [—50°S, 50°N] in
latitude and [50°E, 180°E] in longitude, and the signal frequency is 1575.42 MHz.
The irregularity strength is from the result shown in Fig. 5.

It can be seen that there are two areas with the maximum index in the South of
China and the South China Sea. The intensity of scintillation effects depend on the
observing geometry and the magnetic field as well. The different geometric relation
between the same propagation direction of the signals received and magnetic field
results in the difference in scintillation effects distribution.

The second case is to specify the location of the satellite, and analyze the
scintillation effects on users at the same time. In this scenario, the observing
geometry changed with user locations. Both the changed geometry configuration
and its relations with the magnetic field result in the variation in scintillation effects
on the computed S, map.

Figure 7 shows the distribution of scintillation effects on the user in the area of
[—30°S, 30°N] and [50°E, 180°E] viewing a GEO satellite at the 68.5°E. The date is
16:00 (UT), 10th Sep. 2001, and the signal frequency is 1575.42 MHz. The
irregularity strength from Fig. 5 is also used here. The elevation angle user viewing
the satellite is given in the figure (green line) at the same time.

It can be seen that with the lower elevation, the user is affected by a more severe
scintillation effect. When the elevation is below the 10°, a modest scintillation effect
happened with an amplitude scintillation index of 0.5.

Latitude (deg)

40 60 80 100 120 140 160 180
Longitude (deg)

Fig. 6 S, map with the same geometry configuration (16:00 UT, 10th Sep. 2001)
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Fig. 7 S, map with different geometry configuration (16:00 UT, 10th Sep. 2001)

When combined the map of scintillation index with the GNSS receiver model, it
can be readily to assess the users’ performance distribution under scintillation. In
our previous work, the GISM model is employed to produce the scintillation index
map [4]. As GISM can only produce the scintillation index map for the vertical
incidence, the flexibility of the analysis is limited. With the ionospheric scintillation
model established in this paper, we divide the scintillation models into irregularity
strength model and signal propagation model. So we can obtain the scintillation
index for arbitrary geometry configuration in observation, and effectively improve
the flexibility and applicability of scintillation effect analysis.

5 Conclusion

Tonospheric scintillation is an important disturbing source impacting various space
application systems. The ionospheric scintillation models provide a useful tool to
assess the scintillation effects on these systems.

The ionosphere scintillation models could be divided into the irregularity model
and the signal propagation model. We have set up an ionospheric irregularity
strength model for the low latitude area of China with GPS scintillation data from
Haikou and Guangzhou. The accuracy of the model is also analyzed. The results
show that error of the model observes a normal distribution with a mean of near
zero and a variance of 0.42.
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Based on the theory of phase screen, signal propagation model is developed by
using the split step algorithm and the Discrete Fourier Transformation to solve the
wave equation. With the assumption of “frozen field”, the resolved complex
amplitude of signal can be transformed into the spatial variation of signal intensity
and then the temporal variation of signal intensity.

The ionospheric scintillation model output includes the time series of signal
intensity and phase, and then the scintillation index. Examples are given for various
analysis based on these different outputs. The separation between the irregularity
model and the signal propagating model make it possible to assess the scintillation
effects under different observation scenarios flexibly.
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A New Algorithm for Receiver Integrity
Monitoring with Receiver Clock Error
Aucxiliary

Ye Ren, Xiaohui Li and Longxia Xu

Abstract The receiver integrity monitoring technology is one of the important
technologies to reflect the GNSS integrity. It can be divided into receiver autono-
mous integrity monitoring (RAIM) and auxiliary autonomous integrity monitoring.
Apart from the redundant observations of the receiver are used for RAIM, there are
various parameter information provided form receiver and the receiver clock error is
one of them. As the stability of the receiver oscillators to 10-10/s, this makes it
possible to make short-term predictions. In this paper, the receiver clock error is
introduced and the receiver clock error auxiliary GNSS integrity monitoring method
is proposed. In this paper, the principle of the method is introduced and the algo-
rithm flow is established firstly. Then the key steps involved in the method are
discussed, including receiver clock error prediction method, threshold value
determination method, fault detection method and fault identification method.
Among these key steps, threshold determination method are fully discussed and
validated. Results show that the threshold determination method is proper in the
method. Finally, the performance and feasibility of the proposed algorithm are
evaluated. The results show that the proposed method can effectively detect and
identify the faulty satellites. This method makes full use of the historical clock error
information, and provides a simple and effective method for the receiver integrity
monitoring.

Keywords Integrity monitoring - Receiver clock error - Fault detection - Fault
identification
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1 Introduction

According to the definition of ICAO, integrity is one of GNSS four performance
indicators (accuracy, integrity, availability, continuity) [1, 2]. Integrity refers to the
ability of the system to issue timely and effective alerts to users when it can not be
used for certain scheduled operations [3]. User integrity monitoring is one of the
important methods of GNSS integrity monitoring. User integrity monitoring
methods can be achieved in two ways: one is based on the redundant observations
at user terminal, which is usually called as RAIM (Receiver Autonomous Integrity
Monitoring) [4—6], and the other is based on the user auxiliary information, such as
receiver clock error system time offset [7].

Among the auxiliary information, the receiver clock error is the deviation
between the time of the atomic clock on the receiver and the GNSS constellation
system. After several generations of development, the stability of the receiver
oscillator has been better than 10-10/s. Theoretically, the prediction error may not
exceed 1 ns for 10 s of prediction. Therefore, the high stability of the clock error
information makes it possible to practice a short-term prediction of the clock error.
Furthermore, the predicted clock error can be treated as a known parameter for the
receiver integrity detection. However, the use of known clock error as auxiliary
information is premised on: (1) any system anomalies that affect the user’s position
estimation will also affect the estimation of the clock error; (2) the receiver atomic
clock stability maintains within 10-10/s. The receiver clock has no significant or
unpredictable frequency hopping and the receiver keeps this performance long
enough to accurately estimate the parameters of the receiver clock error; (3) the
observations used to establish the receiver model does not contain pseudorange
offset.

In this paper, the receiver clock error is introduced as auxiliary information for
user integrity monitoring, which is named as CEAIM (Clock Error Auxiliary
Integrity Monitoring).

2 CEAIM Algorithm

The principal of CEAIM is described as follows: (1) a current clock error ty,. is
predicted by quadratic polynomial model with historical clock error information;
(2) a current clock error ty. 1S resolved based on the current pseudorange
observation positioning solution; (3) a difference between the predicted clock error
and the calculated clock error is calculated. If the difference is beyond the preset
threshold value try, the algorithm would determine that one of the current obser-
vations may contain anomalies (4) when there is an anomalies, the fault identifi-
cation is lunched and the identified fault observations are removed (Fig. 1).
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Fig. 1 CEAIM flow diagram

3 Key Steps

3.1 The Determination of Threshold

The deviant of the predicted clock error ty,. and the resolved clock error tyiye
should be very close and is assumed as following Normal distribution with zero
mean and o” variance, under faulty-free constellation system. However, as long as
there is a system failure, it may affect the resolved clock error ty., and the deviant
may fall beyond the Normal distribution with 95% confidence interval. Therefore,
this can be used as a basis for fault detection as well as the determination of
threshold value.

A threshold should be determined prior to the integrity monitoring. The
threshold is the sum of the errors introduced during the prediction and resolution of
the system clock error under a faulty-free constellation system. Let the standard
deviations of the clock errors introduced by tp. and tyjye are Gpre and Gyoye, then:
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var(tyy,) = O’i,.e (1)

var (tsone) = O—?olve (2)

According to the error theory, the variance of tpe = toolye i:
var(fsotve = fpre) = Gpopye + 0pye 3)
Under faulty-free constellation system, tye — tsolve follows a normal distribution

with a mean of zero. A faulty constellation system is defined as a situation that the
variance of the deviant fall beyond 3c. Therefore, the clock error threshold try is

determined as:
_ 2. /2
Ith = 3 Oolve + O-Izare (4)

3.2 Fault Detection

Let At = |tsolve — Ipre

, according to the hypothesis test:
Ho : AI<ITH (5)
H,: At > try (6)

when At does not exceed the threshold value, the algorithm decides that there is no
fault in the current observations; if At exceeds the threshold value, the algorithm
decides that there is faulty in the current observation.

3.3 Fault Identification

Based on the subset comparison method, 7, , represents as resolved clock error by
removing of the ith observation:

tiolve = ((HiTHi)ilHiT)&:yia i= 1; e n (7)

The subscript “4,:” represents all the columns in the fourth row, while H;, y; are
the measurement matrix and the pseudo-range observation vector, respectively,
after removing the ith observation. For the current observations, n observations can
deduce n groups of solution value. Then, At; is defined as:
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Aty = ‘tiolve — bpre (8)

If there is a subset which corresponds to Az, = min(Az), the removed
observation from this subset is considered that contains a fault.

4 The Algorithms Performance

4.1 Data Description

The underlying algorithm is verified by a experimental evaluation. The data of
BeiDou B3 frequency band of Xi’an Observatory, on October 9, 2015
(0:01:06:59:59), are collected and the sampling interval is 10 s.

In order to evaluate the algorithm, two indexes are introduced: fault detection
rate (FDR) and fault identification rate (FIR). During observation period, there are
N observation time t;(i = 1,...,N) and there are K observations in each observation
time. At an observation time t;, a particular observation GNSS;,(jo = 1,...,K) is
artificially selected and a pseudorange bias is added to GNSS;,

(1) FDR: aratio of the number of faults detected Np, to the actual number of failures
N during the observation period:

N,
FDR = -2 )
N

(2) FIR: a ratio of Ny, which is the times that identified fault observation function
GNSS; meets the artificial fault observation GNSS;, to the actual number of
failures N during the observation period:

FIR =M (10)
N

4.2 The Determination of Threshold

According to the key steps, the threshold is one of crucial factors that may affect the
algorithm performance. Therefore, further analysis is lunched to verify the deter-
mination of threshold.

4.2.1 Threshold Under Obscure Environment

The thresholds may vary with cut-off angle. For BeiDou, under the cut-off angle
of 10°, the threshold is 2.3 m, while the threshold is 4.5 m when the cut-off angle
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of 30°. The possible reason is that as the cut-off angle increases, the observation
quantity decreases and the parameter solution ability decreases, which followed by
the increase of uncertainty of timing and positioning. Then the deviation between
the predicted value and the resolved value increases. With the obscuration of the
observation deteriorating, that is, the cut-off angle increases from 0° to 30°, as
shown in Fig. 2, the threshold value is about 2 m when the shielding angle is less
than 20°. When the cut-off angle is above 20°, the threshold value is determined to
be about 4 m. Therefore, the threshold value should not be a constant value as the
increase of cut-off angle.

The observation of BD 02 satellite is artificially introduced pseudo-range
deviation value, which are 100, 200, 300 m, respectively. In Table 1, there is a
tendency of decrease for both FDR and FIR as the cut-off angle increases. The
reason contributes to this phenomenon may as the cut-off angle increases, the
number of observations decreases and the uncertainty of parameter solution
increases. Then the deviation of predicted clock error against the resolved clock
error may increases, which may lead to the decrease of FDR. Meanwhile, with the
decrease of observations, the correlation between pairs of observations my increase
and the difficulty for the identification my increase which may decrease the FIR.

Fig. 2 FDR and FIR under H ' H ‘

B W W R Y e e . LU PR

pesoderange of
100/200/300 m

Cumulative Probability [%]

| tpre-tsolve | [m]

Table 1 FDR/FIR and Cut-off angle (°) | Threshold (m) | FDR (%) | FIR (%)

threshold under different

cut-off angle 0 2 93|98/98 90(96|97
5 2 9419898 | 89[96[96
10 2 9497198 | 90[95[96
15 2 9597198 | 91/95(97
20 2 9497199 | 91[95(97
25 4 92094[95 | 84]89/91
30 4 82190190 | 80[85[87
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4.2.2 Threshold on the Algorithm Performance

The determination of threshold is based on a certain experience selection according
to a statistical distribution. In order to verify the feasibility of the threshold
determination method, the effect of the threshold uncertainty on the algorithm
performance is discussed. Adding uncertainty of 1.5 and —1.5 m on the threshold
2 m, FDR and FIR are shown in Fig. 3 and Table 2. If the threshold value is set
below 2 m, even if there is no fault introduced in the system, there is faulty
detected. This is the false alarm. When the threshold is set at 0.5 m, the false alarm
rate is as high as 40%; when the threshold is set at 3.5 m, the false alarm is reduced
to 4.8%. Meanwhile, as pseudorange deviation of 300 m is introduced, when
threshold is 0.5 m, the corresponding FDR and FIR is slightly higher than the value
under the threshold value of 3.5 m. These indicate that the higher the pseudorange
deviation, the higher FDR and FIR. The results show that the threshold determi-
nation method for this algorithm is feasible.

4.3 The Algorithm Performance

In the open area (cut-off angle of 10°), the threshold is try = 2.8 m, Table 3 shows
that with the pseudorange deviation increases, there is and increase tendency of

Fig. 3 FDR and FIR under
difg}erem threshold 1 | —0 ml - = 1 = ml -mr:' ‘
08 f----- 8 0.8 f-----
NN LR
T:, 6 : %a ] SRS H
E 4t o 4 i
ool L DLEL. ool EL 1)
e DG ol :
05 2 35 05 2 35
Threshold [m] Threshold [m]
T.able 2 FDR/FIR with Threshold (m) | Pseudo-range deviation (m)
different threshold 0 (%) | 100 (%) | 200 (%) | 300 (%)
FDR | 0.5 45.1 |98.9 99.1 99.5
2 9.8 |95.5 98.2 98.8
3.5 4.8 (922 97.5 97.8
FDI |0.5 64 1924 95.8 98.1
2 04 |91.8 96.4 97.2
3.5 0.1 |[89.8 95.2 96.4
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Table 3 FDR/FIR under

Pseudo-range deviation (m)
cut-off angle 10°

50 100 150 200 250 300
FDR (%) |88.47 |94.37 |95.80 |96.34 |96.87 |97.94
FIR (%) |83.02 [90.71 |94.10 [94.73 |95.62 |96.51

Table 4 FDR/FIR under

Pseudo-range deviation (m)
cut-off angle 30°

50 100 150 200 250 300
FDR (%) |84.90 |88.29 |88.65 |90.08 |90.08 |90.08
FIR (%) |70.78 |81.05 |82.48 |85.61 |87.04 |87.31

FDR and FIR. Generally speaking, with the pseudorange deviation is introduced
more than 100 m, the FDR can reach more than 94%.

In the case of obscure (cut-off angle of 30°), the threshold is try = 4.5 m,
Table 4 shows the FDR and FIR are little worse than the value under the open area.
In general, with the pseudorange deviation exceeds 100 m, FDR can only reach
85%.

5 Conclusion

A user integrity monitoring algorithm is proposed by introducing receiver clock
error as an auxiliary information. Firstly, the principle and flow of the algorithm are
established, that is, comparing the deviant between the predicted clock error and the
resolved clock error and the preset threshold value in order to determine the
working status of observations. Secondly, it describes some key steps involved in
the algorithm, including threshold determination method, fault detection method
and fault identification method. Moreover, among these important parameters,
threshold is further discussed on the aspect of the effect on the algorithm perfor-
mance. Finally, the feasibility of the algorithm is verified by experiments based on
real-time observation from BeiDou. The results show that: (1) the threshold value
should vary with the increase of obscure environment; (2) the higher the pseudo-
range deviation, the weaker of algorithm performance; (3) with the deteriorate of
the observation environment, the ability on both fault detection and fault identifi-
cation become decrease. Generally speaking, the proposed algorithm effectively
improves the utilization of the known information on the receiver, and provides a
simple and effective way for user integrity monitoring.
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FTS-Based Link Assignment and Routing
in GNSS Constellation Network

Tian-yu Zhang, Gang-qiang Ye, Jing Li and Jing-wen Xu

Abstract In order to solve the link assignment problem in GNSS constellation,
which is affected by the performance of dynamic topology, the method of Finite
Time Slot (FTS) is proposed for GNSS constellation in this paper. Firstly, we model
a GNSS constellation network as a FTS, where each time slot corresponds to an
equal-length interval in system period of the GNSS network. Then, we formulate
link assignment as a mixed integer linear programming problem, and proposing an
iterative optimization method. Finally, the link assignment efficiency and routing
performance are simulated for several kinds of time slot. The researching results
will support on orbit management and maintenance for Chinese GNSS
Constellation.

Keywords Finite time slot - GNSS constellation - Inter satellite links - Link
assignment - Routing

1 Introduction

Inter satellite links (ISL’s) is used to realize autonomous navigation and real time
information transmission in GNSS constellation network. Therefore, the integrated
space-ground dynamic network with function of data transmission and precision
measurement is established by ISL’s in GNSS. In GNSS, ISL’s is a very important
technique system, which is a kind of method to guarantee the security and reliability
in GNSS constellation, to improve the overall performance effectively. It also can
support to establish the space based information network [1-5].
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In GNSS constellation, one satellite moves along its orbit, its relative position to
other satellite and to the between ground station changes continuously and so does
the visibility matrix for inter satellite and satellite-ground from it. The inter satellite
links and satellite-ground station links are dynamically established [4, 5]. Therefore,
we need to select the optimal interval to guarantee maximize the overall GNSS
performance [6].

There are so many research about the link assignment at home and abroad. There
are some quantitative analysis about Dynamic change features of LEO and Walk
constellation network topology [7]. There is design dynamic switching topology of
networks about navigational satellite [8]. There is communication satellite con-
stellation reconstruction method according to lose efficacy ISL [9]. Harathi said that
a fast link assignment algorithm for satellite communication networks [10]. Noakes
expresses that an adaptive link assignment algorithm for dynamically changing
topologies [11]. Hong expresses that FSA-Based link assignment and routing in
low-earth orbit satellite networks [12]. Cain said that a distributed link assignment
(reconstitution) algorithm for space-based SDI networks [13]. Xu expresses that a
hybrid navigation constellation intersatellite link assignment algorithm for the
integrated optimization of the inter-satellite observing and communication perfor-
mance [5].

In order to solve the link assignment problem in GNSS constellation, which is
affected by the performance of dynamic topology, the method of Finite Time Slot
(FTS) is proposed for GNSS constellation in this paper. Firstly, we model a GNSS
constellation network as a FTS, where each time slot corresponds to an equal-length
interval in system period of the GNSS network. Then, we formulate link assignment
as a mixed integer linear programming problem, and proposing an iterative opti-
mization method. Finally, the link assignment efficiency and routing performance
are simulated for several kinds of time slot. The researching results will support on
orbit management and maintenance for Chinese GNSS Constellation.

2 Problem Analysis of ISL

ISL need to analyse the dynamic topology changes of GNSS constellation network.
We traverse the whole GNSS constellation cycle and discretize it into finite time
slot. The discretization whole period of GNSS constellation can be described as
finite time slot, so that we can move on to the simulation in each finite time slot,
which provides convenience for modelling and analysis about GNSS constellation
[14]. We describe the GNSS constellation with the visible matrix in each finite time
slot. In order to adapt to the antenna operation mode, we determines the satellite
node in each finite time slot as communication node between ground stations and
GNSS constellation. Finally we establish time slot table and routing table which can
help us manage GNSS constellation more accurately and orderly. The specific
model is shown in Fig. 1.
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Fig. 1 FTS modeling

2.1 Calculate Visibility Matrix

The visible matrix is a record that describes some linked conditions between
satellite and ground station or between satellites. Visible matrix model includes the
matrix between satellites and the matrix between satellites and ground station. The
visible matrix between satellites and ground stations has matured; the visible matrix
between satellites need to be considered about intersatellite visible geometry, the
range of signal and the range of antenna scanning [15]. The basic conditions that
one satellite can link with another are shown as follows:

OgE > h (1)

L;< max{Lgmax Loy} (2)

Vij < ﬁmaxv Aij <a;

Ory; > Brars 907 = Brgn <04 <0 (3)

Constraint (1) specifies that the distance OgFE between earth’s core and satellite
must be longer than the distance h between earth’s core and ionized stratum.
Constraint (2) expresses that the intersatellite distance L; must be longer than the
upper-limit Lguq, of intersatellite geometrical distance and the upper-limit L4, of
signal transmission distance. Constraint (3), stats that y; is the geocentric angle
between satellites, f3,,,, is the largest coverage angle by satellite antenna beam, a;; is
cover angle between satellites and o; is antenna beam half-power angle between
satellites.
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2.2 Confirm Node Satellite

Considering the mechanical characteristics of ground station antenna, in this paper,
we choose a visible satellite as satellite node for each ground station in each finite
time slot. We use the visible time between ground stations and satellites and the
number of satellite that the satellite node can link as judging basis, so that we can
select the greatest advantage one as a node to link with ground station.

As shown in Fig. 2, the visible satellites those the ground station can link are
Satellite a, Satellite b and Satellite c. For the ground Station A, Satellite a, Satellite
b and Satellite e have a higher orbit than others, so that they have larger visible
radian. In this time slot, Satellite b have 4 visible satellites and Satellite a have 2
visible satellites. So that, we choose the Satellite b as the node of the Station A.

Due to the difference of visible time between satellites and ground stations in
each finite time slot for GNSS constellation, which has complex topological
structure, we select the optimal visible satellite as a satellite node for each ground
station in each finite time slot, based on the genetic algorithm.

2.3 Program Link Assignment

In each finite time slot, ISL has the role of information interaction between satel-
lites. Time slot table plans the linking target and the state of sending and receiving
for each time slot, which can ensure the accurate of data transmission and the stable
operation of entire network for GNSS constellation. The positioning will be more
precise and the autonomous navigation will be more stabilized with the more

Fig. 2 Node satellite Station A

modeling

o
Satellite e
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satellite links in a finite time slot [16]. Therefore we should as far as possible
planning more linking target for each satellite and meet the need of traffic for all
satellites in one link.

Constraint (4) specifies that the number of established links from a node cannot
exceed the total number of ISL’s available to the node (i.e., N;). In this constrain, V;;
is the (i, j) element of the visibility matrix and is one if nodes i and j are visible from
each other and zero otherwise. Constraint (2) expresses our assumption that if a link
from node i to node j is established, then the backward link from node j to node i is
also established. The total traffic on link (i, ) (i.e., f;;) is given by Constraint (3). The
link capacity constraint, Constraint (4), states that for each established link the total
link traffic should not exceed the link capacity C. The traffic conservation con-
straint, Constraint (5), specifies that for each source—destination pair (m and n), the
traffic into a node minus the traffic out of the node balances sourcing or sinking
traffic at that node. Constraint (7) states that u;; takes one of two integer values zero
and one meaning that a link is either established (i.e., u; = 1) or not (i.e., u;; = 0).

Z Viju; <N, Vi (4)

j
M,‘j = uji Vl,] (5)
fi=D_) " Vij (6)
[i<Cxuy Vij (7)

—om lfl =m
Zx;’.;”—ZxZ?”: o™  ifi=n Vi, m,n (8)
j j 0 otherwise

40 Vijmn ©
uj € {0,1} Vi, (10)

N number of nodes (satellites);

N; maximum number of links at each node (number of ISL’s);
C link capacity;

OV traffic requirement form node i to node j;
Vj; visibility between node i and node j [the (i, j) element of the visibility matrix];

u;; link connectivity between node i and node j;
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x;j’f” carried traffic on link (7,7) due to source-destination pair (m, n);
fij total carried traffic on link (i, ).

In this paper, we build the ISL modeling in each FTS and get the link assignment
table by simulation, according to constraints (4)—(10).

2.4 Build Routing Table

Routing table is collection of paths about ground station through the node to GNSS
constellation. The routing need the number of linking as much as possible and the
time delay as less as possible, in order to meet the rapid information interaction
between ground stations and GNSS constellation. Time delay mainly comes from
the number of other satellites between ground station and the target satellite.
Considering the complex intersatellite relationship, we need to continuously opti-
mize topological structure, and find out the optimal path in each finite time slot to
meet the requirements.

The uplink data need nodes as a data interchange station to GNSS constellation.
So that, the linking between satellites is very important. The gather of nodes can be
expressed by Eq. (11), and others are expressed by Eq. (12). n is the satellite sum of
GNSS constellation, g is the number of invisible satellite.

Sni = {Sv1:Sn2, - s Swm} (11)
St = {801,802, - s Sofn-m) } (12)

The gather between node satellites and others can be given by Eq. (13). So that,
the number of linking can be given by Eq. (14).

L{,U (SN,' — Soj) (13)
D L (Svi—Sy) =n—gq (14)

tij

3 Constraint Condition

Due to the finite time slot of the solution to the problem of dynamic of GNSS
constellation network, the size of the finite time slot has a great impact on linking
efficiency and routing performance for the whole of GNSS constellation.
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Fig' 3 Exarnple of visible 15min 15min 15min 15min
relationship

I

3.1 Performance Analysis

In this paper, we calculate the 7 days’ visible matrix with finite time slot. If it is
visible within time slot, we record as 1, else we record as 0.

The smaller intersatellite link slot is, the more accurate link is. As shown in
Fig. 3, the visible time of two satellites are shown in figure in shadow, when the
finite time slots choose 60 min, the intersatellite status is invisible; when the finite
time slots choose 30 min, the intersatellite status is visible in latter 30 min; when
the finite time slots choose 15 min, the intersatellite status is visible in latter 45 min.
Therefore, choosing a small finite time slot can close to the real state of visible and
improve the overall performance of the intersatellite link when we simulation the
visible matrix.

3.2 Efficiency Analysis

Building more precise ISL model has not a better impact on the process of ISL. The
efficiency of ISL also occupies an important position in the process. We need to
improve the efficiency of ISL as possible on the basis of meeting the ISL’s per-
formance requirements.

When we choose the smaller finite time slot of ISL, we can guarantee a more
accurate model, but the requirement of computation grows exponentially. As shown
in Fig. 4, the smaller finite time slot we choose, the higher ISL’s model cost, so that
it is not conform to the requirements of the ISL when we pursuit the accuracy of
GNSS constellation purely. In this paper, we will compare the corresponding
performance and efficiency to conclude the optimal finite time slot for each finite
time slot in the next section.

Fig. 4 Relationship between 6000
time and FTS
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4 ISL Simulation Analysis of Performance

In this paper, we use the satellite simulation toolkit (Satellite Tool Kit, STK) to
simulate the model of GNSS constellation. This constellation include 5 GEO
satellites, 5 IGSO satellites, 24 MEO satellites, a total of 34 satellites and 5 ground
stations. We calculate the intersatellite and satellite-ground visible matrixes with
STK and MATLAB, divide those matrix with the finite time slot, and build the
visible matrixes of 60, 30, 15, 10 and 5 min.

4.1 Choice of Node Satellite

The size of finite time slot has important influence on computing result of visible
radian, which lead to the difference of visible matrix. In the aspect of choosing the
nodes, the statistics of visible satellites’ number can be used as the choosing the
nodes for each ground station. In other word, we count the number of the least
visible satellites and the average number of visible satellites for each ground station
in each finite time slot.

Clearly, the bigger finite time slot we choose, the less average number of visible
satellites we get, but the degree of number reduced is more and more small, and the
least number of visible satellites get the same result. The result is shown as Table 1.

4.2 Comparison of Link Assignments

In the ISL, the number between satellites has an important influence on autonomous
operation and navigation precision. The more links satellites can built, the better
ISL’s performance is. In this paper, we count the condition of linking in each finite
time slot. The results are shown in Table 2.

Table 1 The number of visible satellites in different FTS

Finite time slot (min) The least number of visible satellites The average number
of visible satellites

60 13 17.7083

30 13 17.7125

15 13 17.7133

10 13 17.7160

5 13 17.7164
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Table 2 The number of linking in different FTS

Finite time slot (min) The least number of linking The average number of linking
60 10 11.63
30 11 12.93
15 12 13.82
10 12 13.83
5 12 13.86
Fig. 5 Relationship between 18- 1 —eomin]
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It is obvious from Table 2, the average number of intersatellite’ links will
increase slightly with the decrease of finite time slot, but when we choose 15, 10
and 5 min, the links have a little change.

As shown in Fig. 5, it is the changes of links average number in each finite time
slot from 1 to 10 h. It can be concluded from Fig. 5 that links’ number is signifi-
cantly less than other options when we choose 60 min and the links’ number is
approximately equivalent when we choose 30, 15, 10 and 5 min.

4.3 Comparison of Routing Tables

The size of finite time slot we choose has an effect on visible matrix, which lead to
some links can’t be built. In this paper, we count the average and the maximum
delay from ground to GNSS constellation in each finite time slot. The results are
shown in Table 3.

We can see that there are two satellites when we inject data into GNSS con-
stellation from ground station. The smaller time slot we choose, the smaller average
delay is.

In this paper, we count the average delay in each finite time slot from 1 to 10 h.
The results are shown in Fig. 6, we can get that the delay is large when we choose
60 min and the delay gap is small when we choose other slots.
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Table 3 The delay in Finite time slot (min) Average delay Maximum delay
different FTS
60 2.4675 3
30 2.4091 3
15 2.3895 3
10 2.3721 3
5 2.3605 3
Fig. 6 Relationship between 255 e
time and FTS 30min
|| ——15min
g 22 . 4 1|~ 10min
m© . " f | ——5min
© e Ak
] el LA SR R
245 4t
24 : : - : :
0 20 40 60 80 100 120
Time (5min)
5 Conclusion

From the simulation experiment, we can summarize that the performance of ISL
would be better when FTS become smaller, but the performance improve more and
more slowly. As comparison, the computational efficiency would be exponential
growth. When we choose the 60 min, the performance is significantly lower than
others. When we choose 60, 30, 15 and 10 min, the consuming time can be
accepted. In summary, the optimal choices of FTS are 30, 15 and 10 min. If the
computing power allowed, the best choice of FTS is 10 min.

References

—

. Zhang G-X (2009) Application of modern small satellite. Posts and Telecom Press, Beijing

2. Maine K, Anderson P, Bayuk F (2004) Communication architecture for GPS III. In: IEEE

aerospace conference proceedings, Big Sky, USA, March 6-13, 2004

. Zhang Y, Zhang Y (2005) The autonomous navigation constellation base on intersatellite

observation. NUDT, Changsha, pp 19-23

. Tang Y, Wang Y, Chen J (2016) The availability of space service for inter-satellite links in

navigation constellations. Sensors 16(8):1327

. Xu B, Wang D, Liu W et al (2015) A hybrid navigation constellation inter-satellite link

assignment algorithm for the integrated optimization of the inter-satellite observing and
communication performance. CSNC, pp 283-296

. Yang Yu (2013) Research on ISLs allocation method in GNSS. Hunan University, Changsha
. Zhendong Li, Shanbao He (2011) A topology design method of navigation satellite

constellate link. Space Eng 27(9):32-37



FTS-Based Link Assignment and Routing ... 165

8.

9.

10.

11.

12.

13.

14.

15.

16.

She CD, Wang JF (2006) Topological dynamics analysis of walker-constellation satellite
networks. J Commun 27(8):45-51

Chen X, Han C (2011) Reconfiguration of communications constellation with ISLs: fix the
net. In: 2011 international conference on consumer electronics, communications and networks
(CECNet), April 16, 2011

Harathi K, Krishna P, Newman-Wolfe RE et al (1993) A fast link assignment algorithm for
satellite communication networks. In: Computers and communications, twelfth annual
international phoenix conference, Tempe, USA, March 23-26, 1993

Noakes MD, Cain JB, Nieto JW et al (1993) An adaptive link assignment algorithm for
dynamically changing topologies. IEEE Trans Commun 41(5):694-706

Hong SC, Byoung WK, Chang GL et al (1998) FSA-based link assignment and routing in
low-earth orbit satellite networks. IEEE Trans Veh Technol 47(3):1037-1048

Cain JB, Adams SL, Noakes MD et al (1987) A distributed link assignment (reconstitution)
algorithm for space-based SDI networks. In: Military communications conference-crisis
communications: the promise and reality, MILCOM 1987, IEEE, Washington, DC, USA,
October 19-22

Li J, Hu H, Yu PJ, Zhu J (2012) Analysis of requirement and constrained model of
inter-satellite-link TT&C scheduling problem on navigation constellation. Artif Intell Comput
Intell 7530:160-169

Wang X, Meng Y, Su Z et al (2014) A simple three-dimensional matrix method for global
constellation intrasatellite link topological design. Int J Navig Obs 2014:1-17

Jing L, Gang-qgiang YE, Tian-jiao Z, Pei-jun Y (2014) The integrated management method of
slow varying ISL’s for MEO satellite network. Institute of electrical and electronics engineers
Inc. vol 1, pp 907-911



Construction and Performance Analysis
of GPS/BeiDou/Galileo Real-Time
Augmentation System

Liang Chen, Ying Liu, Changjiang Geng, Maorong Ge
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Abstract The satellite network of Chinese Beidou system and the European
Galileo System are on-contraction recently, which promotes the development of
Multi-GNSS high-precision fusion applications. In this paper, the algorithm of
multi-GNSS real-time clock fusion estimation is studied deeply, the real-time
augmentation message processing strategy is also discussed and real-time orbit data
processing and analysis are carried out based on PANDA software. Then the
multi-GNSS real-time augmentation system prototype is constructed based on the
GNSS real-time stream which could be obtained currently and real-time augmen-
tation messages including GPS, BeiDou and Galileo are broadcasting on the
Internet. The experiment results show that the real-time augmentation message
signal-in-space ranging error(RTAM-SISRE), effecting the user’s actual positioning
performance, of GPS is about 4-7 cm, that of Beidou IGSO/MEO and Galileo is
about 10 cm and BeiDou GEO satellites’ is about 33 cm, respectively. The
real-time Precise Point Positioning (PPP) results prove that 5—7 cm horizontal RMS
and better-than 10 cm vertical RMS based on carrier-phase observation can be
obtained.
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1 Introduction

Since the establishment of GPS in 1980s, the construction and application of Global
Navigation Satellite System (GNSS) are developing rapidly. GPS and GLONASS
are currently operating at full constellation and capability and can provide about
10 m navigation and positioning services for users of all over the world. Chinese
BeiDou system and the European Galileo system are also on-construction recently.
With the deepening application of satellite navigation in various industries, the
demands in navigation positioning accuracy and performance become more and
more high, which also promote the progress of satellite navigation and positioning
technology significantly.

Up to the end of 2016, the Chinese government has launched 23 satellite BeiDou II
satellites, 14 in-orbit satellites of which have been providing stable and reliable
Navigation, Positioning and Time (PNT) service for the Asia-Pacific region [1]. There
are 14 Galileo satellites in service including 4 In-Orbit Validation (IOV) satellites and
10 Full Operational Capability (FOC) satellites currently. The BeiDou and Galileo
satellite’s information are shown in Table 1. The satellite network construction of
Beidou and the Galileo promotes the development of Multi-GNSS fusion applications
and the revolution of Multi-GNSS high-precision fusion technology. In recent years,
Multi-GNSS Precision Orbit Determination (POD) technology has been developing
rapidly and the precision of POD has been also improved significantly [2-7], which
provides the necessary conditions for GNSS augmentation technology based on
improving GNSS Signal-In-Space performance by providing higher precision
ephemeris products comparing broadcast ephemeris.

GNSS real-time augmentation relies on high-precision real-time satellite orbit
and real-time clock products. At present, the International GNSS Service (IGS) has

Table 1 BeiDou and Galileo satellite’s information (Up to 2016)

BeiDou PRN Satellite name Galileo PRN Satellite name
GEO C01 GEO-1 j(0)Y% Ell I0V-1
C02 GEO-6 El2 10V-2
Co03 GEO-3 E19 10V-3
C04 GEO-4 E20 10vV-4
CO05 GEO-5 FOC EO1 FOC-10
IGSO C06 IGSO-1 E02 FOC-11
Co7 1IGSO-2 EO8 FOC-8
CO08 IGSO-3 E09 FOC-9
C09 IGSO-4 El4 FOC-2
C10 IGSO-5 E18 FOC-1
C15* IGSO-6 E22 FOC-4
MEO Cl1 MEO-3 E24 FOC-5
Cl12 MEO-4 E26 FOC-3
Cl4 MEO-6 E30 FOC-6

#PRN switch from C15 to C13 on 2016/10/11
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provided precise satellite orbit and clock product. Even though the effectiveness,
reliability and accuracy of ultra-rapid orbit provided by IGS have met the real-time
requirements, its ultra-rapid clock, with a precision of about 3 ns, cannot be used in
high-precise real-time applications [8]. IGS began to carry out the real-time project
at 2002. Until now it has provided 0.3-0.8 ns GPS/GLONASS real-time precise
clock products [9], however, which are only for scientific research and difficult to
be guaranteed for users. In order to obtain the high-precise real-time clock products,
the high-precise real-time orbit products are very critical. Recently, there are lots of
scholars paying attention to satellite POD and acquiring many in-depth achieve-
ments all over the world. Real-time GNSS orbit estimation, the GPS 3-dimensional
precision is about 3.5 cm, is realized preliminarily by Kalman filter in paper [2];
Based on PANDA software, the solar pressure model and the yaw-attitude model of
Beidou satellite have been greatly studied in paper [3—6], which improve the
BeiDou GEO, IGSO and MEO satellite orbit precision significantly. The precision
of better than 10 cm orbit overlaps in radial-direction and better than 20 cm in
cross-direction is achieved in those papers. In paper [7] the SLR and GNSS data are
been used together in Galileo satellites POD in order to eliminate the systematic
deviation existing in POD using GNSS observations only and the orbit precision is
about ten centimeters. The traditional satellite clock estimation model is optimized
and improved in order to realize the real-time clock resolved high-efficiently in
paper [10—15], which can be used to updating real-time clock every second and also
can realize 0.15 ns real-time clock in experiment afterwards.

This article is organized as follows. Firstly, the multi-GNSS real-time clock
fusion estimation algorithm is introduced, then the data processing strategy of
real-time augmentation messages is discussed and real-time orbit data processing
and analysis is carried out based on PANDA software. On this basis, the
multi-GNSS real-time augmentation system is constructed based on the GNSS
real-time stream and real-time augmentation messages including GPS, BeiDou and
Galileo are broadcasting on the Internet. Based on the augmentation system, the
performance of the real-time clock estimation model and real-time augmentation
message Signal-In-Space Ranging Error (SISRE) are analyzed. Finally, the
real-time PPP is used to verify the GNSS augmentation precision.

2 Real-Time Augmentation System
2.1 Real-Time Orbit and Clock

In this paper, real-time orbit data processing is based on Position and Navigation
Data Analyst (PANDA) software, which has achieved GPS, GLONASS, BeiDou
and Galileo high-precision orbit determination [16, 17]. The POD strategy adopted
in this paper is that previous 48 h observations are used for once POD processing,
carried out every three hours, to obtain the real-time orbit (6 h predicted part).
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Based on real-time GNSS data streams, high-precise GNSS real-time clock
processing is carried out by fixing high-precise information generated in real-time
POD processing like satellite real-time orbit, earth rotation parameters and station
coordinates and so on. Ionosphere-free combination observations are used in
dual-frequency data processing commonly to eliminate the ionosphere delay. If a
unified time reference is chosen, the un-differenced (UD) observation equation of
GPS/BeiDou/Galileo ionosphere-free combination is as follows:

jGPC - dt + br PC dTG b PC + delrop + lG

ﬁLC =di+ br,Lc drf f; — b LC + NG + detrop l/GLC

Vepe = dt+bpe — dTf — by pcT dk trop T B pe

VEpo =di+ b8 —dTE - bfLC +NE+dB ., + 1B (1)
vghPC = dt+ bf,PC - dTE bE mPC T dfz srop T lm PC

Ve = dt+ b —dT), — by e FNL+d arop T L e

where G, B and E represent one GPS, Beidou and Galileo satellites respectively; j,
k and m are the jth GPS, the kth BeiDou, and mth Galileo satellite at the same
epoch; PC, LC and N are pseudo-range, carrier-phase and ambiguity of
ionosphere-free; v is the residual; df and dT are receiver and satellite clock error;
dyrop 18 the tropospheric delay; [ is the difference between satellite station geometric
distance and PC, LC; b, and b* represent the signal delay bias in receiver and
satellite, respectively. The bias related with pseudo-range is called code bias and
another related with carrier-phase is called un-calibrated phase delay.

In this equation, the code bias by satellite-related is stable [18], and can be
merged with satellite clock error, we set dT = dT + b},-; Considering that the initial
information in normal equation is provided by pseudo-range observation mostly
and GPS time is chosen as the time reference, erPc’ the GPS code bias in receiver,

and dt, receiver clock error, are merged like df = dt + br pc» then the equation can
be simplified as follow:

VfPC =di — dTG + d/Gtwp lJG PC
- G,s
Voo =di+ (b,,LC - bfpc) —dTf + (b,- e — biic +NG) + o +1kc

) dTB + dfnop + lk PC
bpc) —dTE + (e — B+ NE) + by + 10
dTE +df op T pe
dTy + (bJEPVC biie + fo) +dy o + e

i) -
Hre) -

(2)
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If set ISB®¢ = b8, — %, and ISBE~C = bE,. — bC,, then the equation
above can be expressed as,
VfPC =di — deG + dftrop + le,PC
Voo = di — T8 + (b0 = bpc + b — biic + N7 ) + 5,
V?PC = di + ISBB?G - dTlf + dlf.,trop + lf,PC
Vepe = di+1SB* ¢ — dT¢ + (bf,LC —blpe+ bfifc - bffc +N1§) + dllf,rrop +R1c
VELPC = dl: + ISBE?G - dTnEl + drﬁ,tr{)p + ZEL,PC
V}'EI:LLC =di+1ISB* ¢ — dTﬁ + (brE-,LC - b;b:PC + bfifc - b;EL\c +Nrﬁ) + drﬁ,tr(}p + lfz,Lc

G
+ 17

(3)

If set N = by ;¢ — by pc + by — bj -+ N, the parameters estimated in the UD
observation equation are as follow:

(di,dT,1SB"C, ISB*~6 N)"

2.2 Processing Strategy

The processing strategy and parameter model of real-time orbit and clock are as
follows:

2.3 System Construction

The GPS/BeiDou/Galileo real-time augmentation system is designed and the sys-
tem prototype is constructed. As shown in Fig. 1, the main processes of the system
prototype include obtaining the real-time observation data of global multi-GNSS
tracking network, generating the real-time orbit and real-time clock augmentation
messages and broadcasting GPS/BeiDou/Galileo augmentation messages.

In the system, a global multi-GNSS network needs to be built to acquire the
real-time observation data and transmit to the data processing center through the
Internet.

The real-time POD strategy is that once POD processing carries out every three
hours using previous 48 h observations to obtain the real-time orbit (6 h predicted
part). Based on the IGS core stations and M-GEX stations (http://www.igs.org/
network), about 80 multi-GNSS stations shown in Fig. 2 are chosen for POD, about
40 of which can track BeiDou signal and 60 can capture Galileo signal.
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External Information
(Coordinates,IGS08.atx,
Initial Orbit...)

Multi-GNSS
Hourly Observations

Multi-GNSS
POD(every 3h)

Predict Orbit to Obtain Real-time
Orbit(predict 6h)

Multi-GNSS
Real-time Streams

Multi-GNSS Precise Clock Real-time
Estimation(every 1-5s)

Uploading Real-time
Orbit& Clock

Multi-GNSS Real-time
Broadcasting Ephemeris

Generating and Encoding Multi-
GNSS Real-time Augmentation
Messages(RTCM Format)

Real-time Orbit Corrections
Real-time Clock Corrections

Augmentation Messages Broadcasting Server
(NTRIP Caster)

()

2Z.

Real-time PPP

Fig. 1 The frame of GPS/BeiDou/Galileo real-time augmentation system

Using the data processing strategies in Table 2, multi-GNSS Real-time clock
processing platform is constructed based on multi-GNSS real-time orbit products
above and real-time data streams. As shown in Fig. 3, the total number of real-time
stations, some of which come from IGS real-time streams transmitted by German
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Fig. 2 The stations distribution of GPS/BeiDou/Galileo real-time augmentation system

Geoscience Research Center (GFZ) and provided by German Federal Agency for
Cartography and Geodesy (BKG) (http://mgex.igs-ip.net) [23] and some are built in
China, is about 60 including about 35 BeiDou stations and 50 Galileo Stations.

The messages broadcasting platform will process the multi-GNSS real-time
augmentation message and GNSS broadcast ephemeris streams to generate GPS,
BeiDou and Galileo real-time augmentation corrections, which are encoded in
RTCM format and broadcasted in NTRIP protocol [24].

It should be noted that the messages broadcasting in the system prototype is
realized based on BKG NTRIP Client (BNC) and NtripCaster software provided by
BKG [25]. The following tests are carried out based on the prototype system.

3 Precision of Real-Time Augmentation Message

The users of multi-GNSS real-time augmentation need to combine real-time orbit
and clock in positioning, so they take more attention to the combination precision of
orbit and clock. The real-time orbit and clock in real-time augmentation messages
are self-consistence, the clock products can eliminate some offsets of the orbit error
in radial-direction partially. Therefore, the factor affecting the actual positioning
performance is the real-time augmentation message Signal-in-Space ranging error
(SISRE), which is the projected error of the difference between the satellite position
obtained by the real-time augmentation messages(orbit and clock) and the truth
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Table 2 The processing strategy and parameter model of real-time orbit and clock

Parameters

Models for POD

Models for real-time clock
estimation

Observation informatio

n

Observation

UD ionosphere-free observation

UD ionosphere-free observation

Prior information

P1:1.0 m; L1:0.02cycle

P1:1.0 m; L1:0.02cycle

Elevation mask

7°

7°

Observation weight

p =1, elev > 30°
p = 2sin(elev), elev < 30°

p =1, elev > 30°
p = 2sin(elev), elev < 30°

Simple 300 s Real-time 5 s
Calculating arcs 48 h -

Reference frame

Time system GPS Time GPS Time
Inertial frame ICRF J2000.0 ICRF J2000.0
Terrestrial frame ITRF2008 ITRF2008
Precession and TIAU2000 TIAU2000
nutation

EOP parameters IERS C04 IERS C04
Sun&Moon JPL DEA405 JPL DEA405
ephemeris

Orbit model

Geopotential model

EGM96 model (8 x 8)

Ocean tides

IERS conventions 2003

IERS conventions 2003

Solid earth tides

IERS conventions 2003

IERS conventions 2003

Solid earth pole tides

IERS conventions 2003

IERS conventions 2003

Solar radiation
pressure model

Reduced CODE 5-parameter with
no initial value [19]

Correction

Phase rotation

Model correct [20]

Model correct

correction
PCO/PCV | Satellite | GPS, Galileo PCO: 1GS08; GPS, Galileo PCO: IGS08
BeiDou GEO PCO:IGS M-GEX; |BeiDou GEO PCO:IGS M-GEX
BeiDou IGSO/MEO PCO: ESA BeiDou IGSO/MEO PCO:ESA
Model [21]; model [21]
GPS PCV: IGSO08; GPS PCV: 1GS08
BeiDou, Galileo PCV: uncorrected | BeiDou, Galileo PCV:
uncorrected
Receiver | GPS PCO: IGS08; GPS PCO: IGS08
BeiDou, Galileo PCO: same as BeiDou, Galileo PCO:same as
GPS; GPS
GPS PCV:1GS08; GPS PCV:IGS08
BeiDou, Galileo PCV: same as BeiDou, Galileo PCV: same as
GPS; GPS

Relativistic effects

IERS conventions 2003

IERS conventions 2003

(continued)
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Table 2 (continued)
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Parameters

Models for POD

Models for real-time clock
estimation

Parameters estimation

Adjustment method

Weighted least-squares algorithms

Square-root information
filtering [22]

Reference clock

One satellite clock

One satellite clock

Satellite orbit Position and velocity at given Fixed
initial epoch as well as five solar
radiation parameters

Station coordinate Estimated Fixed

Tropospheric delay

Saastanmoine Model + GMF
mapping function

Piece-wise constant zenith delay
of each station per 2 h

Saastanmoine Model + GMF
mapping function
random-walk process for each
epoch

Satellite clock

Estimated as white noise

Estimated as white noise

Receiver clock

Estimated as white noise

Estimated as white noise

Ambiguity

Double-difference AR

Estimated

Inter-system bias

Estimated as constant parameters
with zero-mean condition

Estimated as constant parameters
with zero-mean condition

1BIU' -120°

-60"

|@cPs

®BeiDou - Galileo [

Fig. 3 The distribution of GPS/BeiDou/Galileo real-time clock estimation stations
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Table 3 Coefficients of Satellite BeiDou Galileo | GPS
different GNSS SISRE GEO/IGSO | MEO
Orbit altitude (km) | 35,786 21,528 |23.222 |20,200
o 0.99 098 098 [0.98
B 127 54 61 49

position on the line-of-sight direction from satellite to the user position. The paper
[26] gives the SISRE derivation process and obtains the formula as follows:

SISRE =\ (- dR — ¢ - i)’ + (dA” +dC?) /B 4)

where dR, dA, dC represent the real-time orbit error in radial-direction,
along-direction and cross-direction compared with the reference orbit in inertial
frame, dt is the real-time clock error, and c is the speed of light. « and f are
correlation coefficient determined by the satellite orbit altitude, the different GNSS
coefficients are shown in Table 3. From Eq. (4) and the coefficients in the table, it
can be found that main factors affecting the user positioning performance are the
real-time orbit error in radial-direction and clock error.

Based on the same environment (same real-time orbit, real-time streams...) of
the real-time augmentation system prototype, two servers were chosen to carry out
the comparative test between UD and simplified model, and the results were ana-
lyzed from DOY 230 to 237, 2016.

3.1 Precision of Real-Time Orbit

In order to verify the precision of real-time orbit, the GBM final products provided
by GFZ are selected as reference orbit. Compared to the IGS final products, the
Precision of GBM products orbit is better than 1 cm and clock is better than 0.02 ns
and BeiDou orbit precision compared to SLR is about 10 cm [27]. Figure 4 and
Table 4 show the real-time orbit precision obtained in real-time augmentation
system prototype compared to the GBM orbit. From the results, it can be found that
the GEO orbit precision in radial-direction is about 30 cm and the along-direction
and cross-direction are worse, the reason of which may be that there is no obvious
changing of the GEO satellite geometrical distance to GNSS stations. The precision
of BeiDou IGSO, MEO and Galileo satellites in radial-direction is about 10, 4.5 and
11.5 cm, respectively. Among those, the precision of GPS is the highest with about
radial 2 cm, three-dimensional 7.5 cm.
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Fig. 4 The precision of real-time orbit compared to the GBM

Table 4 The RMS precision  gyeejjite type Radial Along Cross

f:gits t(ffn;’f real-time BDS-GEO 29.69 197.97 321.02
BDS-IGSO 10.01 30.35 17.09
BDS-MEO 434 17.60 7.01
Galileo 11.50 30.05 17.05
GPS 213 6.08 4.40

3.2 Precision of Real-Time Clock

The precision of real-time clock is analyzed by quadratic-difference method
[12—15], namely, by one satellite clock minus itself reference satellite, we can
obtain two clock difference time sequences of real-time clock and GBM clock,
make second-difference between the two clock sequences then statistic the mean
and STD. Figure 5 shows the precision comparison of the BeiDou, Galileo and
GPS real-time clock products to the GBM clock products (C06, EO8 and GO1 are
chosen as the reference satellites, respectively). From the results, we can see that the
precision of GPS, BeiDou GEO, IGSO/MEOQO and Galileo estimated by UD model is
about 0.18, 0.50, 0.24 and 0.30 ns, respectively. It can be also found that the
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10 Real-time Clock Accuracy in GNSS Augment System
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Fig. 5 Precision comparison of BeiDou, Galileo and GPS real-time clock to GBM

precision of BeiDou GEO clock is worse than the others due to the impact of orbit
precision.

3.3 Real-Time Augmentation Message SISRE

By Eq. (4), the real-time augmentation message SISRE provided by the real-time
augmentation system prototype can be obtained, and the results are shown in Fig. 6.
From the figure, we can get that the real-time augmentation message SISRE of
GPS, BeiDou GEO, IGSO/MEO and Galileo is about 4.8, 33, 10 and 8 cm,
respectively.

From Eq. (4), it can be found that the orbit error in radial-direction and clock
error affect SISRE mostly, and the clock error can partially eliminate some effects
produced by the orbit error in radial-direction on SISRE. However, the SISRE
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Real-time Augment Message SISRE Accuracy
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Fig. 6 Comparison of real-time augmentation message SISRE of BeiDou, Galileo and GPS

precision of BeiDou GEO real-time augmentation messages is much larger than
others, so it is not suitable for real-time high-precision positioning. Therefore,
BeiDou GEO satellites are not chosen in the following experiments.

4 Real-Time PPP Performance Analysis

Based on the real-time precise positioning software developed independently, the
performance of GNSS real-time augmentation system is tested using five real-time
stations provided by BKG, which are located in the area of Asia-Pacific and North
America.

Figure 7 shows the 24-h results of GPS + BeiDou real-time PPP in UNX3 on
November 10, 2016 (DOY315). From the figure, it can be found that multi-GNSS
real-time PPP can converge after about 15-20 min. Table 5 gives the precision
statistic results of November 4, 2016 to November 10, 2016, from which we can
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Fig. 7 Comparison between multi-GNSS PPP and GPS PPP using augmentation messages in
UNX3

Table 5 Real-time PPP RMS statistics (m)

Station | Latitude |Longitude | Nation Resolving model Real-time PPP based
on augmentation
messages
Horizontal | Vertical

ALGO | 4596 |-78.07 Canada | GPS 0.038 0.070

CUTO |—32.00 | 115.89 Australia | GPS + BeiDou + Galileo | 0.065 0.071

GMSD | 30.56 | 131.02 Japan GPS + BeiDou + Galileo | 0.047 0.057

JENG 30.52 | 114.49 China GPS + BeiDou + Galileo | 0.050 0.064

UNX3 |[-33.92 | 151.23 Australia | GPS + BeiDou 0.048 0.054

Average 0.050 0.063

found that the GNSS global real-time augmentation system prototype can provide
centimeter-level services with horizontal RMS 5-7 cm, vertical RMS better than
10 cm.

5 Conclusions

GNSS augmentation technology can improve GNSS Signal-In-Space service per-
formance by providing higher precision ephemeris products comparing GNSS
broadcast ephemeris. In this paper, the multi-GNSS real-time clock fusion esti-
mation algorithm is studied deeply. Secondly, the data processing strategy of
real-time augmentation messages is discussed and real-time orbit data processing
and analysis is carried out based on PANDA software. On this basis, the
multi-GNSS real-time augmentation system is constructed, and the performance
and precision are analyzed. The conclusions are as follow:

1. The experiment results show that overlaps precision of GPS/Beidou
MEO/Galileo satellites in radial direction is 1-5 cm, and that of Beidou
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GEO/IGSO satellites is about 10 cm in the multi-GNSS real-time augmentation
system prototype.

2. Based on augmentation system, real-time clock precision of GPS, BeiDou GEO,
IGSO/MEQ and Galileo is about 0.18, 0.50, 0.24 and 0.30 ns, respectively.

3. The SISRE of GPS real-time augmentation messages provided by the system
prototype is about 4-7 cm, that of BeiDou IGSO/MEO and Galileo is about
10 cm and that of Beidou GEO is about 33 cm, which affect the user’s practical
application performance;

4. The GNSS global real-time augmentation system prototype can provide
centimeter-level services based on the carrier-phase observation with horizontal
RMS 5-7 cm, vertical RMS better than 10 cm.

From the conclusions of this paper, the GNSS real-time augmentation system
can provide real-time, high-precision and all-weather precise positioning and
navigation services all over the world. Combining with other GNSS technologies
like RTK, it can be applied to lane meter-level navigation, traffic logistics and
transportation, precision agriculture and ocean-going operations and has a wide
application prospect.
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An Improved Algorithm of Ionospheric
Grid Correction Based on GPS
and Compass Multi-constellation

Haipeng Li, Rui Li, Ziqi Wang and Weiguang Gao

Abstract Ionosphere delay is one of the main sources of error for single frequency
user location and is the main factor influencing the integrity monitoring, which is
the major problem in the building of the Beidou SBAS. At present, the Wide Area
Augmentation System (WAAS) uses the Kriging method to estimate the Grid
Ionospheric Vertical Delay (GIVD) and Grid Ionospheric Vertical Delay Error
(GIVE). On the basis of the traditional Kriging method, some domestic scholars
have proposed an improved Kriging method, taking into account the temporal
correlation of IPP delay values, using the IPP delay values in the update cycle for
algorithm to obtain more reasonable GIVE Value. However, because the GPS
satellite constellation are all the MEO satellites, IPP observation position change
over time, it is not easy to obtain accurate time variogram model. Specially, there
are five GEO satellites in China’s Beidou system, the IPP position formed by the
reference station observing GEO satellites is almost fixed, so we introduce the
Beidou GEO satellite observations in this paper, the accurate time variogram model
was obtained and the improved Kriging algorithm for the Chinese region is given.
In this paper, the ionospheric data of Beijing regional monitoring station are used to
study. First, the spatial correlation characteristics of ionospheric delay in northern
China were researched. Then, the 5 GEO satellites in Compass are selected to study
the ionospheric temporal variation. Finally, we conduct a simulation on ionospheric
delay estimation at IGPs in Multi-constellation through Kriging and Improved
Kriging algorithm. It can be concluded that, in the premise of satisfying integrity,
the GIVE is reduced more than 30% in most parts of north China; therefore, the
User Ionospheric Vertical Delay Error (UIVE) can more closely envelop the cor-
rection error.
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1 Introduction

Ionosphere delay is one of the main sources of error for single frequency user
location and is the main factor influencing the integrity monitoring, which is the
major problem in the building of the Beidou Satellite Based Augmentation System
(SBAS). As a typical SBAS system, the single frequency user of US WAAS uses
the Kriging grid correction method to estimate the ionospheric delay and confidence
limits in the direction of satellite sight [1]. The fundamental of the grid ionospheric
correction method is to make the ionosphere equivalent to a fixed height of the thin
layer, the master station using the ground reference station dual-frequency receivers
real-time collection of ionospheric delay measurements, estimated coverage area
within the latitude and longitude grid point Ionospheric vertical delay correction
and correction accuracy, i.e. GIVD and GIVE, moreover correctional data are
transmitted on L1 through Geostationary satellites (GEO) to user.

On the basis of the traditional Kriging method, some domestic scholars have
proposed an improved Kriging method, taking into account the temporal correlation
of IPP delay values, using the IPP delay values in the update cycle for algorithm to
obtain more reasonable GIVE Value. However, because GPS satellite constellation
are all the MEO satellites, IPP observation position change over time, it is not easy
to obtain accurate time variogram model. Currently, the SBASs are all designed for
single GPS constellation. With the development of Compass, how to get better
navigation accuracy and integrity in SBASs for GPS and Compass constellations is
of significance. In this paper, in view of characteristics in Compass which contains
GEO, IGSO and MEO three orbital satellites, in particular, there are five GEO
satellites which will contribute to some stationary IPPs, so we introduce the
Beidou GEO satellite observations in this paper, the accurate time variogram model
was obtained and the improved Kriging algorithm for the Chinese region is given.
In China, there is large difference between northern and southern in the ionosphere
features, in addition, the ionospheric storms and disturbance are more likely to
happen in the southern region. The difference is that the ionospheric changes in the
northern region are more regular and the change of ionospheric characteristics is
close to that of North Americathan. Therefore, the study is carried out using
ionospheric observation data received on monitoring stations in Beijing region in
this paper. Firstly, as the basis of ionospheric delay modeling, we make a special
correlation analysis of ionospheric delay on IPPs in the northern region of China.
Then, considering that some IPPs formed by Compass are motionless, the 5 GEO
satellites in Compass are selected to study the ionospheric temporal variation in
north China. Finally, we conduct a simulation on ionospheric delay estimation at
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IGPs in dual constellations through Kriging and Improved Kriging algorithm. It can
be concluded that Improved Kriging algorithm can obtain a more accurate estimate
of the ionospheric delay.

2 Ionospheric Delay Estimation

The IGPs on the ionospheric thin layer model of BDS is specified in BDS Signal in
Space Interface Control Document Version 2.0 (BDS-SIS-ICD-2.0), the coverage is
E70°-E145°, N7.5°-55°, the IGPs are divided by latitude and longitude 5° x 2.5°,
the update cycle is 5 min. In order to estimate GIVD, the ionospheric thin layer
model should firstly be modeled. Thus firstly we should research on the charac-
teristic of ionospheric delay in north China (In this paper the E100°-E135°, N30°-
55°region). According the former work done for WAAS in US, we make spatial
correlation analysis on the ionospheric measurements taken by the reference sta-
tions which are equipped with dual frequency receivers.

2.1 Spatial Correlation of Ionospheric Delay

We will make a statistical analysis on ionospheric delays at IPPs through dual
frequency observations from reference stations, which are converted to vertical
direction with obliquity factor Fj,, in (1):

P 1 R.cosE 2
ipp — - (Re+h1)

Which E is the elevation angle, R, is the approximate radius of Earth
(6378.1363 km), A, is the height of the ionospheric thin layer model (350 km). The
distribution of the 13 reference stations in Beijing is shown in Fig. 1 as red
triangles, where dual frequency receivers gathering observations on both L1/L2 of
GPS and B1/B2 of BDS.

The ionospheric vertical delay model can be represented as the sum of the first
order plane trend term and the space-dependent stochastic term.

2

()

(north) (east)

Imeas (Xk) =ap+ apx; + arx; + V(Xk) +eé (2)

In the above formula, I,..s(x;) represents the vertical delay of ionosphere at

(x,((”(mh), x(am)). The first three terms represent the first order plane trend item, and

r(x¢) is the spatial correlation zero mean random term and ¢ is the observation
noise. After the carrier phase smoothing code pseudorange, the accuracy of the
measured value is close to the carrier phase accuracy, so ignore &.
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Fig. 1 13 reference station Reference Sites
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Using the experimental variation function, the spatial correlation characteristics
of the vertical delay model of the ionosphere in the stationary period are analyzed,
the result is showed as Fig. 2, the blue lines representative the space experiment
variation functions of different time and the red reflects the fitting space variation
function model, then we can get the following Gaussian variation function model:

2(h) = c(l - e*@z) +,9(0) =0 3)

2

The parameters are:c = 1.55m?,a = 9000km, v = 0.05m?. The covariance

function of r(x;) that can be obtained is as follows:
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2.2 Kriging Algorithm

2.2.1 Tonospheric Vertical Delay Model

The Kriging algorithm ionospheric vertical delay model is given by (2).

2.2.2  Grid Ionospheric Vertical Delay Estimation

Suppose that there are n sampling points xj,xs,...,x, around the ionospheric
penetrating point x, the corresponding vertical delay observations for the ionosphere
are I(x1),I(xz),...,1(x,), then the vertical delay estimate at the x-point is as
follows:

GIVD = 1(x) = > Al(xe)=A"1
=1 (5)
I=[I,bL,.. L), AT'=[, ..., 2]

where, A is the coefficient vector. The problem of estimating is to find the optimal
value under certain constraint conditions, that is, the Kriging coefficient A satisfies
the following formula:
Min (6> = ATC(h)A —2ATC(hy) + C(0)) ()
st. GTA=X
where, G2 is the estimated error variance, C(h) is a matrix of n x n, representing
the spatial covariance matrix between observations. C(hg) is a n-dimensional
vector, represents the spatial covariance vector between the estimator and the
observed quantity. C(0) is the spatial covariance between two observations with a

distance of zero, i.e. the prior variance, independent of position x. The GT is the
observation matrix and X is the position vector:

1 1 . 1 1
G'=| Laty, Lat ... Lat, |, X=| Lat
Long, Long, ... Long, Long

Using the Lagrangian method to solve the above equation, we can get the final
Kriging coefficient A:

A = (W — HG"W)C(hy) + HX

T -1 —1 (7)
H=WG(G'WG)™", W =C"!(h)

So the GIVD value at the grid point can be obtained.
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2.2.3 Grid Ionospheric Vertical Delay Error Estimation

In the ionospheric model, the GIVE value at the grid points represents the accuracy
of the GIVD estimate. However, anomalies such as ionospheric disturbances and
under sampling reduce the accuracy of GIVD estimates. This paper does not
consider the IPP under-sampling conditions of the ionospheric anomaly, only the
introduction of expansion model, a reasonable expansion of GIVE value to ensure
the integrity of the client. Therefore, the GIVE value can be obtained from the
following equation:

— 2 _p2 a2
GIVE = K99.9%0GIVE,  OGive = RiyregOicp (8)

where, K99 9% is the quantile of the standard normal distribution 99.9% confidence
intervals. 675, is the variance of the delay value at IGP obtained by using the
covariance function during the calm period. Rfmg is the expansion factor to over-
come the inaccurate model, the specific expression is as follows:

Rizrreg - Ocnlrz;eas(w - WG(GTWG)ilGTW)ImeaS (9)
2 ; -7
o
p== K*—1 1 d 10
n/ ( sin’ (@) > ? 1o
=0

where I, is the IPP ionospheric vertical delay observation sequence, o, can be
obtained using the integrity probability assigned to the ionosphere portion, which
can be computed from Eq. (10). In Eq. (10), P = 2.25 x 1073 is the probability of
goodness assigned to the ionospheric error part, and K = 5.592 is the bilateral
quantile of the standard Gaussian distribution corresponding to 1 — P [2].

2.3 Improved Kriging Method

Just as we have introduced above, the traditional Kriging method utilizes only
sample space-related features and only GPS constellation is used in conventional
Kriging, and GIVD is estimated using only the IPP delay value at GIVD update. On
the basis of the traditional Kriging method, some domestic scholars have proposed
an improved Kriging method, taking into account the temporal correlation of IPP
delay values, using the IPP delay values in the update cycle for algorithm to obtain
more reasonable GIVE Value. However, because the GPS satellite constellation are
all the MEO satellites, IPP observation position change over time, it is not easy to
obtain accurate time variogram model. Specially, there are five GEO satellites in
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China’s Beidou system, the IPP position formed by the reference station observing
GEO satellites is almost fixed, so we introduce the Beidou GEO satellite obser-
vations in this paper, it provides a convenient way to eliminate the influence of
spatial location and obtain more accurate temporal variogram model.

In this paper, the IPP delay observations in the grid point update cycle are used
in the estimation algorithm [3]. Since the time dimension of the IPP delay value is
extended, the ionospheric vertical delay observation model of Eq. (2) changes to:

(north) (east)

Doeas (X, 1) = ap + aix;, +ayx T +azAt+r(xg, 1) (11)

where, At =1y —1t, t and fy is the observation time and the reference time,
respectively. That is to say 7, is the current update time. Note that the influence of
Earth’s rotation during update cycle requires to transform the location of IPP in the
update cycle to the location in coordinate system at the time of the present update.
At this point, G and X have turned into:

1 1 . 1 1
G — Lat, Lat, ... Lat, X — Lat
Long, Long, ... Long,|’ Long

Al Aty ... AL, 0

Before solving the spatiotemporal correlation, the temporal correlation of the
ionosphere in the northern part of China is studied. Taking into account the fixed
position of the IPP formed by the Beidou GEO satellites, five GEO satellites of
BDS were selected to study the temporal variation characteristics of the ionosphere
in the northern part of China. The spatial variational function model and the
covariance function of the random term have been obtained. The same method is
adopted to research its time-dependent properties as in Sect. 2.1, the result is
showed as Fig. 3, the blue lines representative the temporal experiment variation

Fig. 3 Temporal experiment 016
variation function results
(color figure online)

— Temporal expenment variation functions
014k — Fitting temporal variation function model

012¢
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functions of different locations and the red reflects the fitting temporal variation
function model and we can obtain the following Gauss variogram model:

2
P:(h) = Ct(l —e @ ) +v1,7,(0) =0

(12)
72
Ci(h) = ci+vi —y,(h) = Cte_(?) ,C(0) = ¢+
The parameters are: ¢, = 0.7m?,b = 1800s, v, = 0.01 m?
Finally, the temporal and spatial correlation characteristics of the ionospheric
calm period are analyzed and the covariance function is expressed by the following
model [4]:

Cy(hg, he) = ki1 Cy(hg)Ci(hy) + kaCs () + k3 Ce(hy) (13)
or equivalent to its spatial and temporal variation function model:

th(hﬁ hl) = [k2 +k1CT(O)]yv(hS)

(14)
+ [ks + k1 Cs(0)]y,(he) — kyys(hs), (he)

Among them, Cy, C,, C, are space-time covariance function, time covariance
function and space covariance function, 7, y,, 7, are corresponding variation
function respectively,and C(0,0),C;(0), C,(0) are “sills’ of y,,, 7,, 7, respectively.
The coefficients &, k», k3 in the model are determined by the following equation [5].

k1 [C5(0) + Ci(0) — C(0,0)]/Cs(0)Ci(0)
= [Cx(0,0) = G,(0)]/C;(0) (15)
= [C4(0,0) = C,(0)]/C.(0)

Using the method of experimental variation function to calculate the conver-
gence value of the spatiotemporal variation function tends to infinity, it is easy to
get Cy(0,0) =2.315m> And further get the k; = 0.0044, k, = 1.0031,
ks = 1.007. At this point, the covariance function of r(x, ) has been obtained and
used in the improved Kriging estimation algorithm.

In addition, the o, of Improved Kriging is equivalent to a,_; because the degree
of freedom in Eq. (11) is 4, and the Traditional Kriging method is 3. The rest of the
calculation steps are the same as those of the traditional Kriging method.

3 Algorithm Implementation and Results

In this paper, we select the 13 reference station receivers as shown in Fig. 1 of the
dual-band hybrid constellation observations on the algorithm proposed in the
simulation verification. This paper sets the GPS observation satellite elevation
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cutoff angle to be 15°, BDS observation satellite elevation cutoff angle to be 10°.
For the traditional Kriging method, the IPP search parameters: R, = 800 km,
Ryax = 2000km, AR = 50km, Nyger = 30 and N,y = 10. Since the Improved
Kriging method uses IPP delay values in the update period of the dual constella-
tions grid point information, So the IPP search parameters is adjusted to:
Niager = 200, Ny = 50, the remaining parameters remain unchanged [3].

3.1 Algorithm Accuracy Analysis

The method of data culling is used to analyse the estimation accuracy of the
algorithm. The specific steps are as follow: For each IPP ionospheric delay mea-
surement, it is temporarily removed, the value is estimated with the remaining IPP
measurements, and then the temporarily removed IPP measurements are returned.
Repeat the above steps for all IPP delays Value, the estimated error of all IPP delay
values is obtained.

In this section, the data of different ionospheric disturbances are selected (the
three-day ionospheric disturbance index K, is 2, 4 and 7 respectively), the error
maximum value and error mean square value are calculated to compared the fitting
accuracy of traditional Kriging method and improved Kriging method. The results
are shown in Table 1; the results show that the maximum error of IPP delay
estimation obtained by improved Kriging method is significantly smaller than that
of traditional Kriging method under different ionospheric conditions. However, the
root mean square of the estimated error obtained by the two Kriging methods is
very close, that is the estimation accuracy of the two is generally equivalent.

3.2 Algorithm Performance Analysis

So as to assess the performance of the improved Kriging algorithms, we compare
the GIVE In the service area. This section selects March 1, 2016 (K, is 3) when the
GPS is 21600s, carries on the contrast analysis. Figure 4 shows the GIVE contrast

Table 1 The maximum (Max) and the root mean square (RMS) of the estimation error calculated
by Kriging and improved Kriging methods under different ionospheric conditions

Date Kriging Improved Kriging

Max(m) RMS (m) Max (m) RMS (m)
2016.3.13 2.4591 0.2155 1.7909 0.2179
2016.3.19 1.9951 0.2240 1.9581 0.2190
2016.3.6 2.8157 0.2207 2.7647 0.2149
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Fig. 4 The GIVE calculated by the two Kriging algorithms at GPS time of 6 h

of the two algorithms. The results show that the GIVE value computed by Improved
Kriging method is smaller than traditional Kriging method in the 80% of selected
service region, especially in the sparsely region of IPP point. At different times in
the day, compared to the traditional Kriging method the improved Kriging method
calculates the GIVE value, which mostly reduces more than 30%.

3.3 User Integrity Analysis

This article selects BDSQ and BJLX receivers as user stations and compare the
estimated error of the user delay value and GIVE calculated by the two methods.
Figure 5 shows the results when March 1, 2016 BDSQ and March 19, 2016 BJLX
stations continuously track the GPS PRN land PRN 22, respectively. It indicates
that Improved Kriging’s UIVE can tighten the user IPP delay estimate error.
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Fig. 5 Results of user ionospheric delay correction error and error bound from two algorithms
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4 Conclusion

In order to solve this difficulty which the GPS satellite constellation are all the MEO
satellites, IPP observation position change over time, it is not easy to obtain
accurate time variogram model. In this paper, in view of characteristics in Compass
which contains GEO, IGSO and MEO three orbital satellites, in particular, there are
five GEO satellites which will contribute to some stationary IPPs, so we introduce
the Beidou GEO satellite dual frequencies observations in this paper, the accurate
time variogram model was obtained and the improved Kriging algorithm for the
Chinese region is given. By which the User Ionospheric Vertical Delay Error
(UIVE) can more closely envelop the correction error. First, the spatial correlation
characteristics of ionospheric delay in northern China were researched. Then, the 5
GEO satellites in Compass are selected to study the ionospheric temporal variation.
Finally, we conduct a simulation on ionospheric delay estimation at IGPs in
Multi-constellation through Kriging and Improved Kriging algorithm. It can be
concluded that, in the premise of satisfying integrity, the GIVE is reduced more
than 30% in most parts of north China.

Therefore, under the premise of satisfying the integrity, the improved Kriging
method improves the usability of the system service and is of great significance to
the engineering application of the grid correction method.
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A Study on Construction of Ionospheric
Spatial Threat Model for China SBAS

Dun Liu, Jian Feng, Li Chen and Weimin Zhen

Abstract Finite sampling of the ionosphere from the limited number of observa-
tions will threat the integrity of SBAS (Space-Based Augmentation System).
Ionospheric spatial threat model is introduced to over-bound residual errors in delay
estimation for this under-sampled scenario. Ionospheric anomaly existing in low
latitude areas exerts considerable influence on threat model realization. Methods are
presented to construct spatial threat model for China area with data during periods
of severe storms, including the modeling of variogram, selection of disturbance
detection threshold and design of data-deprivation strategy. Verification is also
conducted to show its applicability in SBAS with GNSS data from China and
around areas from typical storm events.

Keywords Ionospheric - Spatial threat model - Kriging method - Ionospheric grid
model - SBAS

1 Introduction

SBAS is a regional system developed to augment the performance (accuracy,
integrity availability etc.) of GNSS. Currently the largest error source of positioning
error in the system is signal delay caused by the ionosphere. To allow users to take
account of such error, SBAS computes and broadcasts ionospheric delays, called
the Grid Ionospheric Vertical Delay (GIVD), and integrity bound, called the Grid
Ionospheric Vertical Error (GIVE), at a set of regularly-spaced ionospheric grid
points (IGP). A variety of measures are designed in this bound estimation to protect
the user against positioning error due to the ionosphere and the possible ionospheric
irregularity [1-3].
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Limited observations from the SBAS could lead to a situation in which an
ionospheric area, where great gradient exists, is under-sampled. When the iono-
spheric delay at an ionospheric pierce point (IPP) located in this under-sampled area
is estimated with delays at IPPs from the surrounding quiet ionosphere, a risk arise
as the estimated GIVE cannot bound the actual error effectively. This threat is
especially serious when an ionospheric storm occurs. The ionospheric spatial threat
model is an effective measure to increase the error bound to protect user for this
kind of influence [4].

Ionospheric anomaly is a phenomenon of the increasing of electron density
along the latitude in the low latitude area. The impact of ionospheric anomaly on
SBAS is similar to that of a modest storm. For China, the south of the Changjiang
River is generally considered to be in the ionospheric anomaly zone, and regions
near Haikou and Guangzhou are under the crest of the anomaly [5]. It is expected
that the SBAS integrity risk due to the under-sampling measurement of ionosphere
will be higher in south of China than in mid-latitude areas, such as north of China.

The ionospheric anomaly will impact the SBAS on various aspects, including
the construction of ionospheric correlation model, selection of the irregularities
detection threshold, and the implementation of spatial threat model etc. [2, 3, 6, 7].
In SBAS, it is necessary to make tradeoff among various parameters in these models
to maximize the performance of system integrity and availability. Consequently,
constructing the ionospheric threat model for SBAS in China area will have to take
into account the ways the ionospheric variogram model and the disturbance
detection threshold are realized.

We have constructed the ionospheric variogram model for China area [8]. Here
in this paper, we will focus on the ionospheric spatial threat model for SBAS in
China. The second section introduces the implementation of SBAS ionospheric grid
model based on kriging method; the third section introduces the strategies in var-
iogram model realization, disturbance detection threshold selection and data
depriving method in developing the spatial threat model; analysis is made on the
spatial threat model in the fourth section, and conclusion is given in the end.

2 Description of Ionospheric Spatial Threat Model
2.1 Ionospheric Grid Model Based on Kriging Method

In ionospheric grid model, delay at the grid (GIVD) can be estimated with kriging
method as [2, 9-11]:

Iest(-x) = Z Arlmeas (xk) (1)
k=1
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where A is the weighting matrix, I, is the vertical ionospheric delays at the IPPs
located in xi, n is the number of IPPs available for GIVD estimation.

7= (W = WG(G"WG) ™ G"W ) C(x,x) + WG(GTWG) !X 2)
W= (C(xk,xl)-l—M(xk,xl))*l (3)
X = [ 1 x(east) x(north) ]T (4)

where G is the coefficient matrix determined by satellite and user’s locations, W is
the weighting matrix, C is the covariance matrix derived from the ionospheric delay
variogram model, M is the measurement noise matrix, x(North) , x(¢as) are coordinates
in the north and east direction respectively in a local frame with IGP as the origin.

Formal uncertainty in ionospheric delay estimation on the grid point is:

oap = A Clxg, xp) A — 227 C(xi, %) + (og’e’fér,)z + "M (5)
SBAS sets up mechanism to detect possible ionospheric disturbance. When the

statistic Xl.zm,g

exceeds the threshold, irregularity detector is tripped and the grid is

set as “unavailable”. When xizrreg below the threshold, then “inflates” the estimated
error variance to improve the effectiveness of error bounding. The formal error used

to evaluate the GIVE considering the “inflating” factor is [3, 6, 7]:

Grgp = Rippeg [A7C o, x1) 2 — 227 C e, x) + (ol )2] vATML O (6)

O decorr

where Rl%.reg is the “inflating” factor used to account for statistical uncertainty in the
level of ionospheric disturbance [1-3].

When there are not enough observations sampling the disturbed ionosphere, the
undetected spatial variation of ionospheric delays will threat the effectiveness of
error bounding at the grid. The ionospheric threat model is designed as counter-
measures against this under-sampling scenario. The ionospheric threat model
consists of tabulated corrections that augment the confidence bound of the delay

estimates [3, 4, 6, 7]. The correction oﬁndmamplgd could be retrieved with two

metrics describing the skewed IPPs distribution. The first metric is the radius of
planar fit R4, i.e. the distance from the IGP to the most distance fit IPP. The second
metric, the relative centroid of IPPs distribution RCM = Rc,,/Ry;, is a measure of
how uniform the distribution is. Definition of the two metrics is shown is Fig. 1.
GIVE augmented by threat model is given by:

2 _ =2 2
OGIvE = O16P + Gundersumpled (7)



198 D. Liu et al.

Fig. 1 Fit radius and relative
centroid metric (RCM) plot

Weighted —
Centroid of IPP
distribution

where 62, is the over-bounding error variance used to define the GIVE at an
IGP. It can be seen that effects from uncertainty in ionospheric grid model, iono-
spheric spatial de-correlation, measurements error and spatial under-sampling
measuring are included in GIVE estimation.

2.2 Construction of lonospheric Spatial Threat Model

According to the definition of ionospheric delay error bound in SBAS, the GIVE
should meet the following requirement:

7 72 2 ~2 2
|Ik - Ik| S Kundersampled |:O-k + Gundersampled (8)

where I , Iy are respectively the measurement and estimated ionospheric delays at

IPPS. K, i4ersampiea 1 @ scalar that controls how far out on the tail of the residual

distribution we wish to be (in practice, K,

undersampled 15 S€t 10 @ value of 5.33). 67 is

2

the inflated variance of the delay estimate at the IPP. 6,40 campre

4 18 the augmen-
tation term from ionospheric spatial threat model.

. 2 . .
According to Eq. 8, 0,,psampiea Can be derived as:

- ~ 2
2 _ |I k— Ik| =2 (9)
O-undersampled - 2 k
undersampled

Actually in ionospheric threat modeling, the tabulation of the raw data is per-
formed using the following equation. It indicates the maximization is performed
over measurements k and over the time interval T following each fit epoch.
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G;?lv;ersampler (thv RCM) = Inax (O-undersampled k) (10)

over k,T

In our initial effort in establishing the threat model in this paper, ouudersampled x
was evaluated only for delays at the same epoch as the fit, and no update time
interval T is considered.

3 Realization of Ionospheric Threat Model for China Area
3.1 Modeling Data

GPS measurements from stations in China and around areas are used for modeling
(Fig. 2). Data are selected from periods when severe ionospheric storms occurred
during the last solar cycle (Table 1).

3.2 Modeling of lonospheric Variogram

Ionospheric delay variogram affects the kriging-based grid model estimation in
different ways, including the formal error estimation at IGPs, inflating factor cal-
culation, and realization of ionospheric spatial threat model [9-11].
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Fig. 2 GPS network in China and around areas
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Table 1 List of threat model

Storm day K, Dst Storm class
storm days 4/6/2000 8 287 Severe
7/6/2000 9 —288 Extreme
7/15/2000 9 —289 Extreme
7/16/2000 8 =301 Strong
3/31/2001 9 —387 Extreme
10/29/2003 9 -350 Extreme
10/30/2003 9 —383 Extreme
10/31/2003 8 =307 Severe
11/20/2003 9 —422 Extreme
11/21/2003 7 -309 Extreme
9/11/2005 9 —147 Severe

Tonospheric anomaly existing in low latitude of China results in larger intercept
at zero distance and “bump” effect at the distance of about 1000 km in ionospheric
experimental variogram [8]. To construct a reasonable variogram model, only the
linear variation in the experimental variogram was fitted, while the “bump” effect
was neglected. The realized ionospheric variogram model and the corresponding
covariance model are shown below.

5 ) 2 Dy

o) = ()= (o, ) o, ewn (—22)
ecorr
total |2 nom \2 Dk"l
C(xk>xl) = [(adecorr) _(O-decorr) :| eXp _d (12)
decorr

Dy = \/(xk — xl)T(Xk —Xx;) (13)
where g/9al =125, ¢"" = 0.45, djecorr is de-correlation distance and a con-

stant value of 8000 km is adopted. x;, x; is coordinates of IPPs in the local frame
centered at the IGP.

Modeling the variogram in this way, the residual in delay estimates caused by
the “bumps” is actually accounted for in the ionospheric threat model. The fol-
lowing part will show the feasibility of this variogram modeling effort.

3.3 Selection of Threshold in Ionospheric
Disturbance Detection

In SBAS an irregularity detector is designed for a possible ionospheric disturbance.
When the statistic y2.  exceeds the specified threshold value, the GIVE at the IGP

irreg
is set to 45 m, indicating the grid ‘unavailable’ for use. Only when the value of
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Xizm,g is smaller than the threshold, an effective error bound will be estimated. As the
ionospheric spatial threat model acts to further improve the effectiveness of delay
error bound, only those data which have passed the disturbance detection could be
included in modeling [1, 3].

The irregularity metric used for ionospheric disturbance detection is defined as

below [3]:

Rnoisexz (14)

w2
Alrmg thhreshold
where 2 is the goodness-of-fit statistic associated with the delay estimate at a given
IGP. ¥2, .m0 1S @ threshold that can be calculated using the inverse x> cumulative
probability distribution with the number of IPPs and the allowable false alarm rate.
Rypise 1s the constant determined by observation noise and ionospheric delay
covariance model.

As can be seen from Eq. 9, the selection of disturbance detection threshold is a
trade-off between the two components. On one hand, larger disturbance detection
threshold means more irregularity affected delays will be incorporated in grid model
estimation, increasing the grid error variance 6’,% and leading to a smaller value of
spatial threat model. On the other hand, degradation of grid model will increase the

error of ‘7;( — 1|, and consequently increase the value of spatial threat model.
Additionally, the value of the detection threshold can directly affect system avail-
ability since the grid status will be set to “unavailable” when the threshold is passed
to trip the irregularity detector.

Comprehensive analysis has been conducted among various threshold values,
and the resulting system integrity and availability performance. In our study, the
final detection threshold was selected as 4 (in dimensionless units).

3.4 Depriving Strategy of lonospheric Delay Data

Due to the finite sampling of the ionosphere from the limited number of observa-
tions, a user within the SBAS service volume may have a user IPP that experiences
an ionospheric irregularity that the system did not sufficiently sample. Such
irregularities occur often during severe ionospheric storms. In order to protect the
user from such threat, an under-sampled ionospheric threat model is applied to the
GIVE. Two distinct types of threat posed by the under-sampled irregularities have
been identified [4, 12]:

(1) “Blob” spatial threat model

Subject to limited measurements, the SBAS would sample a regional disturbed
ionosphere with few observations. When delays for IPPs located in the disturbed
area are estimated with delays from the surrounding IPPs in quiet ionosphere, a risk
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would arise in bounding the residual errors sufficiently. This is also called the
“blob” spatial threat model.

(2) “Wall” spatial threat model

In the “wall” spatial threat model, ionospheric pierce points locate on the same
side of the grid points, large residual in delay estimate at the grid point will be
caused with measurements at these pierce points. It describes an extreme scenario
which occurs often near the border of SBAS when a severe storm happens.

In construction of the ionospheric spatial threat model, the data-deprivation
scheme is adopted to simulate multiple examples of threats using the same set of
observation data. For each IGP, various masks are employed to select IPPs to be
removed from fits and subsequently treated as possible user measurements.
Residual error is then tabulated by comparing predicted and actual delays for the
excluded observations that lie near the IGP.

“Blob” threat is simulated by single station deprivation, i.e. excluding IPPs from
a single reference station. Single station deprivation is performed sequentially by
removing one station at a time until all stations in SBAS have been considered.

“Wall” threat is simulated by directional station deprivation, in which multiple
sites located at the edge of service volume in a particular direction is removed
sequentially.

Effects of ionospheric anomaly to SBAS can be treated as that from a modest
ionospheric storm to some extent. As the ionospheric anomaly affects most areas to
the south of Changjiang River in China, a reasonable station deprivation strategy
should be considered.

In this study, directional station deprivation is conducted to eliminate sites of
different numbers respectively from 8 directions: east, west, south, north, northeast,
northwest, southeast and southwest. For station deprivation from the directions of
south, southeast and southwest, multi-site, up to all sites in the south of Changjiang
River, will be removed considering the possible effects caused by ionospheric
anomaly.

3.5 Realization of Ionospheric Threat Model

Based on previous data processing strategy, ionospheric spatial threat model for

: . : raw
China area has been constructed. Figure 3 shows the tabulation of a;5.7., i fO

the ionospheric threat model.
The actual threat model used by SBAS is defined as the two-dimensional

over-bound of the raw data [3, 4]. This ensures that 6,4, 15 moOnotonically

increase with respect to the IPPs distribution metrics Ry, and RCM. Figure 4 shows
the final under-sampled ionospheric spatial threat model based on kriging.
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Fig. 4 Ionospheric spatial threat model for China areas
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4 Validation of Ionospheric Threat Model

4.1 Cross Validation of Ionospheric Threat Model

The ionospheric spatial threat model was analyzed with cross validation method, in
which each IPP was taken as a virtual ionospheric grid point, and ionospheric delay
and its variance were estimated with the ionospheric grid model. The normalized
residual was then given by the following equation with different over-bounding
erTor variance Gpounapp [9-111:

L, ipp — I, 1pp (15)
O bound IPP

where I, ;pp , YVJPP are respectively measurement and estimated vertical ionospheric
delays. Error bound 6,4, Will be calculated from Eqgs. 5, 6 and 7 respectively.
In Figs. 5, 6 and 7 these different generalized distributions of ionospheric delay
errors are given. The standard normal distribution is also given in each figure
(red line).

In SBAS, it is required that the ionospheric delay error should be effectively
bounded by the over-bounding error variance. For the distribution of generalized
delay error, this requires that the distribution of the normalized residuals should be
always over-bound by the standard normal distribution.

It can be seen that, as the formal error variance is inflated and augmented by the
ionospheric threat model, the normalized residuals are well overbounded by the
zero mean unit-variance Gaussian distribution (red line). There is some exception in

Prob. of Occurence

Normalized Residuals

Fig. 5 Histogram of normalized residuals with ¢;;, (Color figure online)
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Fig. 6 Histogram of normalized residuals with G,;, (Color figure online)

Prob. of Occurence

Normalized Residuals

Fig. 7 Histogram of normalized residuals with o, (Color figure online)

Fig. 7 at the end of the tail of residual distribution. Upon closer examination of
these abnormal values, we found it caused by the observations at the outermost
south edge where the test measurement was poorly surrounded by measurement. As
the results show, with the inflating factor and threat model incorporated, the con-
fidence bound is more conservative to over-bound the delay residual.
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4.2 Availability of SBAS in China

Figure 8 shows the availability of APV-I service of SBAS in China areas with the
ionospheric spatial threat model. The data are from a stormy day under modest solar
activity (11th Sep. 2005). The analysis is conducted with a modified MAAST
software [13]. As can be seen, in most region of the mainland in China the
availability can reach 99%. For the region south to Guangzhou, Kunming, the
availability reduces to about 95% because of its location under the ionospheric
anomaly crest, the most affected area, and few ground stations. For the west and
north-east region, the availability also decreases because of less ground stations
available in these areas.

The analysis shows the established ionospheric spatial threat model can augment
the delay error bound effectively and the availability of 95% of could be available
for SBAS in China during this typical ionospheric storm period. More efforts will
be made to analyze the performance of the model under even more stormy days in
the future.

Latitude (deg)

5 : A
70 80 90 100 110 120 130 140
Longitude (deg)

< 50% > 50% > 75% > 85% > 90% > 95% > 99% >99.5% >99.9%
Availability with VAL = 50, HAL = 556, Coverage(95%) = 97.14%

Fig. 8 SBAS availability assessment for APV-I service in China and around areas
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5 Conclusion

The ionospheric spatial threat model is designed to provide protection from delay
estimation error due to the under-sampling of irregularities in the ionosphere. It will
be used to increase GIVEs for a more effective error bounding for SBAS.

Ionospheric threat model is subject to the factors such as the ionospheric delay
variograms, threshold of disturbance detection etc. Ionospheric anomaly in low
latitude area of China will affects the variogram models, the disturbance detection
method etc. and consequently the realization of ionospheric threat model.

Ionospheric delay spatial threat model was developed with consideration on
reasonable ionospheric variogram model construction, appropriate detection
threshold selection, and station deprivation strategy accounting for the ionospheric
anomaly effects. Data from typical severe ionospheric storms are also used to assess
the performance of the threat model with cross validation and system availability
analysis. Result shows the effectiveness of the constructed ionospheric spatial threat
model.

It should be pointed out that, as the ionospheric threat model is depend on
variogram models and detection threshold, a new threat model should be realized
when these underlying models are improved. This will be our future work. Also,
system performance under different models and parameters will be studies for an
optimal ionospheric grid model for SBAS in China.
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RAIM Algorithm Based on Robust
Extended Kalman Particle Filter
and Smoothed Residual

Zhen Li, Dan Song, Fei Niu and Chengdong Xu

Abstract With the rapid development of Global Navigation Satellite System
(GNSS), receiver autonomous integrity monitoring (RAIM) has become an
essential part of integrity monitoring of navigation satellite system.
Conventional RAIM algorithm requires the observation noise obeying Gaussian
distribution, but in some conditions it obeys non-Gaussian distribution. Particle
filter is applicable to nonlinear and non-Gaussian system, thus RAIM algorithm
performance is improved under non-Gaussian noise with particle filter method.
However, particle degeneration interferes the performance of particle filter. In this
paper, robust extended Kalman particle filter is proposed and applied to receiver
autonomous integrity monitoring. The importance density function of particle filter
is calculated by robust extended Kalman filter in order to improve the accuracy of
state estimation when pseudo-range bias exists, and the particle degeneration is
restrained. On this basis, the smoothed residual test statistics is set up for satellite
fault detection and isolation. The simulation results show that RAIM algorithm
based on robust extended Kalman particle filter and smoothed residual can well
detect and isolate the faulty satellite under the condition of non-Gaussian obser-
vation noise. Compared to the RAIM algorithm based on particle filter, the new
RAIM algorithm has a better performance on fault detection, and its position
accuracy is improved.

Keywords Receiver autonomous integrity monitoring - Robust extended Kalman
particle filter - Importance density function - Smoothed residual
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1 Introduction

With the rapid development of Global Navigation Satellite System (GNSS), integrity
has become an important service performance in navigation satellite system. Receiver
autonomous integrity monitoring is an essential part of navigation satellite system
integrity monitoring [1], which uses the redundant observations of receiver to achieve
the fault detection and isolation of satellite. RAIM algorithm can be divided into
Snapshot method and filtering method. Snapshot method includes parity method, least
square method et al. which uses the redundant observations to detect and isolate fault
by collection consistency test [2, 3]. It’s quick and easy to implement without external
devices. Filtering method mainly uses Kalman filter algorithm which has a better
robustness than Snapshot method [4]. It makes full use of prior information to increase
the observation redundancy. The performance of RAIM algorithm depends on the
observation noise distribution which should be Gaussian distribution, but usually the
observation noise is non-Gaussian in practical application which causes the perfor-
mance degraded [5]. Particle filter is applicable to nonlinear and non-Gaussian sys-
tem, thus RAIM algorithm performance is improved under non-Gaussian noise with
particle filter method [6, 7]. However, particle degeneration interferes the perfor-
mance of conventional particle filter, and the calculation burden is heavy because of
multiple particle filter which monitor different failure modes in parallel.

Aiming at these problems, this paper proposes a new RAIM algorithm based on
robust extended Kalman particle filter (REK-PF) and smoothed residual. REK-PF
algorithm is an optimal importance density function method, which chooses an
appropriate importance density function to limit particle degeneration [8]. Robust
extended Kalman filter (REKF) is used for calculating the importance density
function of particle filter, and the accuracy of importance density function under
pseudo-range bias is improved by robust estimation, which improves the state
estimation accuracy of particle filter. Meanwhile, the fault detection statistics is
conducted by smoothed residual method, which achieves the fault detection and
isolation of satellite without multiple particle filter. The simulation results verified
the effectiveness of the new RAIM algorithm.

2 Robust Extended Kalman Particle Filter Algorithm

2.1 Particle Filter Algorithm

Particle filter is a non-parameterized and sequential Monte-Carlo simulation which
based on bayes estimation. It uses a few random sample, also called particle, to
represent the posteriori probability density of random variable of the system. It
prefers to get the approximate optimal numerical solution which based on the
physical model, rather than the optimal filtering of approximate model. So particle
filter is applicable to strongly nonlinear, non-Gaussian system.
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The state equation and observation equation of dynamic system can be expressed
as follows [9].

X = f(Xx—1, Wi—1) (1)
i = h(Xy, Vi) (2)

where x; and z; is the state vector and observation vector of the system, f is the
state transition function, & is the function relationship between state vector and
observation vector, wy is the process noise and vy is the observation noise.

The algorithm process of conventional particle filter based on sequential
importance resample is as follows.

1. Particle initialization. k£ = 0.

The initial particle swarm {xo(i);i = 1,2,...N} ~p(xo) is selected from the
prior probability density p(xo), where N is the number of particle. The weight of
every single particle is initialized as 1/N, which can be express as
{wo(i)) = 1/N;i=1,2,...N}.

2. k=1,2...
I. Sequential importance sampling.

The prior particle at epoch k is selected from importance density function

q(Xk|Xk,1(l'), Zk).

{Xk/k_l(i);i: 1,2,...N}Nq(xk|xk,1(i),zk) (3)

II. Weight updates.

The weight of every particle is updated by the observations and the observation
equation.

(i) = o1 ()p (2| (7)) 4)

Then the weight is normalized by

III. Resample.

Calculating the effective number of particle Ny = W,
oy (i

with the threshold Ny,. The prior particle swarm {xk/k,l(i), a(i);i=1,2,.. .N}
need to resample to get a new particle swarm {f(k/k_l (@), o (i) = %; i=1,2,.. .N}
if Noy <Ny Usually Ny, = 2N.

and compared
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IV. State estimation.

The system state estimation at current epoch is as follows.
N
Xp = Zik/kfl(i)d)k(o (6)
i=1

3. k=k+1, turn to the calculation of next epoch.

2.2 Robust Extended Kalman Particle Filter

Particle degeneration is the main problem of conventional particle filter. As time
goes on, the weights are concentrated in a small amount of particles while most of
the weights are almost zero. Particles are sampled from importance density function
which has a great influence on filter performance, so an appropriate importance
density function can repress particle degeneration. According to the minimum
variance principle, the optimal importance density function is q(xg|xx_1(i),
Z) o = P(Xk|Xe—1(7), z¢). But it is unpractical to use the optimal importance density
function because it is difficult to sample particle from p(x;|x¢—1 (i), z¢) and calculate
the integration p(zx|xk—1(i)) = [ p(zx|xk)p(Xk|Xe—1(i))dxx [10]. Conventional
particle filter chooses the state transition probability as importance density function
which is easy to implement, but particles will transfer to the state space without
observations. Some researchers proposed extended Kalman particle filter which
uses local linearization method. It uses extended Kalman filter to combine the
observations with the Gaussian approximation of state to produce a Gaussian dis-
tribution as the importance density function. The particle distribution is more
approximated to posterior probability distribution and the state estimation accuracy
is improved [11].

However, when the observations contain bias, the particle distribution by
extended Kalman filter will be influenced and the accuracy of importance density
function decreases. In this paper, robust extended Kalman particle filter is proposed.
The importance density function is produced by robust extended Kalman filter, thus
the observations are considered and the particle sampling is more accurate under
pseudo-range bias by robust estimation. The algorithm process of robust extended
Kalman particle filter is as follows.

1. Particle initialization, the same as particle filter.
2. k=1,2...
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I. State estimation for every single particle by REKF.

% i1 (1) = O e (i) (7)
Pyjic1 (i) = O Pt (DD, + Qi (8)

Ki (i) = Pii 1 (1) H] (HePrje 1 (DH] +Reoic ')~ 9)
X (i) = Xe -1 (0) + Ky (i) (zk —f(f(k/k_l)) (10)
Py(i) = (1~ Ke())He) Py (1) (11)

where @y, is the state transition matrix, P/ (i) is the prediction state
covariance matrix, Py (i) is the estimation state covariance matrix, Q; and R are
covariance matrixes of wy and v, respectively, Hy is the observation matrix and Ky
is the robust filter gain matrix [12]. The equivalent weight matrix of observation
data is oy = diag[pi, P2, .. .Pm] and it can be obtained by Huber function or IGG
series solution. This paper chooses IGGIII solution [13], and the calculation of
equivalent weight is as follows.

L, |si] <ko
pi={ da [loBIV <k (12)
Di Isi]  ki—ko ’ 0 Si| > K1

0 |S,‘| > ky

where s; is the standardized residual [14], ky and k; are robust parameters. In this
paper ko = 1.5 and k; = 3.0. When pseudo-range observations contain bias, the
weight of abnormal pseudo-range observations is descended and the corresponding
observation noise variance is ascended in REKF. Therefore the gain of abnormal
pseudo range observations in K; is descended to improve the state estimation
accuracy of particle X, (7). Then the particle estimation sample which is less effected
by pseudo-range bias is {X¢(i);i =1,2,...N}.

II. Sequential importance sampling.
N N2
After calculating X¢ = 4 3" | (i) and s} = W, which is the mean
and the variance of particles respectively, the particle x;(i) is sampled from
importance density function q(xi|x¢—1 (i), Zx) = N (X, s7).

III. Weight updates and resample, the same as particle filter.
IV. State estimation, the same as particle filter.
3. k=k+1, turn to the calculation of next epoch.
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3 RAIM Algorithm Based on REK-PF
and Smoothed Residual

The state equation of navigation satellite system is as follows.
Xp = @1 Xe—1 + Wi (13)

where x = [rx,ry,rz,Atu]T and r, r, and r, is the three-dimensional position
coordinates of receiver in ECEF coordinates. The receiver clock bias is Af,, the
state transition matrix is ® and the process noise is w.

The observation equation which uses pseudo-range observations is as follows.

P = R4 c(At, — Aty) +Ti + I +vi (14)

where pi is the pseudo-range observations between receiver position and the

position (s)"c, st s’z) of satellite i, c is the speed of light, At, is the receiver clock

bias, At is the satellite clock bias, T} is the troposphere delay, 1; is the ionospheric
delay, vi is the observation noise of pseudo-range and R} is the real distance
between receiver and satellite i which can be expressed as follows.

R = \/(rx—sfv)z—f— (ry—s;)z—k(rz—s;)z (15)

This paper combines REK-PF with smoothed residual method to achieve the
fault detection and isolation of satellite. Smoothed residual method is one of the
fault diagnosis method using particle filter. Its basic idea is, when the system is
fault-free, then the predicted observations which is calculated by state estimation of
particle filter should be close to the true observations. When system exists fault,
there should be a large difference value between the predicted observations and the
true observations. Using absolute value of the difference between them as residual,
the average value of residual in M epochs is compared with the threshold to
determine whether fault exists [15]. RAIM algorithm based on REK-PF and
smoothed residual can calculate the receiver state estimation accurately, and the
smoothed residual test is tested in every single observations to achieve fault
detection and isolation of satellite without multiple particle filter.

The process of RAIM algorithm based on REK-PF and smoothed residual is as
follows.

1. Particle initialization.
The initial particle swarm {x(i), wo(i) = &;i=1,2,...N} of REK-PF is cal-

culated according to receiver position coordinates (rx, Tys rz) and process noise w.
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2. k=1,2,...

I. State estimation of every single particle is calculated by REKF, and the priori
particle swarm {xk/k_l(i);i: 1,2,...N } is calculated by Sequential impor-
tance sampling.

II. Weight updates.
Substituting the priori particle {Xk/kq(i)?i: 1727...N} and the position

coordinates (sfc, s;, s’z> of satellite i into observation Eq. (14) to calculate the pre-

dicted pseudo-range pi of satellite i. Substituting pi and the true pseudo-range pi
into (4) to calculate the weight and normalized it.

III. Resample.

The particle swarm after resampling is {ik/k,l(i), (i) = %;z =1,2,.. .N}.
IV. State estimation at current epoch.
N
%= % () (i) (16)

i=1

V. Fault detection.
Substituting X; into the observation Eq. (14) to calculate the predicted obser-
vations 3. Calculating the corresponding residual d = ‘ Vi — pj{| of satellite 7, and

k .
the averaged value of residual 7; = 5; > d in latest M epochs. Fault detection

J=k—M+1
test statistics is Try = max(T,i), (i=1,2,...m). The detection threshold is 7. If
Try > 7, then the system exists fault, or the system is fault-free.

VI. Fault isolation.
If T,i > 1, then satellite ; has fault which should be isolated.

3. k=k+1, turn to the calculation of next epoch.

4 Simulation

The GPS observation data was collected from JFNG tracking station which located
in Jiufeng Township, Wuhan City, China. The observation time was from 27,800 to
28,400 s in the 342 th day of the year 2014. The simulation step is 1 s and the
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satellite cutoff angles is 10°. During this time, there are seven GPS satellite that can
be observed, and their prn number is 5,15,18,21,24,26,29 respectively. The
pseudo-range observations is Y = (y1,y2,V3, V4, Vs, V6, y7) Which obeys Gaussian
core-Laplacian distribution [16]. The particle number N = 100, the window length
M = 30 which is used to calculate the residual, and the detection threshold 7 = 10,
which is chosen as a balance between false alarm rates and miss alarm rates. Add
30 m pseudo-range bias to the satellite 18 from 200 to 500 s. The position accuracy
is measured by Root Mean Squared Error (RMSE). When the fault has not been
isolate, the RMSE value of particle filter (PF) and REK-PF is shown in Fig. 1.

As shown in Fig. 1, when existing pseudo-range bias, the RMSE value of PF has
a significant increase while that of REK-PF has little change. It means that the
receiver state estimation can be calculated accurately by REK-PF even if the fault
has not been isolate.

The performance of RAIM algorithm based on REK-PF (hereinafter short for
REK-PF method) and RAIM algorithm based on PF (hereinafter short for PF
method) is compared in the simulation. The fault detection test statistics and the test
statistics of every single satellite of two methods is shown in Figs. 2 and 3
respectively.

As shown in Fig. 2, when existing pseudo-range bias, the fault detection test
statistics of REK-PF method is higher than that of PF method, which means
REK-PF method is more sensitive to failure. The fault detection test statistics of
REK-PF method exceeds the detection threshold and give an alarm at 208 s, while
the PF method give an alarm at 216 s, which means REK-PF method can detect the

45 T T T T
—=4— PF method ! !
40— REK-PF method |- -=- -4- === === t=- -4 2~

RMSE/m

Fig. 1 RMSE value of two methods
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Fig. 3 Test statistics of every satellite of two methods
fault quicker. As shown in Fig. 3, the test statistics of satellite 18 in REK-PF

method exceeds the detection threshold while the test statistics of the other satellite
stay steady, so that satellite 18 can be judged to be the faulty satellite which should
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be isolated directly. On the other hand, the test statistics of every satellite in PF
method are all changed, which increase the risk of false alarm. The basic reason of
this phenomenon is that the particle state estimation of PF has bias when existing
fault, so that the residual is effected by the bias. But REK-PF method has an
accurate state estimation because of its robustness, so that the residual of fault-free
satellite is less effected by pseudo-range bias while the residual of faulty satellite is
more sensitive to the bias.

To further verify the performance of REK-PF method, different pseudo-range
bias are added in satellite 18. The average effective number of particles N, and the
alarm time of two methods is shown in Table 1. The average effective number of
particles N is calculated as follows.

_ 1
Nep =2 N (17)
i=1

where T is the total time in simulation and N éff is the effective number of particles at
epoch i. As shown in Table 1, whether fault-free or existing different pseudo-range
bias, the average effective number of particle of REK-PF method are more than that
of PF method, and the alarm time of REK-PF method is shorter.

The RMSE value of two methods under different pseudo-range bias are shown in
Table 2. As shown in Table 2, whether fault-free or existing different pseudo-range
bias, the RMSE value of REK-PF method are smaller than that of PF method. When
existing pseudo-range bias, the RMSE value of PF has an obvious increase while
that of REK-PF stay small, which means the position accuracy is improved because
of the robustness of REK-PF.

The effectiveness of REK-PF method can be testified in Tables 1 and 2.

Table 1 The parameters of two methods in fault detection and isolation

Pseudo-range PF method REK-PF method

bias (m) Average effective Alarm Average effective Alarm
number of particles time (s) number of particles time (s)

0 (fault-free) 29.35 89.22

20 28.61 228 90.01 213

25 29.06 223 90.04 210

30 28.75 216 89.65 208

35 28.67 213 89.44 207

40 28.57 210 89.19 205
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Table 2 RMSE .Value of two Pseudo-range bias (m) RMSE (m)
;Zi’gisr;“gie;i‘ferem PF method | REK-PF method

0 (fault-free) 4.10 3.64

20 10.24 3.89

25 12.31 3.90

30 14.25 3.93

35 16.95 3.95

40 19.55 3.97

5 Conclusion

RAIM algorithm based on robust extended Kalman particle filter and smoothed
residual is proposed in this paper. The importance density function of particle filter
is calculated by robust extended Kalman filter, and the fault detection test statistics
is conducted by smoothed residual method to achieve the fault detection and iso-
lation of satellite. The simulation results show that, RAIM algorithm based on
robust extended Kalman particle filter and smoothed residual can well detect and
isolate the faulty satellite under the condition of non-gaussian observation noise.
Compared to the RAIM algorithm based on particle filter, the proposed RAIM
algorithm increases the average effective number of particles, shortens the alarm
time and improves the position accuracy, thus this new RAIM algorithm has a
better performance.
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Research on RAIM Algorithm Based
on GPS/BDS Integrated Navigation

Fuxia Yang, Ershen Wang, Tao Pang, Pingping Qu
and Zhixian Zhang

Abstract In multi-constellation integrated navigation system, the multiplication of
visible satellites makes the receiver autonomous integrity algorithm (RAIM) applied
in approach flight phase of civil aviation become possible. For the GPS/BDS inte-
grated navigation RAIM algorithm applied to approach procedure with vertical
guidance (APV) phase of flight, an algorithm based on BDS and GPS positioning
solution weighted average solution is proposed. Firstly, the algorithm obtains the
weighted average solution satisfying the vertical-guided approach by searching for
the optimal weight ratio and uses it as the final solution. Then, the distance between
the final solution and BDS, GPS positioning solution is used as the test statistic, and
the detection threshold is calculated through the maximum allowable false alarm
probability. In the end, the fault is detected by comparing the detection statistic and
the detection threshold. By collecting the raw GPS/BDS data, the proposed algorithm
was verified. The simulation results demonstrate that the proposed algorithm can
effectively detect fault satellites.

Keywords Global positioning system (GPS) - BeiDou Navigation Satellite System
(BDS) - Receiver autonomous integrity monitoring (RAIM) - Fault detection

1 Introduction

The receiver autonomous integrity monitoring (RAIM) algorithm is derived from
the high reliability requirements of the navigation system of the civil aviation users,
which is the ability of the navigation system positioning error to exceed the
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allowable error and timely alarm. At present, there are three main ways to realize
the integrity monitoring of the navigation system. One is the satellite autonomous
integrity monitoring (SAIM); the other is the receiver autonomous integrity mon-
itoring (RAIM), which uses the receiver’s internal redundant information; third is
the augmentation system. Compared with the other two integrity monitoring
methods, the receiver autonomous integrity monitoring based on the redundant
information inside the receiver to achieve satellite fault detection and isolation can
satisfy the user’s requirements for the alarm time [1]. Early receivers’ autonomous
integrity algorithms were based on GPS single-constellation, and the design goal
was to ensure the integrity from the route to the non-precision in the civil aviation
flight. However, with the development of global navigation satellite system
(GNSS), future civil GNSS receivers can use multi-constellation and
multi-frequency satellite signals to position and navigate. The number of partici-
pating satellites increase, which can effectively reduce RAIM hole in the civil
aviation flight. The RAIM technology can also be applied to some more strict
application scenarios, such as vertical guidance approach (APV-I, APV-II) and
precision approach (CAT-I).

Multi-constellation RAIM algorithm refers to check the consistency of two or
more satellite navigation system redundancy measurement information. The
development of GNSS technology brings a lot of opportunities to RAIM. The
research on RAIM based on GPS, BDS, GLONASS and Galileo has been done by
domestic and foreign scholars. T. Walter proposed the weighted RAIM method [2].
PB Ober and S. Hewitson proposed a method for monitoring integrity in
multi-system multi-fault scenarios [3-5]. RAIM of APV-I and APV-II is analyzed
for the combination of GPS, Galileo and GLONASS. ENE analyzes the RAIM
availability of GPS and Galileo integrated navigation during the vertical-guided
approach [6, 7]. Martineau et al. conducted a hypothesis analysis of GPS and
Galileo integrated RAIM in cutoff height, user equivalent range error and surface
grid resolution [8], and Xu et al. conducted a global survey of the vertical protection
level in the vertical guidance approach [9]. Yong C et al. proposed the optimal
weighted average solution (OWAS) algorithm [10], and domestic researchers also
extended this algorithm. Guo Jing et al. expanded its use of new grouping method
to meet the requirement of the double constellation double fault application scenario
[11]. The algorithm of optimal weighted average solution can easily and quickly be
compatible with different constellations, which avoids the error caused by the
conversion of different time and coordinate systems. It has the characteristics of fast
processing speed and high availability. Therefore, the optimal weighted average
solution method is used to study the BDS and GPS combined navigation in the
vertical guidance approach.

This paper studies the OWAS method. In the position domain, the distance
between the grouping position solution and the weighted average solution is taken
as the test statistic. The detection thresholds for fault detection are constructed by
using the maximum false alarm probability that OWAS double constellation RAIM
allow. However, in the single constellation fault identification, this method is
affected by the fault constellation positioning error, and the fault-free constellation
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will generate false alarm. Therefore, the paper completes fault satellite detection
and identification by the weighted least squares residual method. Simulation results
show that the algorithm availability supports the APV1 and APV2 vertical guidance
approach phase and the hypothesis that the GPS/BDS dual system simultaneously
fault.

2 The Optimal Weighted Average Solution (OWAS)
RAIM Algorithm

The optimal weighted average solution (OWAS) RAIM algorithm is a typical
representative of the multi-constellation receiver integrity algorithm in recent years.
It has been developed for application to a combined GPS/Galileo position solution
that would be used for vertical guidance approach. Base on two existing RAIM
methods: group separation (GS) algorithm [12] and weighted NIORAIM (Novel
Integrity Optimized RAIM) algorithm [13]. Their principle is that algorithm sep-
arates visible satellite into two groups by different navigation system to respectively
calculate the position results.

2.1 The Derivation of Covariance Matrix

The main words in all headings (even run-in headings) begin with a capital letter.
Articles, conjunctions and prepositions are the only words which should begin with
a lower case letter. The final solution of the algorithm is obtained by weighting
average of GPS and BDS position solution, as follows:

W1X] + Waxp wi wy
XA = =

= x|+ x =rx;+ (1 —r)x 1
w1 +wy w1 +wy ! w1 +wy 2 ! ( )2 ()

where r = w;/(w; +w;) and 0<r<1.
The relationship between the position error of the optimal solution and the
weighting factor is as follows:

Axy = rAx; + (1 — r)Ax, (2)

The general expression of the position error of the weighted least squares
solution is as follows:

Ax, = (G"W,G")"'G"W,AR, (3)

In Eq. (3), AR, is the pseudo-range error vector; W, is the inverse matrix of
pseudo-range error covariance matrix; G, is the correlation matrix of pseudo-range
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error and the receiver position, clock; n is the solving equation of nth navigation
system. So the covariance equation that the separation distance error between the
optimal weighted mean solution and each navigation system position solution is as

follows:

dP, = E[(Ax, — Axy)(Ax, — Axy)"] = E[Ax, Ax! — AxyAx! — Ax, Ax + Axy AT (4)

Equation (4) can be deduced by the following:
P, = E[Ax,AX!] = (G"W,G")™!

E[AxaAx]] = rPy + (1 — r)E[AxyAx] ]

(5)
(6)

Assuming GPS and BDS pseudo-range error is not relevant, then there is

E[AR,ART] = 0. Thus, Eq. (7) can be derived.

E[AAx]] = (GTW2GT) ™' G"WLE[AR AR W G| (GI W1 GT) = 0

Therefore,
E[AxyAx(] = E[AviAxi] = rPy
Similarly,
Py = E[AxyAxt] = PPy + (1 — 1)*P,
Through Eq. (5), (8) and (9), it can be gotten as follows:
dP, = r*Py + (1 — r)*(P) + P3)

dP, = E[(Axy — Axq)(Axy — Axa)"] = (P, + P,)

2.1.1 The Weighting Ratio Determines the Protection Level
First, two parameters are defined as
K= Q0 '(Pu/4)

Kmd = Qil(Pmd)

(7)

(12)

(13)

where, Q7! is the inverse of the complement of the one-sided standard normal
cumulative distribution function (CDF). Py is a maximum allowable false alert
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probability(Dual constellation including horizontal and vertical distribution need to
divide by 4). P,y is a maximum missed detection probability.
Further define,

O-VJ = P1(373) (14)
ovy = P2(3,3) (15)
Oys = \/PS(373): \/P1(3a3)+P2(373) (16)

Then, based on Eq. (10) and (11), it can be gotten:
Oav,1 = \/dP1(3,3) = (1 — r)\/PS(3,3) = (1 — r)O'V"S (17)
Oqv2 = \/dP2(3,3) = r\/P (3 3)

The vertical protection level (VPL; and VPL,) is the sum of the vertical pro-
tection thresholds and the vertical positioning error upper limit under the
assumption of no fault detection, so VPL; and VPL, are written as:

:I‘O'V75 (18)

VPLy = Tdy,+ay1 = Kuaoav1 + Kmaov) = K(1 — r)oy s+ Kmaova  (19)
VPL, = Tdy, +ayy = Kygoavp + Kmaovpy = Kgroy s + Knaov 2 (20)
Set VPL, = VPL,, we can get,

I 1 Ky, ov)—o0y2
rminAVPL:_"_E( ) (———=

) (21)

2 Ku''  ovs
1 1
VPL = EdeGV,S + EKmd(GV,l +ov2) (22)

The weight ratio in Eq. (21) gives the smallest VPL, and the weight ratio that
minimizes HPL can also be derived in a similar manner.

2.1.2 The Weighting Ratio Determines the Error Precision
ay and dmajor

The covariance matrix of the weighted average solution position error, P4, was
showed in Eq. 23

Py = E[AxsAxt] = PPy + (1 — r)*P, (23)
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oy and d,.gjor are given, respectively, by:
oy = \/Pa(3,3) (24)

Aajor = \/PA(I’ ”;LPA(Z’Z) +(\/PA(1’ 2 ;1[”‘(2’2))2+PA(1,2)2 (25)

RAIM is available if oy and dj,,4j,r meet the bellow conditions:
0y < OV_max dmajor < dmajorfmax (26>

In the calculation of P4, oy and dy.4jr, separate weight ratios are applied to
vertical and horizontal.

2.2 Fault Detection

The optimal weighted average solution RAIM algorithm is based on the distance
between GPS/BDS and the optimal weighted average solution as the fault detection
test statistics. When both of the double-constellation appears faults, two test
statistics will exceed the detection threshold at the time of fault occurrence. Because
of fault detection based on position domain, the fault can be judged effectively
when multiple failures occur in each constellation; when the single constellation
fault, the fault constellation solution makes the distance between weighted average
solution and fault-free constellation increasing, and this will lead to the occurrence
of false alarms. In this case, the fault detection based on weighted least squares
residuals can be used to assist the fault detection model in the OWAS localization
domain to detect single constellation faults.

According to the linearization equation of GNSS pseudo-range observation, the
equation is solved by weighted least squares estimation so that the solution is

Xwis = (H'WH)™'H' Wy (27)
Among them, W is weight matrix. The pseudo-range residual vector v is:
v =y — Hiws = (In - H(HTWH)*lHTW)y (28)
The sum of squares of the pseudo-range residuals is:

SSEwrs = viv=y"Wy (29)



Research on RAIM Algorithm Based on GPS/BDS ... 227

When we assume that the observed noise is the normal distribution, SSEw; s has
a y* distribution with (n — 4) freedom degrees. Therefore, make binary hypothesis
for SSEwys. Give false alarm rate Py, and probability density function, then we use
Eq. (30) to obtain the detection threshold Tpyys.

twrs

Pr(SSEWLS > tWLS) =1- / flz("—4) (x)dx = / fxz(n—4) (x)dx = PFA (30)

0 twis

Set Tyrs = \/SSEwis/(n — 4) as the detection statistic, corresponding to the

detection threshold is Tpwrs = \/fwis/(n — 4). Compare the detection statistic
Twrs and the detection threshold Tpwis. If Twrs < Tpwrs, we can judge that there is
no fault satellite; otherwise, there is fault satellite.

3 Experiment and Simulation Analysis

This simulation is based on the GPS/BDS double constellation RINEX data of
coordinates [—2279827.3156, 5004704.3094, 3219776.2093] collected at 0:00 on
July 31, 2016, and sampled 900 times (15 min, once per second). In the RAIM
algorithm availability analysis, the vertical guidance approach is emphatically
verified. There is no failure satellite in the raw sampling. In order to verify fault
detection algorithm, different deviations are intentionally added to the
pseudo-range observations at different times.

3.1 RAIM Availability Analysis

Table 1 describes the ICAO requirements for vertical guidance approach, precision
approach phase, alarm limits and availability [14]. The algorithm availability under
different alarm limits is shown as Fig.1.

Table 1 Performance requirements for different flight phases

Flight phase Vertical alarm threshold (m) Algorithm availability (%)
APV-I 50 99-99.999
APV-II 20 99-99.999
CAT-1 10-15 99-99.999
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Fig. 1 Algorithm availability

Table 2 Algorithm

Flight phase Vertical alarm Algorithm
availability statistics threshold (m) availability (%)

APV-I 50 100

APV-II 20 99.89

CAT-1 15 57

When simulating the availability of a vertical guidance approach and precision
approach phase, the horizontal alarm thresholds are set to meet the minimum alarm
threshold of 40 m for the three flight phases. As can be seen from Table 2, when the
vertical alarm threshold is 20 m under the APV-II standard, the algorithm avail-
ability is 99.89%. With the increase of the vertical alarm threshold, the availability
of the algorithm is improved. With 99% availability as the boundary, the vertical
alarm threshold is at least 19 m.When the vertical alarm threshold is 19 m, the
algorithm availability is 99.11%. Table 2 summarizes the availability of the algo-
rithm in different flight phases. As Table 2 shown, under the GPS/BD dual con-
stellation positioning mode, the optimal weighted average solution (OWAS)
algorithm can support the APV-I and APV-II stages in the vertical guidance
approach flight phase. CAT-I in the precision approach cannot support it, but it can
be predicted. After adding the land-based augment, when this algorithm is applied
to the precision approach stage, it will have better effects.
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Fig. 2 GPS/BDS test statistics results under no pseudo-range bias

3.2 Fault Detection

In the progress of verifying the fault detection, the simulation environment is as
described above. In order to verify the ability of the algorithm to detect double
constellation faults, in the 16th satellite of GPS constellation and the 7th satellite of
BDS constellation is added to 30, 50, 70 m pseudo-range deviation at 500-900 s.

As shown in Figs. 2 and 3, Fig. 2 shows the vertical position field test statistics
of GPS/BDS without the pseudo-range deviation, and test statistics at this time is
small and the change is not significant. Figure 3 shows the test statistics of GPS and
BDS at the beginning of 500 s adding 30, 50 and 70 m pseudo-range deviation. It
can be seen from the picture that when the pseudo-range bias is added, the test
statistic increases instantaneously and exceeds the detection threshold. The greater
the pseudo-range bias is, the more obvious the test statistic increases. According to
above Figs. 2 and 3, we can know that the test statistic of the fault detection is
stably maintained in a small range, which is far from the detection threshold. When
the pseudo-range bias is added, and the test statistic exceeds the detection threshold,
this way can be used to effective judge the fault.



230 F. Yang et al.

50
3
=40 30m bias
= —— 50m bias
o 30 ——— 70m bias
2 GPS Test Threshold
o 20
o
G 10 |
0 | | L 1
0 100 200 300 400 500 600 700 800 900
t/s
80 T T Mm
[2]
0
@ 60 | 30m bias a
I “— 50m bias
P ol |+ 70om bias .
E BDS Test Threshold
[} L
R 20
m
| | L

0 100 200 300 400 500 600 700 800 900
t/s

Fig. 3 GPS/BDS test statistics results under different pseudo-range bias

4 Conclusions

In the paper, a kind of double-constellation RAIM algorithm based on optimal
weighted average solution (OWAS) is presented. According to the constellations,
this algorithm divided visible satellites into two groups. In the premise of ensuring
the vertical accuracy, the algorithm minimizes the vertical protection level, and
makes it meet the requirements of the vertical guidance approach flight phase.
Among them, the availability of APV-I phase algorithm is 99.89%, and the
availability of APV-II phase algorithm is 100%. Through the simulation results
based on the raw measurement data, this algorithm can be used to process the fault
detection of double constellation. When the pseudo-range bias is more than 30 m, it
can effectively detect the fault satellites. Meanwhile, the results are instructive for
the study of integrity monitoring for the BDS and other satellite navigation system
in civil aviation.
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RAIM Algorithm Based on Residual
Separation

Zhaoyang Li, Qingsong Li and Jie Wu

Abstract With the rapid development of Global Navigation Satellite Systems (GPS,
BDS, GALILEO and GLONASS), the number of available satellites is increasing. The
redundancy of GNSS is enhanced. This will offer the possibility of realizing receiver fault
detection and exclusion (FDE). Due to factors such as satellite fault and strong elec-
tromagnetic interference, measurements from some satellite are vulnerable to become
outliers. Unacceptable positioning errors will occur unless such faulty measurements are
detected and excluded. Therefore, it is very important to apply RAIM (Receiver
Automatic Integrity Monitoring) algorithm for improving the positioning precision. The
main function of RAIM algorithm includes two aspects: fault detection and fault
exclusion. This paper presents a RAIM algorithm based on residual separation. The
algorithm uses the residual sum of squares of observation equations as test statistics.
When test statistics exceed alarm threshold, it can be considered that there are faults in
measurements. And then the visible satellites are excluded at every turn, while
multi-combinations of remaining measurements are obtained. After SSE (Sum of
Squared Error) calculated, the combination of remaining measurements with smallest
SSE is the optimal result. Field test data and simulation data are processed in this work.
The RAIM algorithm based on residual separation can not only avoid excluding too
many satellites, but also improve the positioning accuracy in the case of containing faults.

Keywords Residual-based separation - Fault detection - Fault exclusion - RAIM

1 Introduction

Single point positioning (SPP) is the simplest and most convenient GNSS posi-
tioning technique. However, the positioning accuracy is poor and sometimes even
unacceptable, especially when measurements contain faults [1]. Therefore, it is
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essential to detect and exclude faults with integrity monitoring algorithm. At pre-
sent, there are mainly two methods to monitor the integrity of navigation system.
One method is using the Integrity Augmentation System, such as the WAAS (Wide
Area Augmentation System) in the USA, the EGNOS (European Geostationary
Navigation Overlay Service) in Europe and the BeiDou Augmentation System in
China. The other is the Receiver Automatic Integrity Monitoring (RAIM), which
exploits the measurement redundancy from receivers. The Integrity Augmentation
System cannot monitor the faults in receivers and the alarm message may not send
to users in time. Therefore, it is very important to apply RAIM algorithm in SPP,
which is essential to ensure the availability of the positioning results [2].

RAIM was first proposed by Kalafus [3] in 1987. The RAIM algorithm mainly
completes two tasks: detecting whether there are faults in the measurements,
identifying and excluding the faulty satellites. At present, the fault exclusion
methods such as data snooping [3] and parity space vector [3] are extensively used.
And they are equivalent [3]. The data snooping presented by Baarda constructs test
statistics with elements of residual vector and compares them with threshold one by
one. If some of the test statistics exceed the threshold, it can be considered that the
corresponding measurements contain faults, which should be excluded. The Baarda
method tests the measurements individually, which may exclude the non-faulty
satellites, leading to decreased positioning precision [4]. Furthermore, it may even
cause the available satellites less than four, resulting in no positioning solutions [5].

This paper proposes a residual-based separation RAIM. First, the fault detection
algorithm gives an alarm. Then an available satellite is excluded at every turn, and
the SSE of remaining satellites is calculated. If the smallest SSE is less than alarm
threshold, the corresponding remaining satellites combination is selected to carry
out positioning calculation. Otherwise the next exclusion turn will be executed,
until the SSE of remaining satellites is less than alarm threshold. Because only one
available satellite is excluded at every turn, it is impossible to exclude too many
satellites, which can effectively decrease faulty exclusion frequency and improve
the positioning accuracy.

The rest of the paper is organized as follows. Section 2 gives the mathematical
model of single point positioning, fault detection method based on least square
residuals, fault exclusion method including Baarda method and Residual-based
method. Section 3 verifies the performance of Baarda method and RBS method.
Section 4 gives the conclusion.

2 Model and Algorithms
2.1 Mathematical Model of SPP

The pseudorange measurement equations containing the receiver clock bias, satellite
clock bias and atmospheric propagation delay can be expressed as follows [2]:
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Pt = = r e 0t — ¢ 08+ p]i, + Oply, + 6] (1)

where, superscript j is the identifier of satellites, j = 1,2, ...,n, n is the number of
satellites, and n > 4; subscript & is the identifier of receivers; pj is the pseudorange

measurement from receiver k to satellite j; r/ is the position vector of the satellite j,
which can be obtained from satellite ephemeris and launch time of signal; ry is the
unknown position vector of receiver k; c is the speed of light; d# is the clock bias of
receiver k, which is a unknown parameter; ¢/ is the clock bias of satellite j; dp.,, is
the ionospheric delay; 5p,£tm is the tropospheric delay; 8,{ is random pseudorange
measurement noise.

To solve the pseudorange measurement equations, the equation need to be lin-
earized firstly. Assuming that the initial value of the receiver’s position vector is g,
the pseudorange measurement equations can be linearized as [2]:

L= —riol = - dre — ¢ - 6 + ¢ - Stk + Opjy, + Oply, + 61 2)

where dr; is the increment of the receiver’s position vector which is unknown;
i0 - . . . .
r;, is the unit vector from k receiver to j satellite.

2.2 Fault Detection Method Based on Residual Vector

The position of the receiver and receiver clock bias are obtained using above
standard SPP algorithm. However,in case of fewer visible satellites, the faulty
measurement of the individual satellite will have a large impact on the positioning
results. In this paper,the residual vector of least squares estimation is used to detect
fault.

The pseudorange residual vector of least square estimation is calculated as:

v=Y —AX = (I1-A(ATPA) 'ATP)E (3)
Define the cofactor matrix as:
0, =P ' —AATPA) AT (4)
Thus, the pseudorange residual vector can be rewritten as:

v=0,PE (5)
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And the corresponding mean square error:

&= /vIPv/(n—4) = \/SSE/(n — 4) (6)

where SSE means sum of squared error.

When the system is normal, all the elements of the pseudorange residual vector
should follow Gauss distribution with zero mean and 67 variance; when the mea-
surement of a satellite is abnormal, some elements of pseudorange residual vector
will no longer follow zero mean, which is the case that need to be detected.

Therefore, according to the statistical theory, SSE/ a% should follow ;(2 distri-
bution with n — 4 degree of freedom in the absence of fault. Dualistic hypothesis
can be proposed [3]:

Hypothesis with fault Hy: E(¢) = 0, thus, SSE/a3 ~ *(n — 4);

Hypothesis without fault Hy: E(e) # 0, thus, SSE/63 ~ x*(n — 4, 2);

In the absence of fault, the SSE of the pseudorange residual should maintain at a
minor value. If there are accidental factors which cause SSE too large, it should be
false alarmed. With given false alarm rate Ppy4, the following formula can be got:

72

P(SSEloy <T*) = / fppn-a(x)dx =1— Ppy (7)
0

The alarm threshold can be obtained from the above formula, in which the
probability density function of the y? distribution with n — 4 degree of freedom is
expressed as f,2(,_4)(x). If mean square error ¢ <o * T/v/n — 4, it can be con-
sidered that the system is working normally [6]. Otherwise, it is considered that
there is fault in measurements which should be alarmed [7].

2.3  Fault Exclusion Method

When the GNSS navigation system is used as an auxiliary, the GNSS measurement
information should be no longer used after alarming. But if there is no other
auxiliary system, the fault in GNSS system needs to be excluded. The faults among
measurements needs to be detected with appropriate algorithm, and the corre-
sponding satellite has to be removed from the SPP observation model. At last,
navigation results which meet the users’ demand can be obtained.

2.3.1 Baarda Method

Baarda [3] proposed a method of fault exclusion based on elements of least square
residual. The test statistics are constructed by elements in residual vector. Then the
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identifier of satellite with fault is determined by the size of statistics. After that,
measurement of the satellite with fault is removed. Finally, the positioning result
without fault is obtained after iteratively calculating.

By using pseudorange residual error vector and the coordinated factor matrix,
Baarda’s method constructs the statistics as:

Vi

di=——
a0 - /O,

(8)

If the measurement of the ith satellite is normal, ¢; should follow Gauss distri-
bution with zero mean and 03 variance. Thus, v; and d; should follow the Gauss
distribution. If the absolute value of d; is too large, it can be considered that the ith
satellite contains fault, and should be excluded from the measurement equations.

Dualistic hypothesis about statistics d; corresponding to the ith satellite can be
proposed as:

Hypothesis with fault Hy: E(g) = 0, d; ~N(0, 1)

Hypothesis without fault Hy: E(¢) # 0, d; ~N(d;,1)

where, §; is the zero offset of statistic d;. Assume that false alarm rate of the
system is Pp,, and false alarm rate of each satellite is Pj,. Then the entire system
without alarming is equivalent to all of the satellites without alarming, that is
1 — Ppa = (1 = Py,)". Thus, Py, ~ Ppa/n. Assume that the fault threshold 7, of
d; meets the need of false alarm rate P}A. Therefore,

1 [ e, 1P
P(d| >Td):E/e e =3 T )
Ty

In the course of the positioning calculation, if |d;| > T, it is considered that the
pseudorange measurement of the ith satellite contains fault, which should to be
rejected. If |d;| < Ty, it is considered that the satellite is normal and should to be
retained. In the end, measurement equations are constructed by all the reserved
satellites, which can be used to obtain a satisfactory navigation solution [3].

2.3.2 Residual-Based Separation (RBS) Method

The Baarda method is likely to exclude satellites without faults, which will decrease
the positioning precision. Thus, this paper proposes a residual-based separation
method, which determines the identifier of faulty satellites with residual sum of
squares and excludes only one satellite each time.

After excluding the first satellite, the pseudorange measurement equations are
changed to:
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2

T
(_rI%O)IXS 1 dr
Al = Xl = |: q :|7

- Ot
T 4x1 c k
(_rZO)IXS 1

The estimated value of the unknown parameters is:
X, = @ATPA))'ATPY
where,
P, = diag(a,?, a;z, .. .0;2)

The residual vector becomes:

pk_| z_rk0|+c'5t2_5piion_

pz - |rn _rk0|+c'5tn - 5p2i0n -

3P%iro

OPlro

Vvi= YI—AIXIZ (I —AI(A;PIAI)ilA;‘PI)EI

After rejecting the first satellite, the residual sum of squares is:

SSE] = V{Plvl

Z. Li et al.

(10)

(15)

Similarly, after rejecting the second to nth satellite, all of the residual sum of
squares can be obtained: SSE,, SSE3, . .. SSE,. Selecting the smallest SSE, it can be
considered that the corresponding measurement of satellite contains fault. Then, a
satisfactory positioning result can be obtained after excluding the satellite.

If the smallest SSE still exceeds the alarm threshold after excluding one faulty
satellite, the next exclusion round should be carried out as aforementioned method,

until the SSE is smaller than alarm threshold.

3 Algorithms Verifying

3.1 Simulation Data Processing

The Baarda method and RBS method are both fault exclusion algorithm and fault
detection method are both based upon residual vector. Therefore, the miss detection
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Table 1 Comparison of Fault (m) 8 9 10 1 12 13
faulty exclusion frequency RBS (cpochs) 0 5 7 17 o 33
between two methods
Baarda (epochs) 0 5 25 117 320 660
Fault (m) 14 16 18 20 22 40
RBS (epochs) 24 16 5 2 1 0

Baarda (epochs) | 1126 |2235 |3234 |3960 |[4868 |10,506

frequencies of the two methods are equivalent and the faulty exclusion frequencies
are compared in this section.

In order to verify the effect of the two methods systematically, a part of normal
data including 11,904 epochs was intercepted. Fault was artificially added in the
measurement of a satellite. If measurements without faults are excluded in one
epoch, it is considered that fault exclusion appears once. The faulty exclusion
frequency of two methods was counted. Increase the faults added at every round,
and the results are shown in Table 1.

From the table we can see that fault detection algorithm doesn’t alarm when the
fault added is tiny, so that the faulty exclusion frequency of the two methods are
both close to zero; When the fault added is at around 13 m and closes to the normal
measurement error, the faulty exclusion frequency of RBS method reaches maxi-
mum; When the fault added is larger than 13 m, the faulty exclusion frequency of
RBS method is gradually reduced to zero, while the faulty exclusion frequency with
Baarda method increases significantly. As a result, it can be considered that RBS
method can reduce the faulty exclusion frequency.

3.2 Field Data Processing

From October 20 to 21, 2015 and in Changsha City, Hunan Province, static
observation data of 23.7 h was collected. By processing the real measured data, a
group of SPP solutions were obtained. Regarding the result of PPP as true value, the
output is the error of SPP under three directions in the local geographic coordinate
system. The positioning accuracy is evaluated with the RMSE (Root mean square
error).

In this paper, the SPP program uses the modified Hopfield model to compensate
the tropospheric error, uses the double frequency measurements to compensate the
ionospheric error, and rejects the satellite with elevation less than 5°.

From the error curve in Fig. 1, it can be seen that in most of the time single point
positioning error results in zero nearby, but in some period of time the error is
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unacceptable. After analysing the data, it is found that measurement of a low
elevation satellite value is abnormal. The positioning results will meet the
requirements after rejecting the satellite with fault.

The false alarm rate Pr4 is set as 1 x 1073, After fault detection and exclusion
with Baarda method and RBS method, the following results are obtained (Fig. 2).

According to the above results,it is shown that Baarda method can realize the
fault exclusion and improve the accuracy of the SPP. However, it is obvious that the
effect of the method is not satisfactory in some periods of time. Sometimes
the measurements with faults are not correctly excluded. Therefore, the positioning
error is still too large. Sometimes too many satellites are excluded that the number
of remaining satellites is less than four. As a result, it’s impossible to carry out
single point positioning.
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Fig. 2 Position error curve obtained by using Baarda method

With the same parameters, using the RBS method, the obtained results are
shown as follows (Fig. 3):

By contrast it’s obvious that the positioning accuracy was improved without
large error. And all the time positioning result is able to be obtained with only the
GPS satellites. So that it can be considered that positioning result is satisfactory
(Table 2).

By comparing the positioning error in three directions, it can be concluded that
FDE algorithm is able to improve the positioning precision significantly. As to the
fault exclusion algorithm, the performance of RBS is better than Baarda in three
directions.



242 Z. Liet al.
£ 20
e
5 10 i
z
£ o I 4
o
= _10 I | | | | | |
W " 1 3 4 5 6 7 8 9
Time/s x 10*
e 20
>
<
w 10 -
[
= Of .
o
Llj -10 | | | | | | |
0 1 3 4 5 6 7 8 9
Time/s x 10*
£ 20
=
S off .
[a]
E -20 4
o
S _40 | | | | | | |
w o 1 3 4 5 6 7 8 9
Time/s x 10°
Fig. 3 Position error curve obtained by using the RBS method
Table 2 Positioning error Local direction Mean Standard RMSE (m)
comparison among three error (m) | deviation (m)
methods —
North | Origin 1.534 6.915 7.083
Baarda 0.968 3.072 3.221
RBS 0.356 1.982 2.014
Earth | Origin 1.890 5.189 5.523
Baarda 2.544 1.859 3.151
RBS 2.595 1.559 3.027
Down | Origin 1.349 16.100 16.156
Baarda |—0.720 6.096 6.138
RBS -0.414 4.724 4.742

4 Conclusion

The RAIM algorithm is essential for detecting and excluding faults. Otherwise, the
positioning precision will be unacceptable. Data snooping method proposed by
Baarda is a classic method to exclude faults. However, healthy measurements are
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possible to be excluded with Baarda method, which will decrease the positioning
precision.

This paper proposes a residual-based separation method which is used to exclude
faulty measurements. Because only one satellite is excluded at every round, the
faulty exclusion frequency will be much smaller than Baarda method.

After comparing and analysing the positioning results, the conclusions are as
follows: In case of few available satellites, the accuracy of SPP is greatly affected by
the faults among measurements. And fault detection and exclusion algorithm can
significantly improve the positioning accuracy. Comparing to the Baarda method
proposed in this paper, the RBS method can not only avoid rejecting too many
satellites, but also obviously improve the positioning accuracy.
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BDS Code Bias and Its Effect on Wide
Area Differential Service Performance

Sainan Yang, Junping Chen, Yize Zhang, Chengpan Tang,
Yueling Cao, Qian Chen and Wei Chen

Abstract The integrated wide-area differential system of BDS broadcasts differential
corrections to compensate broadcast ephemeris errors and enhance user positioning
accuracy. It uses real-time pseudo-range observations from ground monitoring sta-
tions and calculates differential corrections, which are then broadcasted to users
through the GEO satellites. Previous studies show that apparent code biases exist for
BDS tracking stations, which in turn will affect the accuracy of differential corrections.
This paper analyses the long-term pseudo-range biases based on the residuals in the
Precise Orbit Determination (POD), the characteristics of the mean and standard
deviation of the pseudo-range bias are studied. A code bias correction model is
proposed and applied to BDS wide-area differential calculation. Performance of the
code bias model is analysed in real-time pseudo-range based positioning. Results
show that: UDRE and user positioning accuracy are improved, where the satellite
UDRE is reduced from 0.43 to 0.35 m, and the user positioning accuracy is increased
by 10.6% and 14.6% in horizontal and height directions, respectively.
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1 Introduction

The BeiDou regional satellite navigation system (BDS) provides legacy PNT
service to open users and wide-area differential service to authorized users since
October 25, 2012. The BDS satellite constellation is combined of 5 Geostationary
Earth Orbit (GEO) satellites, 5 Inclined Geostationary Earth Orbit (IGSO) satellites,
and 4 Medium Earth Orbit (MEO) satellites [ 1-3]. Researches have been carried out
in precision orbit determination (POD), precision positioning and wide-area dif-
ferential positioning [4—8]. Previous researches found the existence of code bias in
BDS pseudo-range observations, which is of meter level and is elevation dependent
with significant differences between two groups of satellites [9, 10].

As an augmentation service to the legacy navigation message parameters, BDS
wide-area differential system calculates the differential corrections using real-time
observations of ground monitoring stations. These differential corrections are then
broadcasted to the user through the GEO satellites [7, 8]. Since pseudo-range
observations are used in the wide-area differential system [8], the code bias will also
influence the accuracy of wide-area differential corrections.

In this paper, we analyze the long-term pseudo-range biases based on the
residuals in the Precise Orbit Determination (POD). The characteristics of mean and
standard deviation of code bias are studied. We developed a code bias correction
model. The model is then applied to the estimation of BDS wide-area differential
corrections. Real-time pseudo-range observations are used to evaluate the perfor-
mance of the correction model. Results show that the accuracy of the UDRE and
user differential positioning are improved using the code bias correction model,
where UDRE is decreased from 0.43 to 0.35 m, and user differential positioning
accuracy is increased by 10.6% and 14.6% in the horizontal and height directions
respectively.

2 Analysis of BDS Code Bias

Precise orbit determination of BDS makes use of observations of the monitoring
stations in China, where the internal 3D precision of the orbit determination is better
than 1 m and the radial accuracy of the orbit is better than 0.2 m [6]. The strategies
used in BDS POD are shown in Table 1 [6]:

Precise satellite orbits and clocks are the main products in precise orbit deter-
mination. Additionally, we can retrieve pseudo-range residuals for each
station/satellite pair. Wanninger L et al. [9] analyzed BeiDou code bias derived
from BeiDou linear combination observations. In this paper, BeiDou code biases
are obtained from POD process. As phase observation has much higher weights in
POD, pseudo-range residuals in POD thus reflect the effects of multipath, receiver
hardware delays, noise etc., which is used in the next session for code bias analysis
and modeling (Table 1).
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Table 1 The strategies used in BeiDou precise orbit determination

247

Items Description

Arc length 3 days

Data sampling rate 60 s

Estimated solar parameters Scalar factor and Y-bias

Empirical parameters

Only cosine empirical accelerations in the along-track
and cross-track directions to avoid correlation

Troposphere delay factor One parameter per 4 h

Clock

other clock offsets

The master station clock fixed to solve the

Weight rate Pseudo-range/Phase(1/10000)

2.1 Code Bias Time Series

Based on the pseudo-range residuals from POD in DOY 316-345 of 2016, we
calculate the mean and standard deviation of code bias. Figure 1 shows the daily
mean and standard deviation of the code bias for each satellite of the station CDJL.
We see that the daily mean code bias of different satellites is relatively stable, and
they differ among satellites. The code bias standard deviation is stable for most
satellites, while the variation of MEO satellites (satll, satl2, and satl4) is much
more obvious with a 7-day period. The variation of daily standard deviation of

mean(m)

std(m)

Fig.
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MEQO satellites may be due to the different visible MEO arc, while the period of
MEDO satellite trajectory track relative to the ground station is 7 days.

2.2 Repeatability of Code Bias

Figure 2 shows the daily pseudo-range residual variations for the GEO-02, IGSO-06
and MEO-14 satellites at station BJDN over one-month. The top subplot in
(a) shows the time-series of original pseudo-range residuals of GEO-02 for 1 month,
where the missing 3 days data is due to satellite maneuvering, and the time-series of
the GEO-02 is smoothed over one day and shown in the bottom subplot in (a). Plots
(b) and (c) show the original and smoothed residuals of the IGSO/MEO satellites in
top and bottom subplots respectively, which show their variation with the elevation
angle. In plots (b) and (c), different color curves represent residuals in different days.
It is found that the shape of pseudo-range residuals of each satellite is similar and
very reproducible. In the range where the satellite elevation angle less than 30°, the
satellite pseudo-range bias is relative large, and there is a certain range of tremble
accompanied by a large noise. The code bias noise of IGSO/MEQ satellites decrease
with the elevation angle increase, but the pseudo-range bias still exists, and it is
correlated with the satellite elevation angle.

2.3 Code Bias of Different Groups of Satellites

Further analysis of the pseudo-range bias was performed for different groups of
satellites, namely the GEO, IGSO, and GEO group. Figure 3 shows pseudo-range
residuals of all satellites of the station BIDN in DOY 345 of 2016. It is found that
there are differences among different GEO satellites, where the code bias of each
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Fig. 2 Pseudo-range residual variations for the GEO-02, IGSO-06 and MEO-14 satellite over one
month, where X-axis represents DOY in (a); X-axis represents elevation angle in (b) and (c); top
subplot represents original pseudo-range residuals, bottom subplot represents smoothed
pseudo-range residuals, and different colors represent different days
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Fig. 3 Code bias of GEO/IGSO/MEO satellites, where X-axis represents time in 3 days for GEO;
and X-axis represents elevation angle for IGSO/MEQ; different colors represent different satellites

satellite differs in amplitude. The code biases of the same type of MEO or IGSO
satellite are more consistent. Furthermore, the code bias of IGSO and MEO
satellites differ in the magnitude of pseudo-range bias. The deviation of code bias
can reach 1 m between low and high elevation angle. The code bias of IGSO
satellite is between 0 and —0.5 m when satellite elevation reaches 90°, while it can
reach the amplitude of —2 m for MEO satellite (Fig. 3).

3 BDS Code Bias Correction Model

BeiDou wide-area difference system utilizes the real-time pseudo-range observation
of monitoring stations to calculate the wide-area differential correction for users.
Based on the above analysis of the BeiDou code bias, we see that code biases are
different for satellites at the same station which means that the code bias will not be
assimilated in station clock; Also, the code biases are different for stations tracking
the same satellite, which means that the code bias will also not be assimilated in
satellite clock. Consequently, the code bias will affect the accuracy of wide-area
differential corrections.

Wanninger L et al. analyzed BeiDou code bias derived from linear combination
observations and set up correction models for BeiDou IGSO/MEO satellites. In this
paper, we extend bias modeling for GEO satellites and set the elevation interval to
5° for the piecewise model of IGSO/MEO satellites.

According to the above discussion, the code bias of GEO satellites is long-term
stable, constant code bias correction model could be established for GEO repre-
sented as Eq. (1):

CodeBiasGEo = C,'(i = 1,2,3,4,5) (1)

where i denotes satellite PRN number, and C; is constant term to be determined.
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Table 2 Piecewise linear model of Beidou code bias (unit: m)

GEO 1GSO MEO

Sat No | Bias Elevation | Bias Elevation | Bias Elevation | Bias Elevation | Bias

1 -0.052 | 5 0.838 |50 -0.206 | 5 0.753 |50 —0.435

2 0.096 | 10 0.523 |55 -0.216 |10 0.488 |55 —-0.705

3 0.271 |15 0.425 | 60 —0.282 |15 0.539 | 60 —0.825

4 —0.008 |20 0.41 65 -0.313 |20 0.418 | 65 -1.01

5 0.176 |25 0.355 |70 -0.394 |25 0.453 |70 —-1.507
30 0.295 |75 -0.413 |30 0.357 |75 —1.821
35 0.162 | 80 -0.475 |35 0.097 | 80 —2.121
40 0.065 |85 —0.665 | 40 0.049 |85 -2.113
45 —0.094 45 —-0.107

The code bias of IGSO/MEO satellites is correlated with satellite elevation
angle, the correction model of IGSO/MEQO satellite could be expressed as piecewise
linear function model related to satellite elevation angle shown in Eq. (2):

Gi<5)
CodeBiasigso/meo = § @ +k;i - (ele — elej) (j =5,10,...,85) (2)
Gy > 85)

where ele is the elevation of the satellite, j represents the elevation angle index of
the satellite; and C; is constant term, a;, k;.are model parameters to be estimated.

The model can be provided to the users to interpolate the specific code bias with
a given elevation angle.

The BDS code bias correction model is established by above data, and the
constant bias value of each GEO satellite and model parameters of IGSO/MEO
satellites are shown in Table 2. Figure 4 shows the code biases and their mean
value for IGS/MEO satellites at each elevation node.

code corrections(m)
code corrections(m)

ele ele

Fig. 4 The bias value of IGSO/MEO satellite at each elevation node, where X-axis represents
elevation, the blue represents the mean bias value at elevation node, the red represents value of
each satellite
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4 Performance Evaluation of Code Bias Model

Applying the BeiDou code bias correction model in the BeiDou wide-area differ-
ential correction process, we evaluate the accuracy of resulting differential cor-
rection parameters and its performance in user differential positioning. In wide-area
differential data processing, same strategies are implemented except the additional
code bias model implement.

Experiment was carried out by using observation data in DOY 346 of 2016, two
sets of differential corrections (namely “equivalent clock™) are calculated with and
without code bias corrections. The effect of code bias on differential correction is
analyzed and further verified by the user’s differential positioning.

4.1 Differences Between the Two Sets of Equivalent Clock

Figure 5 shows two sets of equivalent satellite clock results with and without
correcting code bias. GEO-01, IGSO-07 and MEO-14 are analyzed. We found that
GEO’s equivalent satellite clock differs little with magnitude in 2 dm or less. The
equivalent clock difference of IGSO/MEO satellites varies greatly, especially in the
low elevation, where the difference may reach 1 m. Table 3 shows the RMS value
of the difference for each satellite. It can be seen that the difference of the
IGSO/MEQO satellite is larger than that of the GEO satellite.

GEO-01 1GS0-07 MEO-14

* no CodeBias : j j * no CodeBias
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Fig. 5 Differences between the two sets of equivalent clock of CO1/C07/C14

Tablll? 3 RMSI Statislﬁci of  saID RMS satID RMS
fl?;?erletrelczzuliﬁoigtaig Cafter 1 0.066 8 0.336
correction of code bias 2 0.044 9 0.337
(unit: m) 3 0.029 10 0.34
4 0.022 11 0.332
5 0.135 12 0.327
6 0.35 13 0.34
7 0.356 14 0.59
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4.2 UDRE Comparison

The differences between the two sets of equivalent clock may cause difference in
the differential positioning accordingly. We calculate the satellite UDRE before and
after the application of code bias correction model, and the results are shown in
Fig. 6 and Table 4.

In the above figure, satellite 1-5 are GEO satellites, 6—10 and 13 are IGSO
satellites, and 11-12 and 14 are MEO satellites. After correcting the code bias
model, the GEO satellite UDRE decrease from 0.44 to 0.31 m, the IGSO satellite is
from 0.44 to 0.39 m, the MEO satellite is from 0.42 to 0.32 m. The UDRE of all the
satellites is improved.
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Fig. 6 Satellite UDRE comparison before and after the application of code bias model

Table 4 Satellitt UDRE before and after the application of code bias model (unit: m)

satID UDRE UDRE (CodeBias) satID UDRE UDRE (CodeBias)
1 0.50 0.32 10 0.52 0.48
2 0.42 0.34 11 0.37 0.28
3 0.38 0.29 12 0.54 0.33
4 0.35 0.30 13 0.43 0.42
5 0.54 0.30 14 0.35 0.35
6 0.40 0.35 GEO 0.44 0.31
7 0.51 0.44 IGSO 0.44 0.39
8 0.38 0.35 MEO 0.42 0.32
9 0.38 0.32 Mean 0.43 0.35




BDS Code Bias and Its Effect ... 253

4.3 Comparison of User Differential Positioning Results

Based on the above analysis results, we use two sets of equivalent satellite clock
parameters to perform kinematic positioning using dual-frequency pseudo-range
data in DOY 346 of 2016. In positioning process, tropospheric delay, solid tide,
relativity correction, satellite and receiver phase center offsets were corrected by
model.

In the use of equivalent satellite clock parameters with code bias model applied,
the same model was used in user station to correct pseudo-range data. Figure 7
shows the results of the two groups of user positioning, where the two sub-graphs
show the statistical results of the positioning results of the different stations in the
horizontal and height directions, respectively. Table 5 summarized the positioning
results, where the user positioning accuracy in the horizontal improves from 1.04 m
to 0.93 m, and in height component improves from 1.6 m to 1.36 m. The
improvement is about 10.6 and 14.6% for horizontal and height component
(Table 5; Fig. 7).

Table 5 The mean statistical results of dual-frequency pseudo-range kinematic differential
positioning (unit: m)

No CodeBias CodeBias Improvement percentage
Horizontal 1.036 0.926 10.63
Height 1.597 1.364 14.59

2
E
]
c
o
N
5]
T
bjdn hnsy kash hrbn wimq baot alet mean
. | I o CodeBias [ | CodeBias
E
=
(=2
@
T

bjdn hnsy kash hrbn wimq baot alet mean
Station

Fig. 7 Comparison of dual-frequency pseudo-range kinematic differential positioning for
different stations
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Fig. 8 The histogram of the statistics results of positioning error of all above stations

Figure 8 shows the histogram of the statistics results of positioning error of all
above stations. It can be seen that the amount of 3D positioning error bigger than
5 m is reduced, and the percentage of positioning error less than 3 m is increased
from 85.9% to 94.5%. This shows that the code bias correction model improves
user positioning accuracy and the reliability simultaneously.

5 Conclusion

In this paper, we analyze the long-term pseudo-range residuals results of
BeiDou POD. We find that the code bias of GEO satellite is relatively stable, and
the code bias of IGSO/MEO satellite is the function of elevation angle. According
to the analysis results, the BeiDou code bias correction model is established for
different types of satellites, and the model is applied to BeiDou wide area differ-
ential processing. The performance of Beidou code bias model is evaluated by
using the real-time pseudo-range observations. Results show that UDRE and user
positioning accuracy are improved by using the Beidou code bias model, where the
satellite UDRE decreased from 0.43 m to 0.35 m, and the user positioning accuracy
is improved by 10.6% and 14.6% in horizontal and height directions, respectively.
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Ionospheric STEC and VTEC Constraints
for Fast PPP

Yan Xiang, Yang Gao and Yihe Li

Abstract Significant initialization or convergence time of PPP is a limiting factor
for many applications. Recent studies have indicated that external ionospheric
information can be applied to provide a tight constraint to reduce the correlation
between the position parameters and the ionosphere to shorten PPP long conver-
gence time. However, receiver DCB is one challenge to separate from STEC.
Receiver DCB is often neglected and taken for granted that it can be absorbed by
the receiver clock parameter. In this paper, we critiqued the ionospheric STEC and
VTEC constrained PPP models separating receiver DCB by taking advantage of the
ionospheric information from a nearby station and GIM products. The results show
that the improvements of positioning accuracy for ionospheric STEC and VTEC
constrained PPP models are about 67 and 26% after a convergence time of 1 min.
The convergence time is significantly reduced with the ionospheric constraints from
a nearby station, while the performance of convergence time with GIM depends on
the quality of GIM.
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1 Introduction

Over the last two decades, precise point positioning (PPP) [10, 25] has become a
valuable method in various kinds of applications, such as precise positioning,
autonomous vehicle navigation, atmospheric sensing and seismology [1, 4, 6-8, 12,
15, 19, 23]. However, significant initialization or convergence time is required for
PPP in order to reach the centimeter-level. It typically takes about half an hour or
longer to reach the centimeter-level in three dimension (3D) [2, 8]. Because of the
long convergence period, PPP is still mainly applied in places where network
infrastructures are not available or long convergence time is not a major concern,
such as offshore and glacier positioning. Reducing the convergence period is
therefore essential in order to utilize the PPP technique to many other applications.

Recent studies have shown that the ionospheric information is helpful to shorten
PPP long convergence time [12, 13, 18, 20, 24]. The conventional PPP model relies
on the ionosphere-free combination observations [10]. This traditional PPP model
amplifies the noises when dual frequency observations are combined to cancel the
ionospheric effects. It is reported that eliminating the ionospheric delay by obser-
vation combination is equivalent to estimating the ionospheric effects as unknown
parameters in the uncombined PPP (UPPP) model without constraint [3, 14, 16]. In
contrast, the UPPP model based on uncombined measurements has been developed
in which the ionospheric delays are to be estimated. The advantage of this model is
that external accurate ionospheric information can be applied to provide a tight
constraint to reduce the correlation between the position parameters and the iono-
sphere, and as a result, it can accelerate the convergence time.

Tonosphere constrained PPP models have drawn the attention from researchers in
precise positioning community in recent years. Li et al. [12] attempted to fix the
ambiguities instantaneously with a dense network. The authors also held that
receiver DCBs from reference stations could be absorbed by receiver clock in the
user ends. Shi et al. [19] modeled the ionosphere deterministically and stochasti-
cally with a polynomial function and a random part to improve PPP performance
for single-frequency users. Tu et al. [20] implemented the combination of GPS and
GLONASS using UPPP by modeling the ionosphere with a polynomial function in
a similar manner. They found that the convergence time to sub-decimeter could be
reduced to 10 min. Zhang et al. [24] discussed the convergence performance of
ionosphere constrained PPP with receiver DCB considered, but only on code
measurements. Rovira-Garcia et al. [18] applied the slant ionospheric corrections
from reference stations, and achieved faster convergence. Lou et al. [15] demon-
strated the single- and dual- frequency PPP using multi-system, and an improve-
ment of 60% in the convergence time was found.

Although significant convergence time has been improved by adding iono-
spheric constraints, the receiver’s bias effects on both code and phase measurements
have been little discussed. In this paper, we display an ionosphere constrained
UPPP model to accelerate the positioning convergence. In the proposed UPPP
model, the ionospheric constraints are in the form of either slant total electron
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content (STEC) or vertical total electron content (VTEC). Different from a basic
UPPP model, the receiver DCB is also estimated separately from the ionospheric
parameters in the constrained UPPP model. The paper is organized as follows.
Section 2 provides a detailed description of the methodology developed for the
ionosphere constrained UPPP models. Experiments and results are then given in
Sect. 3 to assess the performance improvement of the ionosphere constrained UPPP
models. A comparison to the basic UPPP model is also conducted. Section 4
summarizes the research work including conclusions and future work.

2 Methodology
2.1 Basic UPPP Model

We start with the UPPP model since it is the basic model for applying the iono-
spheric constraints. To clarify the receiver and satellite clocks that contain the bias
terms, the traditional model is given first. The traditional PPP [10] is usually based
on ionosphere-free (IF) L1/L2 combined observation equations as shown in Eq. (1),
where the first-order ionosphere delays are removed. As can be seen from this
equation, the receiver and satellite clocks are consistent with the ionosphere-free
combination observations.

P = p+ (Cdtr +b};IF) —(Cdl‘s + b;lF) +T+ep
—_—————

di
Qi = p+ (cdt, +bp ) — (cdt’ +bp, ) +dop
——

di
+T+ N+ [(b::plF B b;ﬁp) - (biplF B b;IF)} T éo

NIF
where
Pir denotes the ionosphere-free code combination;
DO is the ionosphere-free carrier phase measurements (m);
p is the distance from receiver to satellite (m);
c is the light speed;
dt, is the receiver clock (s);
dr is the satellite clock (s);
T is the troposphere delay (m);
Nir is the ionosphere-free ambiguity (m);
€ is the multipath and measurements noise (m);
bp,.,bp, are the biases of IF combination at satellite and receiver (m);

by, by, are the phase bias of IF combination at satellite and receiver (m).
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As the IGS satellite clocks are applied in the later UPPP model, the relationship
between the biases at one frequency and IF biases needs to be established and is
developed as below.

bPl = bP[F + 1/(1 - '))2) ’ DCBPI/P2

Since DCB = bp; — bpy, and ’
P1/P2 { bp, = bPIF +y2/(1 — ”/z) 'DCBm/pz

have

{ b;’1 o b;;'l - b;'IF o bSPIF + 1/(1 o y2) ’ (DCB;’I/P2 - DCB;’I/PZ) (2)

bp, — bp, = by, —bp, +72/(1 = 73) - (DCBpy ;p — DCBypy py)

where bf,f,b};f are the code bias at frequency j at receivers and satellites (m);
n=R15

After correcting the satellite clock errors using IGS precise clock products that
are generated based on ionosphere-free observation equations, the basic UPPP
model is expressed as the following observation equations.
Py = p+(cdt, +bp ) — (cdt’ +bp )+T

1 1
+ (I + - IDCBPI/PZ - IDCBm/Pz) +ép

Py = p+(cdt; +bp, ) — (cdt' +bp, )+ T

2 ?
+ (yo0h + . DCBPI s 2 IDCB;1 Jp2) tep
2 2

1
/’il@l =p + (Cdtr +b;)”:) (Cdt +bPIF) (I] + '})2——1DCB;)1/P2
1 r a r s r 3
T, IDCBm/Pz) + (AN + g, — by, — bp, ®)

\ 1 r
+bp, + —— —1 (DCByy jpy = DCBpy py)) + £0
2~

oy = po+ (cdty +0f,) = (el +0,) + T = (o + - 72 —2—DCB}y

-2 ———DCBpy py) + (A2N2 + by, — by, —

—1 b;’n‘ + bPll‘

2

A/ r
JF 1 (DCBp jpy — DCBpy py)) + &0
where I} = 40.3227¢ STE” is the ionosphere delay along the line of sight between receiver

and satellite at L1 frequency (m). N; is the ambiguity at frequency j (cycle); bq)j, Py
are the phase bias at frequency j at receivers and satellites (m).
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Based on Egq. (3), the following ionospheric terms I; grouped with DCB
parameters are estimated as unknowns for each satellite as Eq. (4).

~ 1 1
I =1+ ——DCB;, — ——DCB; 4
1— 7, P1/P2 1— 7, P1/P2 ( )

Generally speaking, the divergence between the UPPP model in Eq. (4) and the
traditional PPP model in Eq. (1) lies in the way to treat ionosphere delays.
The UPPP model estimates the ionosphere delay as unknown parameters, while the
IF model eliminates the ionospheric delays by combination of dual-frequency
observations. The UPPP model can also decrease the noise level with better internal
consistency (smaller residuals). Regarding ionospheric models and constraints, they
has been widely studied in long-baseline relative positioning [16], known as
Stochastic Ionosphere Parameter (SIP) [3]. Recent studies have shown that the SIP
model is also feasible and effective in PPP [11, 19-21, 23, 24].

If a receiver observes n satellites, the number of observations in the UPPP model
is 4n, with 3n + 5 unknown parameters. Therefore, the redundancy in the UPPP
model is n — 5, which is the same as the IF PPP model. Dach et al. [3] also reported
that UPPP results with no ionospheric information constraints achieve the same
effect like the IF combination PPP.

2.2 Ionosphere Constrained UPPP Model

When external ionospheric information is available, the UPPP model in Eq. (3) can
be further extended. The external ionospheric information can be taken as a priori
information or pseudo measurements. The estimation with external ionospheric
information can be augmented as follows [17].

= a]= [T 2

R = [’g I?J (6)

where z is the augmented measurement vector; R* is the corresponding aug-
mented variance; v is the measurement errors; z is measurements; H is the design
matrix and x is the state vector. Xy and P, refer to the external ionospheric infor-
mation (the ionospheric delays and their variance-covariance matrix) that can be
obtained from the augmentation of either VTEC or STEC. The external information
is the key to add constraints. We will explain the ways to obtain the priori infor-
mation as STEC and VTEC in detail in this subsection.

The least square solution of the linear system of Egs. (5) and (6) can be derived
as Eq. (7).
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{x = (H'R'H+P;") "(H'R 'z + Py 'xo) -

— —1\—1
P=(HR'H+P,")

The constrained solutions provide more precise solutions than that with no
external ionospheric information and also accelerate the PPP convergence.

Please note that, as Eq. (3) shows, the I~1 estimate contains not only the iono-
sphere but also the DCBs from satellites and receivers. Since the satellite DCBs are
very stable, we can correct them in advance. Satellite DCB have been provided on a
daily basis by International GNSS service (IGS) as a by-product of GIMs based on
smoothed code. We also estimated the satellite DCBs by reducing the leveling
errors using UPPP model [21]. In addition, if the P1 observations are available, we
choose the P1 measurements. Otherwise, the C1 code measurements are used. Once
the C1 type is used, the P1C1 biases are required to align to P1, and monthly basis
products are available from CODE (ftp.unibe.ch. aiub/CODE/YYYY/
P1IC1YYMM.DCB). Therefore, the model can be further simplified as below by
correcting the satellite DCBs before adding priori ionospheric constraints.

Py = p+ (cdt, +by) + T+ (I — y2+1DCB;31/P2) +ep
Py = p+ (cdty + b)) + T +95(Iy — 57 DCBy,y 1py) +2p q
Ja@1 = p+ (cdt; +bjp) + T — (I = 5 DCB}y ) + N1 + 60 ®

A2®y = p+ (cdty +bjp) + T — (It = 55 DCByy 1) + J2Na + 20
where N and N, are estimated ambiguities at L1 and L2 frequency.

However, the receiver bias is still an issue when adding the ionospheric con-
straints. After correcting the satellite DCBs, the ionosphere and receiver DCB
remain in the UPPP model. As the receiver DCB is different for code and phase in
sign, it is impossible to have the receiver DCB absorbed in the receiver clock
parameter. Simply ignoring the receiver DCB will result in less precise solutions.

If the vertical ionosphere is available, like GIM, an additional parameter of
receiver DCB must be considered. Li et al. [12] held that receiver DCBs from the
reference stations could be absorbed by receiver clock parameter in the user ends.
This is very important because the bias affects how the ionosphere errors being
corrected.

2.2.1 Ionospheric STEC Constrained UPPP

If the external ionospheric information is obtained before mapping, we called it
STEC. The ionospheric STEC constraints to user ends are highly correlated with
that from the nearby stations. The closer the stations, the variation STEC is more
similar. The accuracy level of the estimated ionospheric STEC parameter is
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generally at a centimeter level, sometimes to a decimeter level. Therefore, applying
the ionospheric STEC constraints from the nearby stations can compensate the
ionospheric variations in the user end.

However, besides the ionosphere, the estimated ionospheric parameters also
contain receiver DCBs from nearby stations. If we apply these constraints as pseudo
measurements to the user end, the DCBs from both nearby stations and the user end
need to be addressed. The deterministic and stochastic parts can be written as
Eq. (9).

1
Lio=1Ipn=1———-DCB,, and Py= 5, 9)
(72—1)

where Yex is the estimated ionospheric parameters from nearby stations; DCB,, is
the receiver DCB from nearby stations; (fx is the variance of the estimated iono-
spheric parameters from the basic UPPP model.

2.2.2 Ionospheric VTEC Constrained UPPP

The ionosphere and the biases are highly correlated since they are both
frequency-dependent. The conventional way to separate the ionosphere from biases
is via ionospheric modeling. One typical example of VTEC products is global
ionospheric TEC maps (GIM). GIM has been supported by IGS working group on
ionosphere and available since June 1998. The primary objective of GIMs is to
monitor the variation of ionosphere continuously and apply this information to
single-frequency receivers who demand up-to-date ionosphere correction or sci-
entist who are interested in highly accurate ionosphere models [5].

Fortunately, GIM is found helpful for fast PPP by being offered as a priori
information. It is a pity that the accuracy of GIM is limited due to the number of
stations used for modeling and the modeling errors [22]. Considering the errors
from mapping function, the variance is doubled when the elevation is smaller than
20°. The deterministic and stochastic parts can be written as Eq. (10).

405, ele<20°

Iy =1, d Py =052, =
0= fom, And o = Ocm {5é,M, ele >20°

(10)

where Igpy is interpolated from GIM model by mapping to the corresponding
elevation; 5%;”\,1 is the variance interpolated from the GIM.
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3 A Case Study on PPP Performance

3.1 Data Processing

Two nearby stations SUTH and SUTM from the IGS network on May 11, 2014 are
selected to validate the methods in Sect. 2. The two receivers are equipped with
Ashtech UZ12 and Javad RINAGANT_G3T respectively. The receivers are with a
distance of about 140 m, which is so close that the ionosphere information is
assumed to be the same. We chose a short baseline instead of a network. In practice,
the corrections are usually generated from a network at a relative long distance.
However, in our experiment, we want to address the receiver DCB and study how
fast it can be if precise ionosphere information is accessible. Therefore, we
implemented the basic UPPP model, ionospheric STEC, and VTEC constrained
UPPP models to analyze the performance of ionospheric constrained PPP.

Table 1 displays the parameter estimation strategies in data processing. Please
note that the geometry-free (GF) threshold to detect cycle slips and the variance for
receiver clock. A small GF threshold causes re-initialization of ambiguities due to
the ionosphere disturbance, while a large threshold is risky miss cycle slips.
Regarding variance of receiver clock, way too large variance than other variances is
not efficient for numerical computation. Furthermore, an outlier detection is adopted
to reject the satellite with any of the measurement residual larger than four times
root square of its corresponding variance. In addition, the orbit, clock, and P1C1
products from Orbit Determination in Europe (CODE) are used for consistency.

Table 1 Data processing strategies for UPPP

Parameters UPPP models
Observations Raw observations
Sampling rate 30 s

Cut-off angle 10°

GF threshold for cycle slip 0.1 m

PCO/PCV

Corrected with the igs08_1886.atx

Phase windup

Yaw-attitude model from Kouba [9]

Solid earth/tides

IERS 2010

Receiver clock

Model as random walk, initialized from SPP*
with variance of 60 (m?)

Troposphere Saastamoinen model for zenith hydrostatic delays
and estimate the wet delays
Tonosphere Estimate the slant delay for each satellite
each epoch with constraints
Ambiguity Model as random constant with initial variance of 30* (m?)

Receiver DCB

Model as random constant with initial variance of 30% (m?)

4SPP is stand point position with solutions estimated using pseudorange at L1 frequency
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Fig. 1 Time series of position errors in east, north, and up direction using the basic UPPP model
every two-hour interruption (left), and the first two-hour session (right)

3.2 Basic UPPP Model

Figure 1 shows the time series of position errors at IGS station SUTH in east, north,
and up directions using the basic UPPP model, where the ionosphere is float
weighted with dynamic variation of 5 mm/s. The errors are compared with week
solutions in IGS08 reference frame. The left subplot is the time series of conver-
gence process during the day by simulating interruption every two hours. The right
figure shows the first two-hour session. It can be seen that the errors converge from
a large error then smoothly converging to millimeter. Regarding the errors in east
direction, they are slightly away from zero after the fluctuation at the beginning. It
takes 62.5 min for the east direction converge to 0.1 m, even longer than the
vertical direction in this case. We also checked the residuals, the standard deviation
(std) for pseudorange is around at 0.4 m, and the std for phase is at about 3.0 mm.

3.3 Ionosphere Constrained UPPP Model

3.3.1 Ionospheric STEC Constrained UPPP

Similarly, position errors of SUTH in east, north, and up directions using the
ionospheric STEC constrained UPPP model from the nearby station SUTM is
shown in Fig. 2. The ionospheric STEC from SUTM is also from basic UPPP
model including receiver bias. The left subplot is the convergence process during
one day by simulating interruption every two hours. The right figure shows the
second two-hour session. We chose the second one is because the first two-hour
session is meaningless due to converging process that results in inaccurate
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Fig. 2 Time series of position error in east, north, and up direction using the ionospheric STEC
constrained UPPP model every two-hour interruption (leff) and a two-hour session (right)

ionosphere corrections. Compared to the lower Fig. 1, lower Fig. 2 has a fast
convergence process due to tight constraints on the ionosphere from nearby station
SUTM. Compared with the basic UPPP model, the convergence process has smaller
fluctuation, and the convergence time to 0.1 m for east direction is highly reduced
to 8 min in this case.

3.3.2 Ionospheric VTEC Constrained UPPP

We also present the position errors of IGS station SUTH in east, north, and up
directions using the ionospheric GIM constrained UPPP model in Fig. 3. Due to the
accuracy of the ionosphere products, it can be seen that the first two-hour session
has a little improvement in convergence time in right Fig. 3. If you observe the left
figure of all the 12 sessions, it can be seen the convergence of other sessions
sometimes are even worse than the basic UPPP model. The main reason is the poor
accuracy of the ionosphere in GIM.

3.4 Statistics on Convergence Time for the Three Methods

To compare the difference among the basic, ionospheric STEC and VTEC con-
strained UPPP models, we summarized the statistic convergence time for 12 ses-
sions. Table 2 shows the convergence time to 1 dm in three dimensions after a
convergence of 1 and 5 min with 68 and 95%. From the first two rows, it can tell
that the improvements of accuracy for ionospheric STEC and VTEC constrained
UPPP models are about 67 and 26% after 1 min. When it comes to 5 min, there is
no advantages for GIM constrained model due to the quality of GIM.
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Fig. 3 Time series of position errors in east, north, and up direction using the ionospheric GIM
constrained UPPP model with two-hour interruption (lef), and a two-hour session (right)

Table 2 Statistics on the convergence time to reach 0.1 m in three dimensions

Error after Basic UPPP (m) GIM constrained UPPP STEC constrained UPPP
1 min (68%) 0.73 0.54 (26.0%) 0.24 (67.1%)

1 min (95%) 0.97 0.71 (26.8%) 0.32 (67.0%)

5 min (68%) 0.13 0.28 0.10

5 min (95%) 0.21 0.35 0.15

4 Conclusions

In this paper, we enhanced the ionospheric STEC and VTEC constrained UPPP
models by considering the receiver DCB on both code and phase measurements.
The ionosphere constrained UPPP methods aim to emphasize the significance of
receiver DCB. We also evaluated the performance of ionosphere constrained UPPP
models by comparing with the basic UPPP model.

We first explained the estimated ionospheric parameters in the UPPP model to
address the estimated ionospheric parameters contain DCBs as well. Secondly, we
illustrated the ionospheric STEC constrained UPPP model by applying the slant
ionospheric corrections from nearby stations. In this step, we showed that the
receiver DCB from reference station must be considered in the constrained model.
Thirdly, the ionospheric VTEC constrained UPPP model is implemented using
GIM.

Based on the results, we can draw the critical conclusions as below.

e The estimated ionospheric parameters from UPPP contain DCB from satellites
and receivers.
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The receiver DCB cannot be fully absorbed in the receiver clock. An extra
receiver DCB parameter is required.

The accuracy improvements after a convergence of 1 min for ionospheric STEC
and VTEC constrained UPPP models are about 67 and 26%.

There are no advantages of accuracy improvements at 5 min for ionospheric
STEC and VTEC constrained UPPP models.

Research for this study was conducted using a single station under quiet iono-

spheric conditions. However, exposure to long-term data and a disturbed iono-
spheric environment would mean the statistics is not always the same. Our next step
is working on analyzing globally distributed stations for a long-term data.
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Initial Assessment of BDS Zone Correction

Yize Zhang, Junping Chen, Sainan Yang and Qian Chen

Abstract Zone correction is a new type of differential corrections for BeiDou wide
area augmentation system. As broadcasted together with the equivalent satellite
clock and orbit corrections by BDS satellites, they enable user decimeter-level
real-time positioning capability using the carrier-phase observations. In this paper,
we give a brief introduction of zone corrections, and the function model of precise
point positioning (PPP) for dual- and single-frequency users using the zone cor-
rections. Tracking data of 30 stations in mainland China are used to evaluate the
zone-divided PPP performance, and the handling of troposphere delay and iono-
sphere delay are discussed. Results show that the zone-divided PPP performance
improves when fixing the troposphere delay. Model of UofC is much suitable for
single frequency user. The dual-frequency PPP can convergences to 0.5 m in
25 min and the positioning accuracy are 0.15 m in horizontal and 0.2 m in vertical,
respectively. As for single frequency PPP, the positioning accuracy convergences to
0.8 m in 20 min, while the positioning accuracy is 0.3 m in horizontal and 0.5 m in
vertical.
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1 Introduction

In the BeiDou Navigation Satellite System (BDS) broadcast messages, the orbit
parameters is generated through orbit fitting processing using the precise orbits of
ODTS (Orbit Determination and Time Synchronization) process [1-3], while the
satellite clock parameter is generated based on the TWTT (Two-Way satellite Time
Transfer) technique [1, 3, 4]. BDS’s Legacy PNT service performance is 10 m
(95%) in positioning precision, and 50 ns (95%) timing precision at in Asia-Pacific
area [5].

To improve positioning accuracy and integrity, BDS integrates the wide area
differential services together with the Legacy PNT system. Current differential
corrections include the Equivalent Satellite Clock for the combined correction for
satellite radial orbit and clock errors, and ionospheric grids for the ionospheric
correction improvement for single-frequency users [6, 7]. The current differential
corrections provide for authorized users only, and the positioning precision can be
improved by 50% for dual-frequency user and 30% for single-frequency user,
respectively [7]. The Equivalent Satellite Clock correction principally includes the
mean radial component of orbits error in BDS monitoring area and the real-time
satellite clock errors, thus it could not fully reflect the orbit errors in the Along-track
and Cross-track directions and its differences maybe at decimeter level for users at
boundary areas of BDS service region. To correct for this effect, the orbit correc-
tions based on the combined the epoch-differenced carrier phase and pseudo-range
is proposed [8]. However, these models do not actually take advantage of the high
precision carrier phase, as pseudo-range may be seriously biased by multipath and
channel biases. Under such strategies, the User Differential Range Error (UDRE) is
at a level of sub-meter level, which will limit the applications of higher accuracy
requirements.

Supporting user decimeter level positioning accuracy requirements, a new type
of differential correction, namely the zone correction, is proposed in the upgrading
BDS wide area differential service system [9]. The new zone correction is generated
using the high precision carrier phase and corrects for the remaining common errors
for specific zones. In this paper, we firstly review the definition and calculation of
zone correction. Precise Point Positioning (PPP) models for single- and dual-
frequency observations using the zone corrections are introduced. Performance of
the zone-divided PPP is evaluated for single- and dual-frequency observations, and
strategies in handling of tropospheric and ionospheric delays are discussed.

2 Zone Correction and Zone-Divided PPP

2.1 Zone Correction

Most current wide area augmentation system uses smoothed pseudo-ranges in the
calculation of wide area differential message, which is rather reliable and efficient in
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real-time processing. However, due to the relative large noise of pseudo-range
observations and the impact of multipath errors, the accuracy of the calculated
differential correction is around 0.5 m in terms of UDRE [7, 8], which limits the
current performance at the level of few meters and could not meet the requirement
of real-time high precision applications.

To further improve the accuracy of differential corrections, the concept of zone
correction is proposed and implement in the new BDS wide area differential service
system [9]. The core of the algorithm is that both the observation error of a satellite
and the remaining atmosphere correction error for a specified regional are assumed
largely to be the same and are grouped into a time varying correction. Applying the
new concept, service areas of BDS are divided into several regions. The zone
correction is super-posed on broadcast ephemeris, the Equivalent Satellite Clock
and the orbit corrections. It is represented by the combined residuals of carrier
phase observations, where the receiver clocks and partial ambiguity are included,
and are combined through a comprehensive combination process of multi-stations.
The steps of zone correction are as follows:

(1) Calculation of Ionospheric-Free carrier phase residuals for each station in one
Zone:

dL(i, t) =LC - p— 5rec + 5mt - 5trup - 5rela - 5amb - 5ESC - 5orb +¢& (1)

In Eq. (1), L is the phase residuals of frequency i at time t, p is the geometric
distance between tracking station and satellite computed from broadcast ephemeris,
Orec 18 the appropriate station clock, Jy, is the satellite clock computed from
broadcast ephemeris, J,, is the tropospheric delay, d,., is the correction of rela-
tively, dump is the appropriate satellite ambiguity through pseudo-range minus
carrier phase, dgsc is the Equivalent Satellite Clock Correction, d,,, is the orbit
correction, € contains the phase-windup corrections, solid tide correction, ocean tide
correction and the observation noise. It should be pointed out that the satellite clock
in broadcast ephemeris is based on B3 frequency and the satellite clocks differs
between different frequencies [10, 11], and TGD correction should be corrected for
observations of other frequency combination.

From Eq. (1) we can see that the residual of carrier phase contains the residual of
station clock and partial ambiguity, together with observation noise, residual of
satellite orbit error, satellite clock error and tropospheric model error.

(2) Calculation of epoch-differenced carrier phase residual for each station in one
zone.

. o, t=1
ALG 10— 1) = {dt(i,t) —dt(i,t—1), t>1 (2)
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(3) Combination of zone correction

dL(t) =f(AL(t,t — 1)) +dL(t — 1) (3)

In Eq. (3), f means the combination function of comprehensive carrier phase
correction. In most situations, f is the weighted average of each station. During the
case of satellite disappearing, satellite arising, cycle slips or station clock jumps, the
process of cycle slip repairing and clock jump repairing should be performed,
otherwise the data should be abandoned.

2.2 Model of Zone-Divided PPP

Based on the broadcast ephemeris, the Equivalent Satellite Clock, the orbit cor-
rection and precise phase zone correction, real-time PPP can be realized for both
dual-frequency and single frequency users.

(1) Dual-frequency user PPP

For B1B2 or B1B3 frequency user, the positioning model can be expressed as
follow by using ionospheric-free combination.

PC = p+ 5rec - 5sat + 5tmp + 5rela + 5ESC + 5orb +épc )
LC =p + 5rec - 5sat + 5tr0p + 5rela + 5amb + 5ESC + 50rb + dL + éLc

In Eq. (4), PC and LC are the ionospheric-free pseudo-range and carrier phase
combination of BIB2 or B1B3. Comparing Eq. (1) with Eq. (4), we can see that
although the broadcast orbit and clock is not precise after Equivalent Satellite Clock
correction and orbit correction, the residual error will be further corrected using the
zone correction. The station clock residuals contains in the zone correction will
absorbed by user station clock parameters, while the partial ambiguity in the zone
correction will absorbed in user ambiguity parameter. The change of satellite orbit
and clock remaining errors vary little during short time (90 or 180 s).

In the above model, the residuals mainly come from the carrier phase obser-
vation noise and the remained differences between station depended troposphere
delay and the troposphere delay contained in zone correction. As for pseudo-range
observations, the zone correction can’t be used because the containment of partial
ambiguity, so only the Equivalent Satellite Clock and orbit correction can be
applied.

To study the impact of the troposphere delay difference on dual-frequency
zone-divided PPP, tropospheric delay parameters could be theoretically set up in
Eq. (4).

(2) Single frequency user PPP
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For single frequency user, the ionosphere error is the main factor that affects the
positioning precision. Currently, the BDS provide 8 parameter ionosphere model
for legacy navigation, as for augmentation positioning, the 14 parameter ionosphere
model or the ionosphere grids is used [10]. However, the correction precision is
about 0.5 m [12, 13]. In 2002, GAO proposed a positioning model called UofC
[14]. In this model, due to the opposite of ionospheric delay in pseudo-range and
carrier phase, the ionospheric error can be eliminated by averaging pseudo-range
and carrier phase. Based on UofC, we establish a single frequency zone-divided
PPP model.

P= 1% + 5rec — 5mt + 5zrop + 5iono + 5rela + 5ESC + 5arb +ép (5)
(P + L)/2 =p + 51’66 - (Smt + (Strop + 51‘ela + 5amb + (SESC + 50rb +dL+ 99

In Eq. (5), P and L is the single frequency pseudo-range and carrier phase
observation, d;,n,1s the ionospheric delay using 14 parameter ionosphere model or
ionosphere grids. The other parameters are the same with Eq. (4). Which should be
pointed out is that d,,, is actually half of the carrier phase ambiguity at single
frequency.

To study the impact of the ionosphere delay on single-frequency zone-divided
PPP, phase observations corrected for ionospheric delay using 14 parameter
ionosphere model or ionosphere grids could also be directly combined with
pseudo-range observations in Eq. (5).

3 Data Processing Strategy

In the implementation of the zone correction for BDS wide area differential service
system, the service area is divided into 18 zones, where the zone correction for each
zone is assumed to be calculated based on a pseudo reference station at the center of
the zone. Users first calculate its approximate coordinates and searching for the
nearest zone according to the given table of coordinates of each zone center. The
zone corrections are broadcasted to user through GEO satellite at given defined
epoch. To evaluate the precision and reliability of zone correction, the zone-divided
PPP performance is analyzed.

Figure 1 shows the region of each zone. About 30 BDS tracking stations dis-
tributed in China are selected for zone-divided PPP assessment, which are also
showed in Fig. 1. For each station, the zone centers within 1000 km are selected
orderly. The mean distance for all stations and zone centers is 597 km. Table 1
gives the processing strategy of zone-divided PPP.

Data from DOY 346-348 in 2016 is chose. For each day, the data is divided into
4 parts every 6 hours. So there are 12 arcs processed in total. For each arc, the
B1B2, B1B3, Bl, B2, B3 zone-divided PPP are computed in kinematic mode.
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Fig. 1 Zone area and test stations

Table 1 Zone-divided PPP strategy

Type Strategy

Estimator Kalman filter

Satellite orbit and clock Broadcast ephemeris

Augmentation message ESC correction, orbit correction, zone correction

Data sampling 30s

Limit elevation 10°

Ionospheric delay Dual-frequency: Ionospheric-free combination;
Single frequency: BDS ionosphere model

Tropospheric delay GPT2w + SAAS + VMF1

Solid tide, ocean tide IERS convention

Station coordinate Estimated, white noise

Station clock Estimated, white noise

Ambiguity Estimated
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4 Analysis of Zone-Divided PPP Performance

4.1 Effect of Troposphere Delay Parameter

Troposphere delay is one of the errors in GNSS observation. Troposphere models
such as UNB3, EGNOS, GPT2, IGGtrop can estimate the hydrogen delay and most
of wet delay, the precision of these models have been demonstrated to be 4-6 cm
[15, 16]. The rest of the wet tropospheric delay is estimated as a random walk
parameter in traditional PPP. As mentioned above, the zone correction contains
tropospheric model error. After applying zone correction, the troposphere error
would well be eliminated in areas near zone center.

To verify this, we make a comparison of zone-divided PPP with and without
troposphere parameter estimation. The troposphere model of GPT2w is set as the
initial value. Figure 2 shows the comparison of horizontal and vertical RMS dis-
tribution for B1B2 combined zone-divided PPP and Table 2 gives the statistical
RMS of different data length. From the figures we can see that by fixing the
troposphere delay, the precision of zone-divided PPP in height gets better. After
fixing the troposphere delay, 87% of PPP result is better than 0.2 m in horizontal
and 83% is better than 0.6 m in vertical for dual-frequency user. We can also find
that there is no much difference on the precision during 2—4 and 4-6 h, which
means the positioning error is already convergence (Table 2).
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Fig. 2 Zone-divided PPP precision distributions at horizontal (up) and vertical (down) with and
without troposphere parameter estimation
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Fig. 3 Positioning error distribution of zone-divided PPP for B1B2 with and without troposphere

parameter

Table 2 RMS of zone-divided PPP results at different data length

Type (h) With troposphere parameter Without troposphere parameter
Horizontal (m) Vertical (m) Horizontal (m) Vertical (m)

1-2 0.17 0.28 0.17 0.24

2-4 0.11 0.22 0.11 0.18

4-6 0.10 0.22 0.10 0.17

To take a specific observation of positioning error distribution, the 3D posi-
tioning error distribution of zone-divided PPP at one station is compared by his-
togram statistics after one hour of convergence, showed in Fig. 3. The station is
about 700 km away from the zone center. From the figure we can see that the 3D
positioning RMS is 0.24 m and 95% is better than 0.39 m when estimating the
troposphere parameter. While the 3D positioning RMS is 0.1 m and 95% is better
than 0.27 m by fixing it. This proves that the zone correction contains part of
tropospheric model error at a regional area.
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4.2 Effect of Single Frequency PPP Model

As for single frequency user, one can use the traditional single frequency PPP
model or the UofC model mentioned above. To evaluate the different of these two
models, a comparison test is conducted. Figure 4 is a typical zone-divided PPP
results for B1 frequency user of two models. From the figure we can see that the
traditional model is much worse than UofC, which is due to that the ionosphere
error is eliminated in UofC model by averaging pseudo-range and carrier phase.
To further evaluate the effect of zone correction on single frequency PPP, we
also test the traditional single frequency PPP without zone correction. The statistical
results for all stations are listed in Table 3. From the table we can see the advantage
of UofC model. The RMS is 0.22 m in horizontal and 0.43 m in vertical. As for
traditional PPP, the positioning precision also improves after applying zone cor-
rection, from 0.67/0.99 in horizontal and vertical to 0.42/0.87. To take a specific
observation, the 3D positioning error distribution at one station is compared in
Fig. 5. After applying zone correction, the 3D positioning RMS improves from
1.38 to 1.04 m, as for 95% positioning error, it improves from 2.03 to 1.59 m.
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Fig. 4 Traditional single frequency PPP (leff) versus UofC PPP (right)

Table 3 Single-frequency PPP for different model

Type Traditional PPP without Traditional PPP with UofC PPP with zone
zone correction zone correction correction

Horizontal (m) |0.67 0.42 0.22

Vertical (m) 0.99 0.87 0.43
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Fig. 5 Positioning error distribution of zone-divided PPP for B1 with and without zone correction

4.3 Overview of Zone-Divided PPP Performance

Based on the analysis of effect of troposphere delay parameter and single frequency
PPP model analyzed above. We conduct the full experiment of zone-divided PPP
for different frequencies. In the experiment, the troposphere error is fixed through
GPT2w model. For single frequency positioning, the UofC model is applied.
The RMS of zone-divided PPP is calculated from 4th to 6th hour. Table 4 gives
the mean value of all stations and zones of different frequencies. We can see that for
dual-frequency user, the mean kinematic positioning precision is below 0.15 m in
horizontal and 0.20 m in vertical. As for single frequency user, the mean kinematic
positioning precision is below 0.30 m in horizontal and 0.50 m in vertical,
respectively. The single frequency zone-divided PPP performance is much worse
than that of dual-frequency. The precision can be regarded as the zone-divided
precision within 600 km.

For real-time kinematic user, the convergence performance is more concerned.
To evaluate the convergence performance of all stations, we get the mean 3D
positioning error of zone-divided PPP every 5 min at first one hour. Figure 6 gives

Table 4 RMS of BIB2 |BIB3 |Bl [B2 B3

zone-divided PPP results at Hori | 011 014 022 023 027

different frequencies orizontal (m) : : : : :
Vertical (m) 0.18 0.19 043 1[043 [0.46




Initial Assessment of BDS Zone Correction 281

3D Average Convergence Error (B1B2)

Error [m]

0 5 10 15 20 25 30 35 40 45 50 55 60
Time [min]

3D Average Convergence Error (B1)

Error [m]

0 5 10 15 20 25 30 35 40 45 50 55 60
Time [min]

Fig. 6 Convergence statistics of zone-divided PPP for B1B2 (up) and B1 (down)

the convergence performance of zone-divided PPP for B1B2 and B1. From the
figure we can see that it can convergence to 0.5 m in 25 min for dual-frequency
user and to 0.8 m in 20 min for single frequency user.

5 Conclusions

In this paper we give a brief introduction of zone correction and the zone-divided
PPP model for dual- and single-frequency user. Based on national distributed BDS
tracking station in mainland China we evaluate the performance of dual- and
single-frequency zone-divided PPP in different aspects. We conclude that:

(1) The precision of zone-divided PPP improves after fixing the troposphere delay.

(2) Zone correction improve the user positioning performance. UofC model is
much better for single frequency user.

(3) For dual-frequency user, the mean kinematic positioning precision is below
0.15 m in horizontal and 0.20 m in vertical. As for single frequency user, the
mean kinematic positioning precision is below 0.30 m in horizontal and 0.50 m
in vertical, respectively.

(4) The zone-divided kinematic PPP can convergence to 0.5 m in 25 min for
dual-frequency user and to 0.8 m in 20 min for single frequency user within
600 km. In general, the user can achieve a positioning precision better than 1 m
within the distance of 1000 km from zone center.
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Test Results of HISGR: A Novel
GNSS/INS Ultra Tight Coupled
Spaceborne Receiver

Xiaoliang Wang, Deren Gong, Yanguang Wang, Bo Qu,
Longlong Li, Xingyuan Han and Yansong Meng

Abstract With supporting of National Natural Science Foundation, Academy of
Space Electronic Information Technology (ASEIT) is developing a novel compact
spaceborne GNSS receiver; we call it as High Sensitive GNSS Receiver (HiSGR),
that can operate effectively in the full range of Earth orbiting missions from Low
Earth Orbit (LEO) to geostationary and beyond. Improved signal detection algo-
rithms have been used in signal process section of HiSGR and inertial sensor is
used for GNSS/INS ultra-tight coupled design that speed up the acquisition process
and provide improved tracking performance for weaker GPS signals and in the
presence of high dynamics shifts. HISGR has experienced extensive tests to
demonstrate the promising performance of some crucial specifications, by using
real GNSS signal receive on open field and Hardware In-the-Loop
(HIL) simulation. Receiver performance in LEO scenarios is provided. Finally, a
ground vehicle running test is introduced for the demonstration of fast acquisition
and reacquisition capability under conditions of signal lost. HISGR demonstrated
promising performance and acted stable during all those simulations and tests,
which proved the capability for future space applications.
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1 Introduction

For recent decades, the use of GNSS receiver for space missions has becoming
quite a common technique. Some major applications include [1]: Real-time Precise
Orbit Determination (POD), attitude determination and raw measurement provider.

Since so many kinds of scientific demanding for space applications of GNSS
receiver, several organizations have undertaken efforts to develop spaceborne
GNSS receivers from Low Earth Orbit (LEO) to lunar missions in past two decades.
Some famous products includes BlackJack (or TurboRogue Space Receiver,
TRSR-2) [2, 3] receiver and some follow-on version developed by NASA’s Jet
Propulsion Laboratory (JPL) and Broadreach Engineering (BRE) [4],
commercial-off-the-shelf (COTS) dual-frequency receiver OEM4-G2L from
NovAtel Inc. for space applications, Septentrio’s PolaRx2 receiver for LEO mis-
sions [5, 6].

ASEIT is currently developing a novel compact spaceborne GNSS receiver
“HiSGR” for future space applications, under the supporting of National Nature
Science Found, as shown in Fig. 1. This paper gives the introduction of HiSGR
receiver in detail. The rest of this article is organized as follows: Sect. 2 provide the
introduction of hardware and software architectures of HiSGR receiver. The sim-
ulation results using HIL and real signals are given in Sect. 3.

Fig. 1 HiSGR receiver with
painted encapsulation
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2 Receiver Architecture

2.1 Hardware

As shown in Fig. 2, the total receiver components are carefully layout in two
Printed Circuit Boards (PCBs). The bottom layer includes (1) high sensitive
front-end with low noise amplifier (LNA) that provides the down-converted GNSS
signal. (2) DC-DC converter power supply module which provide the necessary
second voltages to the other components from the primary 28 V DC power bus.
(3) High stability frequency reference and (4) inertial measurements sensor. All the
information will be transferred to top layer for post process. The output navigation
solutions and necessary raw measurements will be delivering to remote-terminal
Command & Telemetry (C&T) interface using MIL-STD-1553B communication
bus, and finally proved to spacecraft GNC system through internal connector.

Two GNSS receive antennas are used, one for zenith pointing and one for nadir.
Clearly this is from the requirement of high altitude spacecraft that get signal
acquisition and tracking of GPS satellites through a down-looking direction. The
two antennas can be switched on and off in front-end device automatically,
according to the altitude of receiver [7], and the intermit frequency signals are
finally provided. The current version of HiSGR is a GPS L1/L2 due frequency
receiver that capable of receiving L1 C/A, L2C, L2 P(Y) code. Receiving BeiDou
B1 and B3 signals will be realized in near future.

The FPGAL in top layer is acquisition and tracking correlator FPGA controlled
by an internal microprocessor, which is used for fast weak signal acquisition and
tracking. This device undertaken the most computationally demanding task since it
requiring a search across a three dimensional space of unknown time delay, doppler
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Fig. 2 HiSGR receiver hardware structure
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shift, and satellite pseudo random noise number. It is also the critical factor to
sensitivity of traditional receiver design. Improved signal detection algorithms have
been used in HiSGR that speed up the acquisition process and provide improved
performance for weaker GPS signals in presence of high dynamics. Typically,
tracking of signals down to 25 dB-Hz is possible with standard GPS methods [§],
while acquisition is limited to about 35 dB-Hz. Some special treatments of
acquisition scheme are used for the HiSGR. First, the satellite selection logic from
software section can predict the GNSS satellite passes and coarse doppler shift for
any altitude and antenna orientations. Second, an ultra-tightly coupled
GNSS/Inertial Kalman Filter is used in occasions as (or some scenarios during)
dynamic maneuver and in challenging signal environment (during launch, orbit
transitions and reentry), which also aid the signal fast acquisition or reacquisition.

The tracking correlator implements the code delay locked loop and carrier
tracking functions on each of the channels with data output by the acquisition
section. Those data are stored in a fast DDR2 SDRAM connected to FPGA1. By
optimal design of the code and carrier tracking loops for the expected signal levels
and dynamics in space, it is possible to increase the sensitivity of the receiver for
tracking weaker GPS signals, at or just below the tracking threshold of typical
receivers. Conventional GPS acquisition and tracking algorithm generally use 1 ms
accumulated I and Q values, as this is convenient for detecting the data bit tran-
sitions. The longer the accumulation time, the lower the satellite C/NO that can be
detected. Detection thresholds are generally set at around 95% probability. This
equates to a post-accumulation signal/moise level of around 8 dB. For the
improvement of weak signal tracking performance in HiSGR, two methods are
used: One by longer non-coherent accumulations and the other is adaptive tracking
loop filter. The first is using 20 ms correlations for tracking weak signal, and even
50 non-coherent accumulations over the 1 s time interval using 20 ms coherent
accumulations. The C/NO detection threshold is achieved about 15 dB-Hz and even
below in test. The adaptive tracking loop filter is also used for the reliable tracking
and data demodulation of C/A signal, by estimation of best gain settings of tracking
loops in real-time [9]. However, the filter method is far too computationally
intensive for routine use, especially in strong signal scenarios.

FPGA?2 is used for inertial measurements and aided almanac information col-
lection from MEMS sensor in bottom layer and attached EEPROM. It also controls
the navigation solutions output from DSP and handles commanding and telemetry
messages thought MIL-STD-1553B interface ports.

2.2 Software

The DSP in the top layer of Fig. 2 is in charge of basic navigation software, which
processes the received signal measurements to compute the navigation solutions.
The core of navigation algorithm is achieved by Real-Time Precise Orbit
Determination software (RTPODs). RTPODs is a compact and portable software
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package optimized for real-time processing and is designed for use on embedded
DSP systems. It makes use of an extended Kalman filter as well as precise dynamic
models for orbiting receivers. The models used in RTPODs include a full EGM-96
70 by 70 gravity field, the DTM 94 atmospheric drag model [10], a solar radiation
pressure model, Earth orientation and polar motion models as well as a relativity
model. In addition, RTPODs has the capability to utilize the reduced dynamic
technique [11] in which empirical accelerations are estimated in order to account for
any dynamics left unmodeled. Finally, the Position, Velocity, and Timing
(PVT) point solution will be provided when four or more satellites are being
tracked, via a single-shot nonlinear least-squares solver, and also provides onboard
orbit determination capabilities in sparse. When RTPODs operating in dual fre-
quency mode, more observations are used to compute the ionospheric delay and
ionosphere-free pseudoranges for each satellite in view.

The RTPODs mainly operate in GNSS stand-alone navigation mode, and can
also be switched to integrated navigation mode that incorporate inertial measure-
ments and on-line processed using ultra-tight coupled GPS/inertial Kalman Filter
for predicted orbit position, velocity and attitude, which is used to remove the
Doppler effects to allow weak signal tracking in some scenarios.

The availability of the source code allows customization of RTPODs for space
applications in difference altitude. So far, several modifications have been made for
RTPODs which covers LEO to Lunar missions (Table 1).

3 Tests and Simulations

HiSGR has experienced extensive tests to demonstrate the promising performance
of some crucial specifications, by using Hardware In-the-Loop (HIL) simulation
and real GNSS signal receive from moving vehicle in open field and underground.

The following subsections describe the HIL simulation configurations, general
HiSGR receiver performance, data processing and preliminary results.

Tab!e 1 Some RTPODs RTPODs versions Applications

versions -
RTPODs-LEO Low earth orbit
RTPODs-R Reflected signal receiving
RTPODs-HEO High eccentric orbit
RTPODs-GEO Geostationary orbit
RTPODs-LUNAR? Cislunar/orbiting moon
RTPODs-L2* Helo Lagrange L2
RTPODs-T* Test for ground vehicle

“Under development
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3.1 HIL Simulation for LEO

HIL testing is useful to evaluate actually performance of receiver under varies
conditions including dynamics, signal levels, and error sources on orbit. The RF
input of the receiver is connected to a GPS simulator in such a test rather than a real
antenna. The specified trajectory and attitude could also be provided from simulator
that simulates the receiver was actually in motion. Aspects of the receiver perfor-
mance could be evaluate repeatly that would be impossible through terrestrial static
tests.

ASEIT has recently purchased a state-of-the-art Spirent GNSS simulator of
model GSS9000 (as shown in Fig. 3, with HiSGR connection) which is a multiple
constellation/ frequency GNSS simulator (GPS/Galileo/BeiDou/GLONASS/
SBAS/QZSS). It has up to 16 parallel channels per carrier through each RF out-
put. The GNSS simulator allows users to control virtually all kinds of the simulated
GNSS signal properties and modeled error sources.

The LEO scenario of CHAMP (Challenging Minisatellite Payload) is used in
this simulation, as orbit elements given as: Eccentricity 0.00398, Inclination
87.272°, Perigee altitude 429 km, Apogee altitude 476 km, Longitude of ascending
node 150.089°, Argument of perigee 323.038°.

The receiver antenna is configured to be fixed in the mass center of spacecraft,
with orientations of zenith direction. The receiving antenna gain patterns can be
configured manually using antenna attenuation pattern editor in GSS9000 simulator
and the default gain patterns is used during in this simulation (default_v1-0.ant_pat
file in setting GUI).

Spirent GSS9000
simulator

Fig. 3 HiSGR receiver under HIL test
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Only GPS constellation is used in the test. The signal levels in the simulator are
default to —130 dBm that comply with the minimum guaranteed signal strength
from GPS ICD-200 [12, 13].

The recommended GPS reference gain pattern is also provided in the simulator
setting GUI (default_v1-1.ant_pat file). However, the default setting file failed to
provide the accuracy GPS gain pattern for signal transmitter. Several references
have mentioned the actual measurement of GPS antenna gain pattern for deep
research [14, 15]. Here we use the recent published results for testing [16]. The
actual antenna gain data of Block IIF were adopted, as shown in Fig. 4, and
transformed to the ant_pat file, importing to simulator for testing.

Simulation time is set from 14:15:00 to 20:15:00 08/Apr/2016 UTC, with
sampling step of 1 s. The GPS reference orbits are based on precise ephemeris
which download as version 3.01 renix files from IGS web site [17]. It makes the
simulated GPS orbits and clock parameters to closely match the actual GPS con-
stellation at the time of the simulation. Software version RTPODs-LEO is burned
into the hardware components which is a GNSS only version without inertial
assistant. The signal acquisition and tracking algorithm choose 1 ms correlations
for this test.

HiSGR performed excellent during the whole simulation time. Figure 5 illus-
trated the PDOP values and histogram of satellite geometry visible versus satellites
get tracked data from the output from RTPODs-LEO software. The POD perfor-
mance after filter convergence is given in Fig. 6 (using 15 s sample interval points
for concise). The position errors in radial/in-track/cross-track directions are just
about a few meters in real-time process, which is suitable for most missions in LEO
with real-time requirements.
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Fig. 6 HiSGR POD position error from RTPODs-LEO software

3.2 Vehicle Test on Ground

In this section, here we provide some brief introduction of the testing results using
moving vehicle both on open field and underground, as shown in Fig. 7.
Software version RTPODs-T is used to verify algorithm of ultra-tight coupled
integrated navigation design for weak signal acquisition and tracking under varies
conditions, currently is under development with limited functions. However, the
signal process section is achieved with inertial assistants, and the positioning
computation is conducted offline using sampled data during test. Figure 7a
demonstrated the assembling of HiSGR in platform with NovAtel’s SPAN@
integrated navigation system, which is used for the comparison and evaluation of
final solutions. Figure 7b, ¢ shown the basic instruments configurations during
running test, and Fig. 7d demonstrated the moving vehicle underground, which
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Fig. 7 Vehicle tests on open field and underground

Fig. 8 Vehicle moving trajectory (a) with signal occulted routing (b)

aiming the assessment of receiver performance when no visible satellites available
in space and fast signal reacquisition.

HiSGR performed stable during the whole simulation time. The receiver
achieved quick signal reacquisition when out of underground garage. Figure 8
demonstrated the HiSGR test during open field. The reference trajectory is provided
by the NovAtel’s SPAN@ integrated navigation system.

By using GNSS standalone mode, The HiSGR positioning error is less than
10 m without occlusion, but diverged gradually when running under occulted
buildings, as in Fig. 8b. However, the positioning error reduced rapidly, about less
than 15 m under occlusion, when HiSGR switched to GNSS/INS ultra-tight cou-
pled mode.
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4 Conclusions

This article provided detail introduction of design and development of a novel
compact spaceborne GNSS receiver “High Sensitive GNSS Receiver (HiSGR)”,
which conducted by ASEIT. HiSGR is a space qualified multifunctional GNSS
receiver that can operate effectively in the full range of Earth orbiting missions from
Low Earth Orbit to geostationary and beyond. Improved signal detection algorithms
have been used in signal process section of HiSGR that speed up the acquisition
process and provide improved tracking performance for weaker GPS signals.
A compact and reconfigurable software package named Real-Time Precise Orbit
Determination software (RTPODs) is used in HiSGR that optimized designed for
use on embedded systems. HiSGR has experienced extensive tests by using
Hardware In-the-Loop simulation and real GNSS signal receive from moving
vehicle in open field and underground. The real time POD positioning error is about
a few meters in LEO and less than 10 meters on ground test. Simulation results
surely demonstrated the promising performance that suitable for future space
applications.
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Multi-period PMF + FFT Acquisition
Method Based on Symbol Estimation

Wen Liu, Tian-tong Gao, Zhong-liang Deng and Di Zhu

Abstract Due to the relative motion between the satellite and the target, there is a
large Doppler shift in the high dynamic navigation and positioning system. Using a
set of partial correlators to combine the fast Fourier transform for PN code
acquisition, the two-dimensional search of the code phase-Doppler frequency can
be reduced to a one-dimensional search, which reduces the computational burden.
Aiming at the problem that the traditional PMF + FFT method is affected by the
bit-flipping only for single-cycle acquisition, this paper presents a multi-period
PMF + FFT interoperability capture method based on symbol estimation. In the
case of bit flipping, the ratio of the main peak to the secondary peak in the
acquisition result is improved by 15%, which has better anti-bit transition ability
and make multi-period capture more feasible, enhancing the capture effect.

Keywords Matched filter -+ FFT - Symbol estimation - Multi-period

1 Introduction

The primary task of GNSS receivers is to capture and track satellite signals. The
design and implementation of GNSS signal acquisition strategy is one of the core
contents of receiver development. The use of spread spectrum ranging code GNSS
signal reception power is low, so the receiver must first signal pseudo-code-related
despreading. At the same time, due to the uncertainty of the Doppler shift, the
two-dimensional search must be performed at fixed intervals on the code phase and
frequency. The acquisition time of different search strategies is not the same. The
speed of the whole parallel mode is the fastest and the speed of the whole serial
mode is the slowest. At present, the PMF + FFT signal acquisition method has been
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widely used in GNSS, and this method has certain advantages under high dynamic
conditions [1]. The classical PMF + FFT method is only applicable to single-cycle
acquisition, which limits the capture sensitivity of the inter-operable signal, because
bit-flipping affects the multi-period coherent integration results. In this paper, we
introduce a symbol-based multi-period PMF + FFT estimation method, and com-
pared with other existing acquisition strategy.

2 PMF + FFT Acquisition Algorithm

The traditional PMF + FFT acquisition method is described in detail in the related
literature [2, 3]. It consists of two steps: The first step is to segmentally correlate the
signal using a correlator that contains P in-phase and quadrature branches based on
a partially matched filter. Suppose that the length of one correlator is X, the product
of the number of correlators and the correlator length is XP = M. The first corre-
lator correlates with the first X chips of the pseudocode sequence, the second
correlator correlates with the second set of X chips using the pseudocode sequence,
and so on. The output of P correlators is the partial correlation result. If the P results
are coherently combined, they are equivalent to the result of a perfectly matched
filter with standard length M.

In the second step, K-point FFT is performed on the P correlation results. The
PMF + FFT-based acquisition method does not coherently combine the P results,
but uses them as an input of the N-point FFT (N > P), and performs Doppler
frequency estimation by performing FFT output maximum detection. Where the
maximum value of the FFT output will be closest to the actual Doppler frequency.

In the case of multi-period acquisition, the conventional method can cause the
coherent accumulation of the matched filter to be inaccurate due to bit jump. In
addition, by the time limit of integration, it is difficult to achieve the desired effect in
the case of weak signal.

3 Multi-period PMF + FFT Acquisition Method
Based on Symbol Estimation

The IF signal is mixed to obtain a baseband signal. The baseband signal first enters
the partial matching module. P correlation results can be obtained for every symbol
period. The correlation results are entered into a symbol estimation module, which
performs bit inversion detection on the P correlation results of the adjacent two
symbol periods one by one, and counts the bit flip. The bit count information is
used to accumulate the correlation result corresponding to each period. The
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correlation result after polarity accumulation is input to the FFT module and
transformed into the frequency domain. The maximum value obtained is compared
with the local capture threshold in the capture decision to obtain the final capture
result.

3.1 Partially Matched Modules

Similar to the traditional PMF-FFT method, the received baseband signal is seg-
mented and correlated, and P correlation values can be obtained for each received
code period. The resulting value is denoted by i_m, where i represents the code
period number and m represents the corresponding partial match result number.
Under the effect of the pseudo-code clock, the code shift controller controls the
local code and the received code to partially accumulate. Each cycle can be P partial
correlation matching results (Fig. 1).

Fig. 1 PMF schematic | Data shift register
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Fig. 2 Partial matching module based on symbol estimation

3.2 Symbol Estimation Module

Similar to the traditional PMF-FFT method, the received baseband signal is seg-
mented and correlated, and P correlation values can be obtained for each received
code period. The resulting value is denoted by i_m, where i represents the code
period number and m represents the corresponding partial match result number.
Under the effect of the pseudo-code clock, the code shift controller controls the
local code and the received code to partially accumulate. Each cycle can be P partial
correlation matching results.

Using the result of partial matching I_P, symbol decision is made on the decision
result of adjacent two periods. As shown in Fig. 2, the symbol estimation step
requires comparison of the results of the co-directional and reverse paths of the
adjacent two periods.

The M-th result of each cycle and the in-phase result of the adjacent period are:

131 =1_m+2_m
P =2 m+3_m

m

(D)

IN=(N—-1)_m+N_m

m
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The same results can be obtained with the same cycle:

I,'i =1m-2_m
I3=2_m—-3_m
(2)

IN=(N-1)_m—N_m

m

Each group of results need to be judged, the decision expression is as follows:

T =1 =1, (3)
T <0 indicates that a flipping occurs at the m-th partial matching portion of the
(1 — 1)-th cycle and the i-th cycle. Otherwise, the (i — 1)-cycle and the i-cycle are
not flipped. A set of adjacent sets of P-group correlation results are counted. The
count result is set to J. When one of the set of correlation results is judged to be
flipped, J is incremented by 1, otherwise J is decremented. In the P group of
relevant results are judged to be the end of the results of J to make judgments. If
J > 1, then the first cycle and the second cycle of the final decision for the
occurrence of bit flip, if J < 1, then the first cycle and the second cycle of the final
decision for a bit flipped. If the bit is flipped, the bit flipping counter is incremented
by 1, otherwise it remains unchanged. After each successive cycle decision, the
result of the current bit transition counter needs to be saved as X; (X; = 0).
When the symbol estimation for all cycles is completed, the correlation result for
each period is processed according to the bit counter: when the bit counter is even,
the correlation result is not changed. When the bit counter is an odd number, the
correlation result is inverted. And then the polarity of the correlation result corre-
sponding to each cycle is accumulated, and P accumulation results are obtained:

"= liz;m % (—1)% (4)

i=1

3.3 FFT Module

Fast Fourier transform (Fast-Fourier-Transform) is a fast algorithm for discrete
Fourier transform. The number of fast Fourier transforms needs to be an integer
power of 2. This method performs K-point FFT transform on the P-valued coherent
accumulative values obtained by the symbol estimation module. If P < K, the sum
of zero padding and P should be exactly equal to K. Finally, the FFT results are
output to the capture decider (Fig. 3).
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4 Capture Performance Simulation

The pseudo-code rate of GPS signal is 1.023 MHz. Assuming the width of AD is
4 bits, the signal sampling rate is 62 MHz, the actual GPS signal is received by the
antenna, the sampling time is 2 ms. Using MATLAB to deal with the data under
down-conversion and AD sampling. The following Figs. 4 and 5 show the capture
result of bit flipping situation and the absence of bit flipping situation respectively.

In the absence of bit flipping, 1 ms of data is captured using the traditional
PMF + FFT method, with a ratio of peak to sub-peak of 1.48; 2 ms of data is
captured using a symbol-based multi-period PMF + FFT capture method, The ratio
of the highest peak to the second peak was 1.51, and the latter increased by 2%
compared with the former. As a result of multiple cycles of signal capture, the effect
of the capture has improved (Figs. 6 and 7).

In the presence of bit flipping, both the conventional PMF + FFT method and
the symbol-based multi-period PMF + FFT acquisition method are used to sample
2 ms data. Traditional PMF + FFT method of the highest peak and the ratio of
sub-peak of 1.18, 80% of the original, a larger decline. The ratio of the peak to the
sub-peak of the multi-period PMF + FFT method based on symbol estimation is
1.39, which is 92%, and the latter is 15% higher than the former.
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Fig. 4 The conventional PMF + FFT acquisition result (Doppler shift) in the case of no bit
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Fig. 6 The conventional PMF + FFT acquisition result (Doppler shift) in the case of bit flipping
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Fig. 7 Symbol-based PMF + FFT acquisition results in case of bit flipping (Doppler shift)
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5 Conclusion

In the presence of bit flipping, it can be seen that the multi-period PMF + FFT
acquisition method based on symbol estimation has a certain anti-bit-flipping
capability compared with the conventional PMF + FFT acquisition method, which
makes it possible to capture multi-period signals using the PMF + FFT method.
Multi-period coherent accumulation of the gain will bring a certain increase in the
capture effect.
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The Cubature Kalman Filter

and Its Application in the Satellite
Star-Sensor/Gyro Attitude
Determination System

Xiaobo Yuan, Chao Zhang and Chunling Shi

Abstract As the satellite attitude determination system is a typical non-linear
system, the application of non-linear Kalman filter in the satellite attitude deter-
mination system is necessary. Aiming at the satellite Star-sensor/Gyro attitude
determination system, the application of Cubature Kalman filter in satellite
Star-sensor/Gyro attitude determination system is discussed in this paper. Firstly, 2n
cubature point are generated basing on the cubature principle; then transform the
points into new ones by non-linear system equations; finally, apply the new points
to the update of system state. Simulation results show that CKF is better than EKF
and UKF in accuracy and stability.

Keywords The satellite Star-sensor/Gyro attitude determination system
Non-linear Kalman filters « CKF

1 Introduction

The accurate measurement of satellite attitude is a prerequisite for realizing precise
attitude control. It is commonly used in the satellite attitude measurement that
measure the attitude with star sensor and gyro, then the filtering algorithm is
adopted to information fusion processing, which gain a higher accuracy than single
measurement method. When the attitude sensors are certain, choosing the appro-
priate filtering algorithm is the key factor to improve the attitude accuracy of the
satellite.

Due to the nonlinearity of the satellite attitude measurement system, we need a
nonlinear filtering algorithm. The Extended Kalman filter [1] (EKF) was firstly
proposed to solve non-linear problem. The principle is that linearize the nonlinear
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systems by Taylor expansion to solve the non-linear problem which Kalman filter
cannot do. By now, EKF has been one of the most widely used algorithm in
engineering. EKF is simple to calculate and easy to implement, which are its main
advantages, while the calculation of Jacobian matrix and instability problem caused
by the truncation error in strong nonlinear problems are disadvantages. Basing on
the idea that nonlinear estimation algorithm is more approximate to linear system
than linear estimation, Julier and other scholars put forward the unscented Kalman
filter [2] (UKF) in 1995. According to deterministic sampling strategy, basing on
UT exchange and taking the Kalman filter as the framework, the UKF algorithm
approach the posteriori distribution of the state directly. Its calculation amount is
equivalent to EKF, and its performance is better than EKF [3]. But it is still not
suitable for dealing with strong nonlinear problems. In 2009, a Canadian scholar
named Arasaratnam proposed a new nonlinear filtering algorithm—the Cubature
Kalman filter [4] (CKF). By using spherical radial Cubature criteria for the corre-
sponding integral calculation, CKF is currently the closest approximation algorithm
to Bayesian filtering. It not only overcomes the application limitation of EKF and
UKEF in strong nonlinear system, but also has higher filtering accuracy than the
central difference Kalman filter (Central Difference Kalman filter, CDKF) and the
Particle filter [5, 6]. It is a new powerful tool to solve the state estimation problem
of nonlinear systems, widely used in navigation and positioning [7], target tracking
[8], robot [9], aerospace attitude determination [10] and other fields.

Aiming at the selection of filtering algorithm for satellite integrated attitude
determination system based on star sensor/gyro, in this paper, the measurement
equation and equation of state are derived, and new integrated filtering based on
CKF principle is designed, then we compared CKF with EKF and UKF. The
simulation results show that the accuracy of CKF is the highest in the three kinds of
algorithms.

2 Satellite Integrated Attitude Determination System

2.1 The Theory of Integrated Attitude Determination

As shown in Fig. 1, the working principle of the satellite integrated attitude system
based on star sensor/gyro is as below:

(1) The gyro is used as a short-term attitude reference to estimate the attitude of the
satellite;

(2) The star sensors are used as a long-term attitude reference and export the
attitude of the three axis of the satellite;

(3) Put the measurement information of star-sensors and gyros into the nonlinear
filter. Then estimate the attitude error, gyro drift error and other error basing on
measurement information of star-sensors. Finally, output the attitude informa-
tion and revise the system.
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Fig. 1 The principle of satellite Star-sensor/Gyro attitude determination system

2.2 System Measurement Equation

(1) System measurement equation

Taking the typical double-star-sensors system as an example, the measurement
equation of the system is showed as [11]:

Z,=H/ X, +V; (1)

—2Ciy - Cop(q) - [l <] 036
—2Ciy - Cop(q) - I x] 036
the state estimator of the system. Ag, Ad and Ab are the vector part of the attitude
error of quaternions, the constant drift error of the gyro and the relative drift error of
the gyro respectively; V; is the observation noise sequence, and it satisfies the
condition that E (V) = 0, E(V,V}) = R;0y; where, Ry is the observation noise
covariance matrix. The measurement accuracy of each star sensor is supposed to be

where, H; = cand X; = [Ag” AdT ABT]" s

same with each other. By that way, R; = vk’Ig, and vk is the measured accuracy.
C;, is the transformation matrix from orbit coordinate system to inertial coordinate
system, which is related to the orbit state of the satellite; C,,(g) is current attitude
matrix. ¢ are the current quaternions; I,; and I, are the installation position of the
two star sensor in the satellite system.

(2) The gyro measurement model

Taking fiber optic gyroscope as an example, the measuring model of gyroscope
is as below [12]

o, =0+d+b+n, (2)

Among them, w, it is the actual gyro output; @ is the true rotation angular
velocity of the satellite’s three axis, which is relative to the inertial space. d is

related to the amount of drift, and satisfy the condition that d= —D.d +ngy, and

D, = diag(+,1,1) is a diagonal matrix composed of time correlation constant.
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ng is white noise which is drive by First-order Markov Model. b is the constant drift

of gyro, and satisfy the condition that b=ny, n ¢ 18 the measurement noise, which
usually is Gauss white noise.

2.3 System State Equation

According to the different parameters, the state equation is also different. In this
paper, the error of the variable part and the gyro drift error of attitude four elements
are estimate. The equation of state of the system is showed as below [13]:

X; = FiXi + Gy Wy (3)
—lox] =13z —3I3;
where, Fp= | 03,3 —-D. 03,3 is the Jacobian matrix,
0353 0353 0353
0 -, o —1l3; 053 033
[@x]=| &, 0 —0y|,Gr=| 0343 I3x3 0343 | isthe noise driven
—Oy O 0 0353 033 I3
ng
matrix, Wy = | n; | is the noise matrix.
np

3 Filter Design and Precision Analysis

3.1 Filter Design Based on CKF

The core of CKF is the Cubature criterion, which is derived from a strict mathe-
matical deduction. By constructing 2n equal-weighted Cubature points and spread
them by nonlinear equation, some new points are generated to predict the state of
the next moment. Similar to UKF, CKF does not need linearization, and amount of
the sampling point is less than UKF, the derivation process is more rigorous.
Besides, the accuracy of CKF is higher than that of EKF and UKF. For the satellite
attitude measurement system composed of formulas (1) and (3), we discrete the
model with fourth-order Runge-Kutta method, then we get a discrete model as
below:

{XHI = fi(Xi) + Wi (4)
Ziir =he 1 (Xes1) + Vs
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where, X; € R,,, Z; € R,,, and X is state estimate, Z; is updated measurement.
Wi, Vi are the system noise and measurement noise separately, both of them are
independent Gauss white noise, and their covariance matrix are Q,, R; separately.
Basing on the satellite attitude measurement system expressed by formula (4),
we adopt CKF to solve attitude estimation, and the detail is showed as below:

(1) Initialization parameter

Xo = E(X,)
Po = E| (X0~ o) (X0 - Xo) | ®

(2) Decompose the state estimation covariance matrix with Cholesky method

Pt =SS (6)

(3) Generate Cubature points and spread them with nonlinear equation

Lire =X 1 +S1&
{ -t i=1,2,....2n 7)

) ) ) )
Xigk—1 =f (Zi,k\kfl)

where &, = \/Z{If —I} , which represent the ith and jth column value of

1] |

1
(4) Calculated state the one-step predicted value Xy, and the predicted covari-
ance matrix Py

| 2n
X1 = 27 22 X1
®

2n T
Py =55 (Zi,k\k—l - Xi.,k|k71) (Xi,k\k—l - Xi‘k\k—l) +0

i=0
(5) Generated Cubature points again and spread them with nonlinear equation
Py = Si-1S;_,
Yik—1 = Xipp—1 +8c1& ) i=1,2,....2n 9)
Ziklk—1 = h(li.k|k71)

(6) Calculate the predicted measurement value Zy_;, the covariance matrix of
innovation information P{? and the state covariance matrix P;°
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| 2n
Zijk—1 = 27 2 Ziflk—1
i=1

2n
T
PE =303 (@iak1 = Zigr) @it — Zigeor)” + R (10)
2n

Pi =5 > (i1 — Xege1) @it — Zk\k—l)T

n
=l

(7) Status updates

K, = PE(PF) "
X = Xyt + Ki(Zi — Zygy—) (11)
Py =Py — K PEK]

When X, is obtained, revise the quaternions and gyro drift as below:

9k = Qi ® Agqy
Ay = ——L—
-0 (Aa.)' (12)
dy = ‘Alk|k71 + Ad,
by = by 1 + Aby

When the update calculation is completed, X, is reset to zero.

3.2 Precision Analysis

Every filtering algorithm is based on the deduction of Eq. (13), and the precision of
different filtering algorithm mainly depend on the integral precision.

1) = / £x) @ (x) dx (13)

As many literatures have proved the conclusion that precision of UKF is higher
than that of EKF, here don’t discuss it anymore. In this paper, we mainly focus on
the comparison between CKF and UKF.

During the deduction of Eq. (13), both CKF and UKEF introduce a series of
discrete points with some weight to impend the real integration, and the difference
are the selection of discrete points and corresponding weight. CKF adopt Cubature
criterion as below:
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QZV%V_44i12”Jn (14)

|
CL),'—%

UKEF adopt UT criterion as below:

6[:07 O)i:m i=1 (15)
&E=vntxlll, wi=45 i=12..2n

where, n is dimension of X, and variable x is adjustment factor, usually they satisfy
the equation n + x = 3. By integrating Eq. (13), we can get the mean value of f(x)
as below [14]:

o =1 (Rce) ¢ (Vle?xv)f i .(.2.1:)(! —

% (16)
0 9]
XZ(CZHWH+ +aingm> f(.x)|x:;+6

— R VTPXXV
J ) cxr f(Xk—1>+( o >f
1 & o 2% (17)
+ (26)1 2= (ail B + o +ama in> F)]—s
_ R VTPMV
) ykr :f(Xk—l) + ( o )f
(18)

(1) "' D o\
+ | ; ail ax“ + + ai, axin f(x) |X:X

The variable a;; is the ith and jth column value of the matrix Si_;.
By comparing Eq. (16) to (18), we can draw conclusions as below:

(1) If n<3, f(x)cxr <f(x)yxr <f(x), UKF impends the f(x) more closely, so the
precision of UKF is higher than that of CKF.

) Ifn =3, B(x)cxr = ¥(X)yir <¥(x), CKF impends the f(x) more closely, so the
precision of CKF is higher than that of UKF.

(3) If n > 3, we compare the performance of the two algorithms on numerical
stability. Integral stability factor is defined as below:

1= ol / Yo (19)
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So if n>3, w=1-5<0, o :ﬁ<0 (i=1,2,...,2n), and Iygr =
%n — 1 > 1. According to the conclusion of literature [15], large truncation error
will occur and the filtering precision will descend. Considering the fact that
Ickr = 1, we can easily deduce that f(x) er <f(*)cxr <f(x) when n >3, and
naturally, the precision of CKF is higher than that of UKF.

4 Simulation and Analysis

Basing on STK software, we chose a low orbit satellite’s attitude and three axis
angular rate data as the reference data Datal, and the simulation time is 1000 s.
Then, according to Table 1, we add the measurement noise and the gyro error to the
reference data (The experiment assuming that the performance of the two star
sensor is same) to generate experimental data with errors—DATA?2.

For convenience of analysis of the performance of the algorithm, we use EKF,
UKF and CKF to process Data2 separately. The experimental environment is
MATLAB 2014a, and some initial parameters are set as below:

Xo = 0119, Po =Ig,9 X 107, Q) = Ioyo x 107", Ry = Igy6 X vk’
The experimental results are shown in Table 2 and Fig. 2. As is showed in

Table 2, when the star sensor’s measure error is Sarc, each of the three algorithms
can achieve a high accuracy, and the accuracy of CKF is highest, followed by UKF,

Table 1 Parameters of attitude sensors

Parameters Value

The direction of star sensor in satellite system Li=[0 1 o]T
ILi=[0 0 1]

Star sensor measurement error (30) vk =5"

Star sensor output frequency 5 Hz

Gyro output frequency 50 Hz

Gyro drift 0.1 °h

Gyro constant drift 0.03 °/h

Gyro measurement error 0.5 °/h

Table 2 The comparison of the attitude accuracy basing on EKF and UKF and CKF

Filtering algorithm | Performance index

Error mean (") Mean square error (") Processing

Roll Pitch |Yaw |Roll  |Pitch |Yaw |time(s)
EKF —0.0371 |0.1874 |0.2668 |0.4264 |0.9470 |0.8336 |5.416
UKF —0.0381 |0.1880 |0.2434 |0.3129 |0.7130 |0.6329 |7.509
CKF -0.0415 [0.1712 |0.1910 |0.3114 |0.6695 |0.6024 |6.710
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Fig. 2 The principle of satellite Star-sensor/Gyro attitude determination system

EKF is the worse, which is corresponding to the result of Sect. 3.2; And the length
of process time: EKF < CKF < UKF; The stability: UKF > CKF > EKF. Such
result shows that CKF has a higher precision than UKF with the strict mathematical
derivation. Meanwhile, as the amount of the sampling point is less than the UKF,
CKF’s efficiency is higher than UKF. Last but not least, even though EKF has
characteristics of simple calculation, its precision and stability both are the worst
among the three algorithms.

5 Conclusions

Aiming at the combination filter of satellite attitude determination system, this
paper proposed an idea that adopting the Cubature Kalman filter algorithm to star
sensor/gyro integrated attitude determination system, and designed integrated atti-
tude determination filter based on CKF principle. Simulation experiment was also
designed to compare the performance of EKF, UKF and the new algorithm, and
simulation results showed that the filtering accuracy and stability of CKF both are
better than EKF and UKF. The research results have some reference value for
engineering time.
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TC-OFDM Receiver Code Tracking
Method Based on Extended Kalman Filter

Jun Mo, Zhongliang Deng, Buyun Jia, Xinmei Bian and Jichao Jiao

Abstract Accurate code phase measurement is an important research focus in high
sensitivity tracking. Due to the existing time and code division-orthogonal fre-
quency division multiplexing (TC-OFDM) receiver code tracking algorithms based
on delay-locked loop (DLL) and the extended Kalman filter (EKF) without
amplitude estimation are prone to loosing the loop in dynamic environments, a
TC-OFDM receiver code tracking method is proposed. To improve the estimation
accuracy of EKF in the environment with drastic change of signal amplitude, the
algorithm estimates the phase error of PN code and signal amplitude as the state
vector of EKF. Theoretical analysis and simulation results show that this algorithm
takes advantage of the statistical properties of signal amplitude, overcomes the
shortcomings of the traditional DLL and EKF without amplitude estimation, and
effectively improves the convergence speed and tracking quality of the code
loop. Thereby, the proposed algorithm can improve the tracking sensitivity of the
existing TC-OFDM receiver by 2-5 dB.

Keywords Code tracking « EKF - Signal amplitude - TC-OFDM

1 Introduction

In the spread spectrum receiver, signal tracking includes two parts: carrier tracking
and code tracking. High-sensitivity research is an important direction of its
development. By improving the convergence speed of code loop when the signal
strength greatly changes, the spread spectrum receiver can reduce the unlocked
probability of the code loop and improve the tracking sensitivity.

In the Signal Noise Ratio (SNR) dynamic environment, the fluctuation of the
signal amplitude may cause the code loop to be unlocked. The traditional code
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tracking algorithm is based on the delay-locked loop (DLL) technique [1, 2], the
characteristic frequency and damping coefficient to determine the performance of
code loop are generally fixed or simply adjusted. It cannot be stably tracking the
positioning signal whose amplitude changes over a wide range. Ref. [3] uses
extended Kalman filter (EKF) to eliminate the effect of multipath effect on signal
tracking. The tracking model is simple and the loop is easy to be unlocked at low
SNR. In Ref. [4], a method of combining improved code phase detector with EKF
suppression loop noise is proposed to achieve weak signal tracking under multipath
interference. In Ref. [5], the EKF algorithm is combined with Bayesian estimation,
and can track the carrier and pseudo-code phase of the GPS weak signal. However,
neither of the two methods analysed the SNR dynamic change. Refs. [6] and [7]
propose a signal tracking algorithm based on adaptive Kalman filter. The noise
covariance matrix is estimated by historical information and the system model is
tracked. Because the dynamic covariance matrix has uncertainty, low SNR can
easily cause the problem of filter divergence.

The time and code division-orthogonal frequency division multiplexing
(TC-OFDM) positioning system based on terrestrial mobile broadcast network
adopts CDMA. In the indoor environments with frequent occlusion and intense
signal strength, the dynamic range of signal amplitude is often large, and the signal
strength decreases 30 dB in a short time. Therefore, the TC-OFDM receiver also
has the above-mentioned tracking problem. In this paper, an extended Kalman code
tracking algorithm including signal amplitude estimation for SNR dynamic change
is proposed. The code phase error and the signal amplitude are jointly estimated as
EKEF state vectors to improve the tracking loop convergence rate, then the tracking
sensitivity of the TC-OFDM receiver can be improved.

2 Code Tracking Model

TC-OFDM signal is spread-modulated with the pseudo code firstly, then the pseudo
code and data code through the two-phase shift keying mechanism (BPSK) to
modulate the carrier. Received by the receiver antenna to the ith base station signal,
the digital IF signal converted by the analog-digital conversion (ADC) module can
be written as:

r(nTy) = Ais® (nTy — )™ Vir HhanTst90i 1 o)) (1)

where T, denotes the sampling clock, A; is the amplitude of the IF signal, s is the
spreading code for modulating the data information, {; is the signal propagation
delay, fir denotes the signal intermediate frequency, f;; is the residual carrier
frequency, ¢, ; is the initial phase of the carrier and w(n) is the additive white
Gaussian noise (AWGN).

In the signal tracking stage, the signal channel obtained the current base station
signal carrier frequency and code phase through the tracking loop. Since the bit
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Fig. 1 Traditional code tracking loop structure

synchronization has been completed by the TC-OFDM positioning receiver in the
tracking loop, the modulated data bit boundary is known. Subsequent analysis of
this paper is based on the bit synchronization has been completed, then the carrier
loop has obtained detailed carrier frequency. Traditional code tracking loop using
DLL technology shown in Fig. 1.

The delay between the received signal and the local signal is estimated by
the code loop. In traditional code tracking loops, the common code loop discrim-
inator is:

E—-L

r=U-dpy

(2)

where d is the interval between the Early and the Immediate two sets of correlators,
E and L are the integral value of the Early and the Later.

E = IE('L')z + QE(T)Z — A|Si1’1 C(demh)|R(T — d) +ng (3)
L=1\/I.(1)* 4+ 0.(x)* = Alsin c(fiTeon)|R(t +d) +ny

where A denotes the signal amplitude of the output correlator, 7., is the coherent
integration time, R(+) is the autocorrelation function, ng and n;, are the noise of the
output of the corresponding correlator branch. Note A, = (Alsin ¢(f;Twon)|)?, then
Eq. (3) can be expressed as:

{E—\//\_CR(T—d)+nE @)
L=+AR(t+d)+n,

When calculates t by Eq. (2), A, is normalized and eliminated, 7 is not sensitive
to A, changes. But in the signal tracking, A, can reflect the current received signal
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Fig. 2 Code phase error under different SNR

power and carrier tracking. In the case of accurate carrier tracking, SNR of the
received signal can indirectly characterized by A., and the SNR directly affects the
error accuracy of the tracking loop, as shown in Fig. 2.

When the SNR is low, the base station signal received by the TC-OFDM
receiver is easily affected by internal thermal noise and dynamic stress error, causes
comparatively large signal parameter estimation error in the TC-OFDM receiver
tracking loop. There are nonlinear factors when the discriminator works, so the
receiver is prone to appear the code loop unlocked phenomenon. Because the
traditional code tracking loop algorithm is difficult to deal with the dramatic
changes of the base station signal, T and A, are used together as the state vector of
EKF in this paper, and EKF method is used to replace traditional code tracking
discriminator.

3 Improved Extended Kalman Code Tracking Algorithm
3.1 [Improved Code Loop Model

Figure 3 is the proposed extended Kalman code tracking algorithm in this paper.
The core idea is to replace the code loop discriminator with EKF in the TC-OFDM
receiver tracking loop. The EKF algorithm is an estimation method based on the
minimum mean square error estimation criterion. The nonlinear function is
expanded by Taylor polynomials near the state estimation value. So the nonlinear
filtering problem is transformed to a linear filtering problem. In practice applica-
tions, the form of EKF is closely related to the state equation and the observation
equation.
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3.2 State Equation

State equation describes the state vector. In order to accurately track the phase of
the input signal, the state of the filter is select as:

X = [T’AC]T (5)

Assuming that signal energy A, changes slowly over a short period of time, it
can be modeled as a stationary first-order Markov model unit matrix with one-step
state transition matrix:

Ack = Ack—1+na, (6)

where ny4, is the change value of the signal energy at two moments. Then the EKF
linear state equation can be expressed as:

1 0 n

X = OXi | + Wi = Xeo1+| ° (7)
0 1 ny.

where @ is the state transition matrix, W;_; is the system process error. n., nu, are

the Gaussian white noise with mean O and variance of 5% and 53\(_. Therefore, the

covariance matrix is:

20 ] ®)

Q‘[o 5
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3.3 Observation Equation

The observation equation describes the relationship between the observed value and
the state vector. The integral clear E and L branch outputs in the code tracking loop
are given by Eq. (3). For the convenience of analysis, consider only a non-coherent
integration code loop tracking model, observation values can be abbreviated as
follows vector form:

cE-fE

Equation (9) also can be written as
Y, = h(Xe) + Vi (10)

where V; is the random observation noise, the observation matrix corresponds to
Y, is:

2
H, = ) _ [ Akt G Ry =y (11)
8Xk Xk:f(k‘k—l Ac,k—l w R(Tk—l + d)2

Due to the complexity of PN code auto-correlation function with limited
bandwidth, PN code autocorrelation function of infinite bandwidth is used instead:

_ 1= |T|/Tcoh |T‘ <Teon
R(r) = {O others (12)

by taking R(z) into Eq. (11):

1 _1—d T —d —d)?
| Menin Y -2k B (13)
L = > con
1 T +d 1 +d T+d
ZAC‘k_l(Tmh o lez ) 1- 2‘ LTlmh ‘ + ( 72 )

coh coh

The I/Q output noise of the correlator follows a Gaussian distribution with mean
0 and variance 5,2\,, then:

E(”%I) = E(”%Q) = E(”i[) = E(”iQ) = 512v (14)

At the same time, the noise is independent in I/Q two ways of the same cor-
relator, so
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cov(ng,ngg) =cov(nps,npp) =0 (15)
cov(n%},, n%Q) = cov(ni,,nig) =0 (16)

The corresponding by (3):
nk = ”125,1 + né_Q +2v/AR(t — d) cos(@)ng+ 2v/AR(x — d) sin(@)ngy (17)
n = ni, + niQ +2v/AR(t+d)cos(@)nL +2+/AR (1 + d) sin(@)np  (18)

The variance of n% and n% is:

Var(n2) = E(nt) — E(n2)* = 46% + 4AR(t — d)*0% (19)
Var(n}) = E(n}) — E(n)* = 45}, + 4A.R(z +d)*5%, (20)

and
cov(nz,n?) =0 (21)

where the covariance matrix of Vy is

_ [40} +4AR(z — d)’sy, 0

R
0 46% +4AR(t+d)* 5%

3.4 EKF Algorithm

The EKF algorithm obtains the filtering value of the current time according to the
estimated value of the state at the previous time and the observation value of the
current time. Therefore, the filtering process of the entire code loop can be divided
into two parts: state estimation and state prediction.

(1) Prediction
state one-step prediction:

Xii—1 = D X4 (23)
one step prediction error matrix:

Pii1 = OP @ +Q;_, (24)
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(2) Update
Filter gain:
K; = P Hf (HyPryi HJ + R, (25)
State estimation:
X = Xppo1 + Kie(Yie — h(Xik—-1)) (26)

Estimated error square:

P, = (I— KeH) P (1 — KeHy)" + KRK (27)

From Eq. (25), when Ry is large, the corresponding K; will be very small,
resulting in the state estimation value calculated by Eq. (26) is very small; when q
is small, the one-step prediction error equation Py 4 calculated by Eq. (24) will be
small, resulting in a smaller state estimate X;. From the above analysis, the
updating of EKF system state is a compromise between the current system state
uncertainty and the observed uncertainty. In this paper, Ry and Q, are determined
by comparing the historical observations with the current observations to enhance
the adaptability of the EKF filter to noise.

4 Simulation and Analysis

In order to verify the performance and correctness of the improved extended
Kalman code tracking algorithm, the real TC-OFDM signal is collected by the
signal collector, and the noise is added artificially. To test the performance of the
code loop, the carrier tracking method proposed in Ref. [4] is used to accurately
track the carrier without noise. Simulation mainly tests the tracking quality of the
code loop under different SNR and the loop convergence speed under the signal
strength fluctuation. The simulation results are compared with the traditional
second-order DLL with 25 ms coherent integration time, the EKF without signal
amplitude estimation and the improved EKF tracking algorithm with amplitude
estimation proposed in this paper.

Under different SNR, the code rate fluctuation of the three code tracking algo-
rithms is shown in Fig. 4. Figure 4a is the code loop stable tracking situation when
SNR is =25 dB, and Fig. 4b is when SNR is —35 dB. It can be seen from Fig. 4a
that the traditional second-order DLL can track the TC-OFDM signal better in the
case of strong signal, the code rate fluctuation is within 0.4 Hz; but the proposed
EKF code tracking algorithm with signal amplitude estimation has better signal
tracking performance, smaller code rate fluctuation range and more accurate
tracking accuracy. From Fig. 4b, it can be seen that the tracking performance of
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Fig. 4 Comparison of code rate fluctuation under different SNR

traditional DLL is degraded, and the fluctuation of steady-state code rate is
extended to 2 Hz. The range of code rate fluctuation of the proposed algorithm is
increased, but it is smaller than that of traditional second-order DLL algorithm and
EKF algorithm without signal amplitude estimation. So the tracking precision of the
proposed is the best among the three algorithms.

To test the code loop convergence rate, a time to increase the original data on the
10 dB attenuation and maintain 2 s, and code rate fluctuations of three tracking
algorithms are shown in Fig. 5. It can be seen that the code rate fluctuations of
traditional DLL and EKF algorithm are fluctuating greatly, but EKF with amplitude
estimation are small and convergent rapidly. At the same time, the EKF algorithm
with amplitude estimation has small fluctuation of code rate in the region of signal
attenuation.
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Fig. 5 Comparison of code rate fluctuation when the SNR is abrupt

5 Conclusion

Based on the analysis of traditional DLL and EKF code tracking algorithm without
amplitude estimation, an EKF code loop model including signal amplitude esti-
mation is proposed and simulated. Compared with these three algorithms, the EKF
code tracking algorithm with signal amplitude estimation is more efficient than
traditional DLL and EKF code tracking algorithm. The proposed algorithm has the
advantages of small fluctuation range of code rate and fast convergence rate when
the signal strength is large and dynamic changing, and tracks the TC-OFDM signal
better in the low SNR environment. At the same time, this algorithm is imple-
mented on FPGA, and can improve the tracking ability of the existing TC-OFDM
receiver by 2-5 dB.
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A RTK Float Ambiguity Estimation
Method Based on GNSS/IMU Integration

Di Zhu, Zhong-liang Deng, Kai-qin Lin and Jun Lu

Abstract Recently, unmanned aerial vehicles (UAVs) have been widely used in
personal entertainment, aerial photography, geographical mapping, and precision
agriculture. Accurate position of the UAV is necessary for intelligent and auton-
omous UAV. RTK technology can provide centimeter level positioning accuracy
making it one of the development trends of UAV precise navigation. However, due
to the high dynamic of vibration and motion of UAV, the accuracy of float
ambiguity estimation for a low cost single frequency RTK-GNSS receiver is lim-
ited. In this paper, a single frequency RTK-GNSS/IMU integration method is
proposed to improve the performance of Real time kinematic (RTK). Testified by a
low cost single frequency GNSS receiver, the proposed method can decrease the
time to fix ambiguity by more than 14% and increase 20% of fix rate.

Keywords UAV - Precise navigation - RTK-GNSS/IMU integration

1 Introduction

Recently, unmanned aerial vehicles (UAVs) have been widely used for a variety of
applications. According to KPCB, the largest venture capital fund in the United
States, global consumer unmanned aerial vehicle shipments reached 4.3 million
units in 2015, which are widely used in personal entertainment, aerial photography,
geography and precision agriculture. With the increasing demand for intelligent and
autonomous UAVs, the traditional standard single point positioning (SPP) accuracy
has been difficult to provide sufficient position accuracy.

Real Time Kinematic (RTK) can provide real-time centimeter level position
accuracy [1]. Current consumer-grade UAVs typically use low-cost
single-frequency RTK-GNSS receiver. However, the vibration and motion of the
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UAYV is high dynamic, much longer time ambiguity converge time is therefore
needed, decreasing the ambiguity fix rate. To resolve integer ambiguity, first, we
need to estimate the float ambiguity, and then use the Least-Squares Ambiguity
Decorrelation Algorithm (LAMBDA) to search the integer ambiguity [5]. The
accuracy of the float ambiguity determines whether the ambiguity search is suc-
cessful, which affects the ambiguity convergence time and fix rate. At present, float
ambiguity is typically estimated by the Kalman filter with a constant acceleration
model [3]. However, the model does not take the high dynamic characteristics of
the UAV into consideration, which enlarges the estimation error, leading to a longer
converge time.

To improve the accuracy of float ambiguity, we introduce an improved Kalman
filter method based on RTK-GNSS/IMU Integration. By using the attitude data
provided by the UAV controller’s MEMS acceleration sensor, we could improve
the positioning accuracy and shorten the ambiguity converge time.

2 Float Solution Estimation Based on Kalman Filter

The carrier-phase, pseudo-range and Doppler measurements can be expressed as:

Py = pii +c(ot, — otr') + I + Ty
¢y =27 (pY + (St — 01) — I3 + T3) + N (1)
Dy = =27 (py + (3t — OF) + I +T3)

where P is pseudo-range measurement; ¢’ is carrier-phase measurement and D7’ is
Doppler measurement.

RTK is based on the double-differencing carrier phase measurement. The
satellite clock biases 0#° and receiver clock biases dz, can be completely eliminated
by using double-differencing technique. Under short baseline, most of the iono-
spheric errors I} and tropospheric errors 7' can also be eliminated. The

u

double-difference measurement equation at epoch k is expressed as:

5251 5251

Py = Pk ub
5251 YzY] 5281
kub — k ub + Nk Jub
S281 1. Vz\"]

Dk,ub - j‘ k,ub

SnS1 SpS1
P kub — Prub
SuS1 __ 1 susi SnS1
Kub =4 Pub TN
1 :5,81

SuS1
Dy = =47 Pl

where P, is double-differencing pseudo-range measurement; ¢;%; s

52 Yl

double-differencing carrier-phase measurement and D’ is double-differencing
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Doppler measurement. The components of Kalman filter state vector are position,
velocity, acceleration and double-differencing integer ambiguity which is
defined as:

x=[r v a N2 ... N0 (3)

The partial derivatives matrix of Eq. (2) can be written as:

% 013 03 0 - O]

L 0y 0 1o 0

e G g, 0 e 0

He=1 . A “

% 013 O0ix3 0 --- 0
iil% 01><3 01><3

[l R N (PPN )

5 . 5 5 -5 5 5 5 -
where o = 9 = — iz, 9 = (= i) h - ey

(1) Kalman filter update phase
By using Eq. (1), the measurement vector can be written as:

_ 5281 5281 5281 S S| SpS| sps1 1T
y= [P kub k,ub Dk,ub .. P k,ub k,ub Dk,ub]

(5)
The Kalman filter observation equation at epoch k is defined as:
Vi = Hixi + vy (6)

Where v, is the observation noise vector which is assumed to be zero mean
Gaussian white noise with the normal distribution v, ~ N(0, Ry). The Kalman filter
update phase uses the following equation:

K. = P.HI (HP.H' +R;)™
X =X + Ki (v, — HiXy) (7)
Py = (I — K H, )P,

where R| is the covariance matrix of observation noise vector v. K; is the Kalman

optimal gain matrix. X is a state vector estimated by Kalman filter and Py is the
covariance estimate of x;.
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(2) Kalman filter predict phase

The Kalman filter predict phase between the two epochs can be expressed as:
X = Fip 1% +wy (8)
Py :Fk,kflﬁkle/zk,l +0; )

Iis At-Iys AP)2 I 0sy,
033 I3xs At I35 O34,
0353 0343 13,3 031
0n><3 0n><3 0n><3 In><n
from epoch k& — 1 to epoch k. wy, is the process noise vector which is assumed to be
zero mean Gaussian white noise with the normal distribution wy ~ N(0, Q;) and the
Xy is the predicted state vector at epoch k. Assuming that the carrier is at constant
acceleration between the two epochs and that the acceleration is a white noise
process with constant spectral density, the covariance matrix of the process noise
can be expressed as:

where Fj 1 = is state transition matrix

At AP A2
Solixs S5 Ihixs S Ixs Osxn

AP A? At
0, = 3 I35 3 I3 B I3z 03xn 0.5 (10)

A2 At
Tz Sz Iixs  O3x
0n><3 0n><3 0n><3 0n><n

where 03 is the acceleration constant variance, determined by the actual movement
model of the carrier. However, to determine the size of O’i is difficult. A large oﬁ
will cause poor filter precision, and if ¢2 is too small, the filter position will not
reflect the actual movement of the carrier in time. Since the vibration and motion of
the UAV is high dynamic and the observation rate output by low cost RTK-GNSSs
receiver is low, the constant acceleration assumption cannot be assured. Thus, the
accuracy of float ambiguity based on the constant acceleration model is not suitable
for UAV application.

3 Float Solution Estimation Based
RTK-GNSS/IMU Integration

Current UAVs typically use IMU to estimate the attitude of the UAV. We apply the
IMU gyroscopes and accelerometers measurement to Kalman filter predict phase to
improve the accuracy of float ambiguity. The Kalman filter state vector can be
rewritten as:
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x=[r v b Ny N (11)

where b’ is the accelerometers bias estimate expressed in the body-fixed-frame. The
Kalman filter input vector u; at epoch k can be added to the state transition equation
(Eq. 8)

up =Cy, P4 g¢ 4+ my (12)

where f” is accelerometers measurement output by IMU. C¢ , is the rotation matrix
from body-fixed-frame to ECEF frame. g°¢ is gravitational acceleration vector
expressed in ECEF frame and my is accelerometers input noise. Using the input
vector uy, (Eq. 8) can be rewritten as:

X = Frpo1xi—1 + B 1ux +wy (13)

I35 AI-I3X3 AZZ/Z-C;b 0351

033 I3z At-Cpp, 034y,

where Fj;_1 = is the state transition

035 033 I3 031
0n><3 0n><3 0n><3 In><n
Atz/2 I3x3
. At - I35 . . . . .
matrix and By x_; = 0 is control-input matrix. The covariance matrix
3x3
0n><3
of process noise 0, is:
A T
O = Bii- 1 MiB _, + 0O (14)

where M is the covariance matrix of my. Since the accelerometer measurement
output frequency is typically up to 100 Hz, the acceleration can be considered
constant between adjacent measurements time and the constant variance of the
acceleration ag can be approximated to zero.

O, ~ By MBJ,_, (15)

By combining the accelerometer measurements, the RTK-GNSS/IMU
Integration can more accurately predict the next epoch double-differencing carrier
phase, pseudo-range and Doppler, and these measurements are subtracted from the
actual measurements of the RTK-GNSS receiver to obtain the measurement
residuals, which are subjected to Kalman filter to obtain the current epoch optimal
state estimate X. The components 7 and v of X are the best estimated position and

. ~b . . 51 . . .
velocity, b is the accelerometer bias estimate, and N‘;’g‘ is double-differencing float

ambiguity estimate.
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The Rotation matrix C} ,, is determined by the attitude of the UAV. In general,

the attitude of the UAV is expressed as a unit quaternion g. The Rotation matrix
C; , expressed as a unit quaternion is defined as:

G+ai—a— a3 22(411122 +6120%) , 2(q193 — 9092)
Z,b(‘l) = | 2(q192 —qoq3) G — a1t @ — G 2(q295 + qoq1) (16)
2193+ q092)  2(q2q3 — qoq1) 45— 41 — B+ G

g=10 o @ @) (17)

The implementation of RTK-GNSS/IMU Integration is shown in Fig. 1.
The IMU acceleration measurement equations expressed in body-fixed-frame is
defined as:

g =—(f"—a"-b" (18)

where g’ is gravitational acceleration, a” is motion acceleration of the UAV and can
be approximated as:

(e = Vi)
S P v (19)

The best estimate of the gravitational acceleration is expressed as:

g=qy, g (20)
Gyroscopes
- Gyroscopes lﬂb
f* ~ _ Q
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Fig. 1 Diagram of RTK-GNSS/IMU integration method
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where g¢ is gravitational acceleration constant expressed in ECEF frame. The error
vector between g” and gb is there unit cross product:

b b

g g

e=-—"" x> (21)
Ig”ll |&”||
The gyro angular rate is corrected by a proportional-integral block:
O = of +er+Kl/e (22)

The proportional-integral term governs the frequency cross-over between
accelerometer based attitude estimates and integrated gyro estimates [2, 4]. Using

the corrected gyro angular rate O to update quaternion:

. 1
qy | = E‘qu ®P(Qb) (23)

9 = Gp—1 - At (24)

where p(Q) = [0 Q”]T. The attitude of the UAV and rotation matrix Cj ,(q;)
can be obtained by Eq. (16).

4 Field Experiment

4.1 Experiment Approach

To verify the performance of the proposed RTK-GNSS/IMU integration, we con-
ducted an experiment of the small UAV. The experiment setup was as follows:

(1) UAV platform: wheelbase 250 mm unmanned aerial vehicle.

(2) Base station: CTI N71, antenna CHCC220GR.

(3) Reference receiver: ComNav K505 triple frequency RTK receiver.
(4) Airborne Antenna: triple helical antenna.

The experiment was carried out at the playground of Beijing University of Posts
and Telecommunications. The base station was erected in the new scientific
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Fig. 2 Experiment UAV
system

research building. The baseline length was about 0.5 km. The airborne antenna was
mounted on the top of the UAV and connected to the reference and test receiver
through a power divider (Fig. 2).

4.2 Experiment Result

Test result is shown in Fig. 3. There were some buildings at the south of play-
ground, which causes lots of cycle slips. The green points denote fixed integer
ambiguity, the yellow points denote float ambiguity and the red points denote
standard single point positioning. By using RTK-GNSS/IMU the fix rate of
ambiguity is increased about by 20% and the time to re-fix ambiguity is decreased
by more than 14%.
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Table 1 Experiment result RTK-GNSS RTK-GNSS/IMU
between RTK-GNSS and - <12 T
RTK-GNSS/IMU Fix rate 2% 71.8%

RMS 0.021 m 0.013 m

Re-fix time 43 s 37s

By using RTK-GNSS/IMU Integration, the positioning error is decreased from
0.021 to 0.013 m (Fig. 4, Table 1).

According to the results, the proposed RTK-GNSS/IMU integration used in
Kalman filter can effectively improve the fix rate of ambiguity and the re-fix time.

5 Conclusion

The proposed RTK-GNSS/IMU integration improve the accuracy of float ambiguity
to increase the fix rate and re-fix time and the proposed integration work perfectly in
high dynamic and high vibration especially in the UAV.

It is predicted that by 2020 the output value of China’s unmanned aircraft will
reach billions of dollars. With the implementation of China’s “civil space infras-
tructure, long-term development plan” and the maturing national differential net-
work stations are maturing, Low-cost RTK receiver system in the field of consumer
UAV has broad prospects. The method proposed in this paper is of great practical
significance to enhance the usability of single-frequency RTK-GNSS receivers, and
can be used for the integration and development of the UAV and location services.
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Accuracy Analysis of GNSS/INS
Deeply-Coupled Receiver for Strong
Earthquake Motion

Hengrong Liu, Tisheng Zhang, Penghui Zhang, Farui Qi and Zhuo Li

Abstract With the development of high-frequency GNSS receivers and precision
positioning technology, GNSS has been one of the main observation means to
obtain high precision crustal deformation information in seismic monitoring.
However, the measurement accuracy of carrier phase of GNSS receiver is obviously
decreased under the motion condition, which affects the performance of GNSS. The
accelerograph and the GNSS are highly complementary, and the combination of the
two has been extensively studied in seismic monitoring in recent years. The loose
couple and the tight-couple are integrated at the data level, which has no help to
improve GNSS carrier phase accuracy. GNSS/INS deep integration implements the
signal level aiding of GNSS receiver by INS (Inertial Navigation System), which
can improve the carrier phase accuracy. In this paper, we focus on analyzing carrier
phase accuracy of the GNSS/INS deeply-coupled receiver under strong earthquake
conditions. First, we discuss the spectrum characteristics of strong earthquake
signals, and analyze the tracking error of PLL (Phase-locked Loops) before and
after IMU (Inertial Measurement Unit) aiding under strong earthquake based on the
error model. Then, the carrier tracking performance of the loop before and after
IMU aiding is tested on our self-developed software deep integration receiver, with
strong earthquake motion generated by a GPS/INS hardware signal simulator. The
analysis and testing results show that the tracking error of PLL with INS aiding is
significantly smaller than traditional PLL. The RMS of phase discriminator error of
INS-aided carrier PLL with the optimized bandwidth is smaller than 6° under the
2G single frequency simulation conditions, which is consistent with the analysis.

Keywords Strong earthquake motion - Inertial navigation system « GNSS/INS
deeply-coupled receiver - Carrier phase
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1 Introduction

Strong earthquakes means earthquakes with a magnitude of not less than 6. When
the strong earthquake occurs, real-time reliable seismic monitoring can not only
help people take steps in time, which can reduce casualties and economic losses, but
also can provide data sources for seismological research. The accelerograph records
the seismic information by inertial measurement unit, but the integral will amplify
the low frequency noise in the data processing, which results in the low mea-
surement accuracy for the low frequency components in seismic signal [1].
Conversely, GNSS technology, as one of the main observation means to obtain high
precision crustal deformation information in seismic monitoring, can accurately
measure low-frequency components under the motion condition. However, the
measurement accuracy of the carrier phase of the GNSS receiver is limited by the
tracking loop, which affects the performance of GNSS receiver under the complex
dynamic conditions [2].

In order to solve the problem of seismic measurement accuracy and adapt to
complex earthquake scene, the combination of the accelerograph and the GNSS has
been extensively studied in recent years. The researchers of GFZ in Germany used
the loosely-coupled Kalman filter to process the results of GPS single frequency
receiver and MEMS (Micro-Electro-Mechanical System) inertial sensor under
simulated strong earthquake motion, and found that the precision was obviously
better than that of accelerograph [3]. In the United States, Geng J compared the
results of tightly-coupled Kalman filter and the loosely-coupled Kalman filter to the
accelerograph and GNSS, and concluded that the performance of the
tightly-coupled filter is better. In conclusion, most previous studies have shown that
the combination of the accelerograph and the GNSS can improve the measurement
accuracy under the strong earthquake condition [4]. However, the loose couple and
the tight couple are integrated at the data level, which has no help to improve GNSS
measurement accuracy, so that they can not solve the problem of the declined
performance of GNSS receivers essentially.

The GNSS/INS deeply-couple technology can implement the signal level aiding
of GNSS receiver by INS. Therefore, in this paper, we apply this technology to the
research of strong-earthquake measurement, and focus on analyzing and testing the
carrier phase measurement accuracy of it under the strong earthquake motion.

2 Analysis of Strong Seismic Signal

In this chapter, based on its acceleration sequence and spectral distribution, the
signal characteristics of the actual seismic wave are studied. On June 14, 2008,
Iwate-Miyagi Inland Earthquake occurred in Japan. The ground-wave magnitude
was 7.2 ms. The accelerograph at IWTH25KiK-net recorded 100 Hz acceleration
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sequence in three axes. Figure 1 shows the 60-s acceleration sequence in the north—
south (N-S) direction.

As shown in Fig. 1, the maximum acceleration of the seismic wave reaches
1036 gal, so it is a strong seismic wave. Then based on the amplitude-frequency
characteristics analysis, the power spectrum can be obtained by using SeismoSignal
Version 5.1.0 (seismic wave processing software) to process the acceleration
sequence, as shown in Fig. 2, it reflects the vibration energy of each frequency
component of seismic wave.

As is seen in Fig. 2, the frequency spectrum of the strong seismic signal is very
complex. With the frequency increases, the dynamic energy increases first and then
decreases, and mainly concentrates in 1-10 Hz.

Therefore, based on the characteristics of the acceleration sequence of strong
seismic signal, the GNSS signal simulator is used to design a 2G single-frequency
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Fig. 3 Error propagation model of traditional PLL

sine-wave motion scene to test the tracking error of traditional loop with different
frequency signals.

3 Analysis of Error Model

In this chapter, based on the tracking error model, the tracking errors of the tra-
ditional PLL and the deeply-coupled PLL are analysed.

3.1 Error Analysis of Traditional PLL

The error propagation model of traditional PLL is shown in Fig. 3.

Where 0;(s) and 0y (s) is the phase of the PLL input signal and output signal,
Ocik_error(8) s the local oscillator error, brought by 0;(s) during down conversion
processing, @, (s) is thermal noise. In addition, the dynamic change can also lead to
tracking error. Therefore, the phase error of GNSS receiver PLL is composed of
thermal noise, vibration-induced oscillator jitter, Allan variance-induced oscillator
jitter and dynamic stress error, which denoted as o,p11, Gy, 0,4, 0, respectively.
Different error are not related to each other, so the mean squared error of total error
can be written as follows:

OPLL = 1/ U?PLL"‘U%v"‘GzZA‘f'Heﬁ (1)

For the second-order traditional PLL, the formula (1) can be expanded as follows

[5]:

180, B 1
2 _ (2992 n_ . I e
or =) SNy (1 T C/No)( ) @)

: (@)2'7n2f31<‘36g ) 3

~

rv

=\ 7 2.67B,
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> _ (180 2, 22 ’h_, mh_ ho o
T = < 77:> 2w ho (\/5(1.893,1) 4(1.89B,,)2+4\/§(1.89Bn))() “)
AR,
Qe = (189Bn)2( ) (5)

where B, is noise bandwidth, C/Ny is carrier-to-noise ratio, T,y is coherent inte-
gration time, fy is carrier frequency, K, is oscillator sensitivity, G, single-sided
vibration spectral density, /; is a constant, AR is frequency ramp-up amplitude.

Most of the receivers use the Costas PLL, which is insensitive to 180° phase
inversion. So when the o,py; is three times larger than one quarter of the traction
range of discriminator, in other words, when the g,p;; is more than 15°, the PLL is
considered to be lost.

Figures 4 and 5 shows the all errors of second-order PLL with different
parameter when the carrier acceleration is 2G. Figure 4 shows the all errors with
different bandwidths when the carrier-to-noise ratio is 40 dB-Hz and the coherent
integration time is 1 ms. As is seen in this figure, the main error of the loop is
dynamic stress error, and when the bandwidth is less than 18 Hz, the total error is
greater than the threshold, the loop is lost. Figure 5 shows the all errors with
different signal strength when the bandwidth is 20 Hz and coherent integration time
also is 1 ms. As is seen in this figure, the dynamic stress error is independent of the
signal strength, and due to the thermal noise, when the carrier-to-noise ratio is lower
than 34 dB-Hz, the loop is lost. In short, both the dynamic performance and
anti-noise performance should be considered in selecting bandwidth. However, the
bandwidth can be reduced by IMU aiding, which can reduce the tracking error of
the PLL under dynamic conditions.

Fig. 4 All errors of CNO =40dB-Hz

second-order traditional PLL
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0.tPLL
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Fig. 5 All errors of second-order traditional PLL with different signal strength
3.2 Error Analysis of Deeply-Coupled PLL

According to the author’s previous research results [6], the error propagation model
of deeply-coupled carrier PLL is shown in Fig. 6.

Where Afiyu (s) is the Doppler estimation error of auxiliary information caused by
the IMU error, and f;4(s) is the Doppler shift calculated from auxiliary information.
The feed-forward branch of the deeply-coupled PLL provides real-time carrier
motion information for the tracking loop, which eliminates the tracking error caused
by the motion of the carrier, so that this loop only needs to track the Doppler esti-
mation error of auxiliary information. So Doppler estimation error is analysed below.

According to the previous research, the initial velocity error of GNSS revised is
the main error source of the feed-forward branch in IMU errors, which including
initial velocity error, initial attitude error, sensor bias, sensor scaling factor, etc.
Therefore, in order to simplify the analysis, only the Doppler estimation error
caused by the initial velocity error is considered in this paper, denoted as gy, and
the formula is as follows:

IMU feed-forward Y AR
branch

46) O _ermor (5) @,(s) L)

Af i (s)
+ IO
F(s) K, T

Fig. 6 Error propagation model of deep-coupled carrier PLL

tracking loop
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2 (ﬁy'L OO ey (6)

g =
vo m Aoe-my,

where 0V (0) is the initial velocity error, A is the carrier wavelength, and w, is the
characteristic frequency. Although 6Vy(0) will change with time and converge to
zero, the general update cycle of integration is 1 s, so that the cycle of §Vy(0) is
1 s. Therefore, 6Vy(0) should be considered as an integral part of the loop
steady-state errors. So the formula (1) becomes:

- /s 2 L2 g2
OPLL = \/GtPLL 05+ 0+ oy ™)

According to the above analysis, taking the MEMS inertial measurement unit
MTI-G shown in Table 1 as an example, the all errors of second-order
deeply-coupled PLL with MTI-G aiding under can be drawn with different signal
strength and bandwidth, as shown in Figs. 7 and 8.

Table 1 Error parameter of typical IMU

Gyroscope Accelerometer JI3RE 1+
MTI-G (MEMS) Bias: 15°/h Bias: 800 mGal
Bias instability: 100°/h Bias instability: 2000 mGal
Correlation time: 600 s Correlation time: 600 s
Scaling factor: 1000 ppm Scaling factor: 1000 ppm
ARW: 3°/h VRW: 0.12 m/s/vh
Initial velocity error dyn(0) : 0.04 m/s

MTI-G CNO =45dB-Hz
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Fig. 7 All errors of second-order deep-coupled PLL with 45 dB-Hz carrier-to-noise ratio
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Fig. 8 All errors of MTI-G CNO =30dB-Hz
second-order deeply-coupled 20 T T T
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carrier-to-noise ratio

-
(é)]

Phase Error RMS(deg)
o =

&

0
0 10 20 30 40 50

BL(Hz)

It can be seen from the figures that the influence of different signal strength on
thermal noise error is very large, and on other errors is very small. When the signal
strength is strong, the lower the bandwidth is, the larger the influence of Doppler
estimation error is under the dynamic conditions, and the optimal bandwidth of
deeply-coupled loop is not less than 15 Hz, which the corresponding phase error
RMS is 3.3°. When the signal strength is weak, thermal noise is always the main
error under the dynamic conditions, and the optimal bandwidth of deeply-coupled
loop is about 5 Hz, which the corresponding RMS error is 7.3°.

4 Test Verification and Analysis

In this paper, the GNSS/INS signal simulator is used to simulate strong seismic
signal, the self-developed GNSS/INS signal recorder is used to collect the signal,
and the self-developed deeply-coupled software system is used to process the data.
In addition, this paper only simulates the circular motion with the same attitude on
the horizontal plane. The scenes that set on the GNSS signal simulator are
single-frequency sine-wave motion with the frequency of 1 and 2 Hz, the maximum
acceleration of 2G and 100-second dynamic duration. During the simulation period,
the satellite G28 is located at the zenith, while GO6 and G10 are in the east and
south directions respectively, which the elevation both are the lowest.

Figure 9 shows the angular velocity and acceleration of the carrier under 1 Hz
simulation scene. As is seen in this Figure, there are only horizontal motion in this
scene, and the waveform acceleration in the north and east directions are sinusoidal
and cosine wave with the amplitude of 2G and the frequency of 1 Hz, respectively.

Figures 10 and 11 show the discriminator output of the second-order traditional
PLL and the second-order deeply-coupled PLL MTI-G aiding with while tracking
low-elevation G10 satellite signal in the 1 Hz simulation scene, and the coherent
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Fig. 10 Discriminator output of second-order traditional PLL

integration time is 1 ms, the bandwidths are 15 and 20 Hz. It can be seen that in the
high dynamic case, the phase error of the deeply-coupled PLL is much smaller than
that of the traditional PLL.
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Fig. 11 Discriminator output of deeply-coupled traditional PLL

The following is a statistical analysis. The output of each phase error source in
the discriminator is different, and the thermal noise variance has the following
relationship with the discriminator output:

059 - /2B T = owprp (8)

Referring to Eqs. (1)—(7), Table 2 shows that the discriminator error statistics for
the 1 and 2 Hz scenes, where the integration time is 1 ms and regardless of the
oscillator error. It can be seen from the table that the traditional PLL can reduce the
discriminator error by increasing the bandwidth, but the error is still large, which
will lead to loop instability. Contrarily, the discriminator error of deeply-coupled
PLL is obviously reduced, and the RMS of discriminator error is less than 6° with
the optimal bandwidth of 15 Hz, which agrees well with the theory. Meanwhile,
there is a greater dynamic frequency in the 2 Hz scene than in the 1 Hz scene,
which resulting in a slight increase discriminator error. In conclusion, the carrier
tracking accuracy can be significantly improved by MEMS IMU aiding in the
strong earthquake scene.
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Table 2 Tracking discriminator error statistics of G10 in various scenes (Unit Deg)

Bandwidth | RMS of phase | RMS of phase RMS of phase | RMS of phase
(Hz) error error error error
In the static In the dynamic In the static In the dynamic
period (1 Hz) period (1 Hz) period (2 Hz) period (2 Hz)
Traditional PLL | 15 4.48 30.54 4.52 29.07
20 4.49 17.60 4.57 17.09
Deeply-coupled |5 4.49 5.20 4.48 6.53
PLL 15 4.49 4.67 4.52 5.57

S Summary

In this paper, based on the analysis of the spectrum characteristics of strong seismic
signals, the tracking errors of PPL before and after IMU aiding are analysed the-
oretically according to the tracking error model, and tested on our self-developed
software deeply-coupled receiver, with simulate strong earthquake motion gener-
ated by a GPS/INS hardware signal simulator. Theoretical analysis and experi-
mental tests show that GNSS/INS deeply-coupled technology can greatly improve
the measurement accuracy of GNSS receiver under the strong earthquake motion.
Next, experimental verification will be carried out, and the algorithm of the
deeply-coupled tracking loop will be optimized according to the results.
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Research on MEMS IMU Aided BeiDou
Receiver Carrier Loop Technology

Chunyu Liu, Lei Chen, Yangbo Huang,
Ling Yong, Shaojie Ni and Feixue Wang

Abstract In dynamic scenarios, the loop bandwidth of BeiDou receiver must be
sufficiently wide and the integration time should be short to ensure stable tracking.
It will introduce too much noise to the tracking loop with the increase of bandwidth
and the reduction of integration time, resulting in the loss of lock of BeiDou
receiver carrier tracking loop in high dynamic scenarios. Therefore, high dynamic
position is hard to be achieved. In this paper, steady tracking performance with
auxiliary has been performed under different C/Ny (carrier to noise ratio) and
dynamic scenarios, and we propose the range of accuracy of the PLL effectively
aided by MEMS IMU under different orders, and then analyze the auxiliary optimal
bandwidth under different orders. Simulation results show the improvement of
bandwidth with auxiliary under different grades of MEMS IMU and different orders
of PLL.

Keywords BeiDou - MEMS IMU - PLL - Optimal bandwidth - Tracking error

1 Introduction

In December 27, 2012, BeiDou regional satellite navigation system officially began
to provide positioning, navigation and timing services in the Asia-Pacific region.
For the pseudo-range and carrier phase measurement of BeiDou and GPS, the
accuracy can achieve the same grade [1]. BeiDou satellite signals are easily blocked
in some cases, such as indoor, lush trees, urban canyon and other scenarios.
Additionally, in high dynamic scenarios, such as various tactical missiles and
moving carrier with high speed, the receiver cannot balance the influence of high
dynamic and noise. Consequently, it cannot track satellite signals stably and is
difficult to achieve high dynamic positioning and navigation.
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Inertial Navigation System (INS) is a kind of autonomous navigation system. It
has the advantage of excellent dynamic response, high data updating rate, strong
anti-interference and the ability of outputting attitude information, which is com-
plementary to BeiDou. From the perspective of INS error, it can be divided into
strategic grade, navigation grade, tactical grade and commercial grade [2]. The
corresponding INS sensor precision index is shown in Table 1.

Since the inertial navigation system is expensive, this limits the application of
BeiDou/INS integrated navigation system. MEMS is a new product of Micro
Electronic Mechanical System device. Inertial measuring element (IMU) is the
application of MEMS technology, which can measure the linear acceleration and
angular velocity of moving objects. MEMS IMU is a new strap-down inertial
navigation system. It has the advantage of small volume, light weight, low con-
sumption, low cost, strong anti vibration and high reliability in a variety of tactical
weapons guidance system [3].

The world’s leading MEMS IMU research institutes are BAE, BEI, Draper,
Honeywell and Analog Device (ADI). The following table lists the major
MEMS IMU product models of Honeywell and ADI. The performance of tactical
grade MEMS IMU is further improved with volume and weight decreased gradu-
ally. The MEMS acceleration index of some models has reached to the navigation
grade. At present, the accuracy of commercial MEMS gyro has been up to the
tactical grade, and the accuracy of international laboratory for MEMS gyro has been
better than 0.01°/h [4].

In order to track high dynamic stress under high dynamic scenarios, the band-
width of PLL needs to be increased. However, the larger bandwidth, the more noise
will be introduced, thus the tracking loop will be easier loss of lock. To solve this
problem, this paper studies MEMS IMU aided BeiDou receiver scalar PLL.

2 MEMS IMU Aided PLL Model

In order to achieve a more stable tracking performance, PLL can be assisted by the
carrier dynamic information from the MEMS IMU, the same as the code loop
supported by the carrier loop, the dynamic stress which the PLL needs to detect and
endure will be greatly reduced, and the tracking performance can be improved by
compressing the bandwidth and increasing the integration time. Figure 1 shows the
MEMS aided PLL model [5].

In Fig. 1, xo(s) is the input reference signal, 0. (s) is the dynamic tracking error,
F(s) means the loop filter function, the loop gain is K, - K4, NCO denotes the
numerically controlled oscillator, 1/s is the integrator, G(s) is the equivalent
MEMS IMU information filtering. For the convenience, the loop gain is set to 1, the
following content focus on designing loop filter, and analysis of the performance of
PLL assisted by MEMS IMU.
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Fig. 1 Structure diagram of Thermal noise Other Error

MEMS IMU aided PLL X © v
ki Kd —>| F(S) H Ko |—>| NCO |

X()

To simplify the MEMS IMU error model, a one-dimensional error model can be
obtained by using only the acceleration bias €, and the gyro drift €,, where a
denotes the specific force, x is the position parameter, g stands for the gravitation, R
is the earth radius, t is the time and \/g/—R is the Schuler frequency.

— .

a:x+§-x—sa—sg~g-t (1)

Figure 1 shows the dynamic tracking loop error 0(s) = xo(s) — x(s), taking it
into the loop transfer function we can obtain:

s — F(s) - G(s) - s?+g/R E(s) - G(s) . (E g- gg) 2

0. (s) = s .
(s) s+F(s) Xo(s) + s+F(s) \s3 st
In order to ensure the independence between the dynamic tracking error and the
input signal, the first term of Eq. (2) must be 0, thus we can obtain:

s> +g/R

I'os = F(s) - G(s) 2

3)

In Eq. (3), I'y represents the coupling coefficient between BeiDou and
MEMS IMU, the value of 1 stands for the coupling degree and O denotes that the
BeiDou cannot receive the aid of MEMS IMU. From Eq. (3) we can get equation of
MEMS IMU information filter, where s is the Schuler frequency. If the loop filter
is the ideal second-order loop, the above formula can be substituted into Eq. (2) and
converted to the time domain, then we can obtain:

1_1—‘0 . 1—0'83
= : - coS(mg - t

Io-g-g sin(os-t)
2 N

0. (t)

4)

If the loop filter is the ideal third-order loop, the dynamic tracking error can also
be obtained:
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1-Tog - Tp-g sin(os-t Tog-&g-
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When the coupling coefficient is 1, the steady-state error of the dynamic stress is
no longer dependent on the carrier dynamics, rather determined entirely by the
system error of MEMS IMU after compensation. Compared with the thermal noise
mean square error, the error of Allan phase jitter and PLL phase jitter can be
ignored. Combined with the dynamic error of the formula, the loop error expression
[6] can be obtained after MEMS IMU support:

180° [ B 1 1 360
S Y L N S i W' 6
OPLL =T \/C/No< +2TcohC/No>+3 7% (6)

It is the same as the conventional PLL for the analysis of optimal bandwidth, if

% = 0, the formula can be expressed as:

W=07845 N =3

N 6.(t) )2
N (Tu/u)N) n=053 N=2
B, ) (7)

A\2 1 1
(H) C/N, (1 + 2T C/No

We can obtain the optimal bandwidth if the derivation of time is set to 0, and the
optimal bandwidth will be grow with the increasing of the error parameter of the
MEMS IMU device. It can be seen from Eq. (6), the PLL supported by high
precision MEMS IMU device can obtain low tracking error with high cost.

3 Effects of MEMS IMU Accuracy
on PLL Tracking Error

Combining the inertial performance parameters of different grades in Table 1,
HG1930 device and ADIS16480 device are taken as examples and the coherent
integration time is set to 1 ms. The comparison of auxiliary second-order PLL
tracking error curves of ADIS16480 and HG1930 under the 1 and 20 Hz bandwidth
is shown in Fig. 2.

Table 2 shows that the gyro performance of HG1930 is better than that of
ADIS16480, and the accelerometer performance of ADIS16480 is better than that

Table 1 Accuracy grade of inertial sensor

Performance Strategic Navigation Tactical Commercial
Gyro drift (°/h) 0.0001 0.01 1 100
Accel bias (mg) 0.001 0.01 0.5 10
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Fig. 2 MEMS IMU aided second-order PLL tracking error curves
Talf’le 2 Pmd‘fm]\t/[ fEnl?/IfgelI ﬁ‘é Institutes | Model Gyro drift (°/h) | Accel bias (mg)
performance © HG1900 |1 0.3
Honeywell | HG1920 6 0.6
HG1930 1 0.3
ADIS16460 |8 0.2
ADI ADIS16480 | 6.25 0.1
ADIS16490 | 1.8 0.0036

of HG1930. Simulation results show that the loop tracking error of the tactical grade
MEMS IMU can be kept below the threshold (15°) when the C/Nj is greater than
27 dB-Hz and the bandwidth is 20 Hz. When the bandwidth is reduced to 1 Hz,
there is a large amplitude jitter of loop tracking error due to periodic Schuler jitter.
The auxiliary PLL tracking error may exceed the threshold even when C/Nj is
relatively high, thus the auxiliary PLL tracking may not work in this scenario. The
auxiliary tracking error of HG1930 under narrow bandwidth is smaller than
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ADIS16480’s. Hence, the accuracy of gyro is the main factor of MEMS IMU,
which affects the auxiliary loop tracking error. When the bandwidth of loop is
20 Hz and the accuracy of MEMS gyro is set to the tactical grade, It can be found
that the trend of loop tracking error is almost unchanged with the accuracy of the
accelerometer increasing from 0.01 to 10 mg.

Tactical MEMS IMU devices have been relatively mature and the accuracy of
commercial MEMS accelerometer can reach the navigation grade. However, the
accuracy of commercial MEMS gyro is not up to the navigation grade. If simula-
tions above are supported by devices with higher precision, the tracking error with
auxiliary will be under the threshold. The tracking error curves of the navigation
grades under 1 and 20 Hz bandwidth are shown in Fig. 3.

From Fig. 3, the threshold value in the case of 20 dB-Hz can be reduced with the
decrease in PLL bandwidth. In the conjunction with the simulation results in Fig. 2,
it can be seen that the cyclical jitter caused by tactical MEMS gyro can lead to the
loss of lock when bandwidth is reduced to 1 Hz. To facilitate the analysis of MEMS
gyro accuracy on the tracking error, we maintain the accuracy of MEMS
accelerometer at the tactical grade, and set the loop bandwidth and the coherent
integration time to 1 Hz and 1 ms, respectively. The trends of tracking accuracy of
the gyro under 20 and 25 dB-Hz are shown in Fig. 4.

It can be seen that when the bandwidth is reduced to 1 Hz, the gyro drift value
needs to be lower than 0.016°/h if the 20 dB-Hz signal is stably tracked for the
second-order PLL assisted by the MEMS IMU. The gyro drift value should be
lower than 0.17°/h if it is stably tracked at 25 dB-Hz weak signal. For third-order
loop, devices with gyro accuracy lower than 7.47°/h can assure effective assistance
under different C/Ny. Devices with gyro accuracy lower than 76.2°h can be
effective when the C/Nj is greater than 25 dB-Hz. The critical curves of gyro drift,
which achieve the stable tracking of second and third-order PLL at different C/N,
are shown in Fig. 5.
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Fig. 3 MEMS IMU aided second-order PLL tracking error
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Fig. 5 Critical curves of gyro drift

The simulation results show that navigation grade devices can effectively assist
the second-order PLL in 1 Hz bandwidth under weak signal with 20-25 dB-Hz.
Tactical grade devices with bandwidth less than 4 Hz cannot be effectively assisted,
and commercial grade devices cannot be effectively assisted. When C/Nj is higher
than 30 dB-Hz, Tactical grade devices can effectively assist the loop when the
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bandwidth is greater than 2 Hz. Commercial grade devices can achieve assistance
when C/Nj is more than 50 dB-Hz and the bandwidth is more than 20 Hz. For the
third-order PLL under 1 Hz bandwidth, navigation and tactical grade devices can
effectively assist the 20-25 dB-Hz weak signal, and commercial grade devices can
effectively assist the signal when C/Nj is more than 30 dB-Hz.

4 Optimal Bandwidth Analysis of PLL
with MEMS IMU Aiding

From above analysis, we can see that with the decrease of loop bandwidth, high
precision MEMS IMU auxiliary PLL is required to ensure the tracking perfor-
mance. That is, as the accuracy of the MEMS IMU increases, the bandwidth of the
loop can be designed to be smaller. Figure 6 verifies the simulation of the optimal
bandwidth on the tactical grades HG1930 with auxiliary PLL or not.

From Fig. 6, the decrease of optimal bandwidth with HG1930 aiding is the most
obvious at low C/Nj, and the optimal bandwidth reduction of the third-order PLL
is much better than that of the second-order PLL. To facilitate the comparative
analysis of the degree of bandwidth with the auxiliary or not, C/Nj is set to 20, 25,
30, 40 and 50 dB-Hz, respectively. Figure 7 shows the change of bandwidth with
the auxiliary or not.

From Fig. 7, the improvement in the optimal bandwidth of the third-order PLL is
significantly better than that of the second-order PLL, and the improvement of the
optimal bandwidth is the same at different C/Ny. Equation (7) can be verified
independently of C/Ny. Since the coupling coefficient is set to 1, the optimal
bandwidth of the HG1930 auxiliary PLL is independent of the carrier dynamics.
That is, the optimal bandwidth is not affected by carrier dynamics. The improve-
ment of the optimal bandwidth is only related to the accuracy of the MEMS IMU
device. To facilitate the study, we set the C/Ny to 20 dB-Hz. Figure 8 shows the
improvement of the optimal bandwidth with auxiliary of the inertial navigation
devices of different grades.

From Fig. 8, for the auxiliary second-order PLL, because the accuracy of nav-
igation grade and tactical grade devices are relatively high, the gyro drift value is
10°/h or less. It can effectively improve the 1-50 g dynamic scenarios assisted loop
optimal bandwidth, in which the optimal bandwidth with navigation grade aiding is
improved by 96%. The accuracy grade of commercial device is relatively low,
when the gyro drift value is higher than 100°/h. Optimal bandwidth under 0-5 g
dynamic has no improvement because of the larger error leading to increased
bandwidth. For 5-50 g high dynamic optimization of the bandwidth, the
improvement is less than 50%.

For the auxiliary third-order loop, the improvement of the optimal bandwidth of
tactical grade MEMS IMU devices is more than 90% in the dynamic scenarios of
0.5-20 gf/s. The improvement effect of commercial grade MEMS IMU devices on
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the optimal bandwidth is more than 60%. When the carrier dynamic is less than
0.1 g/s, commercial grade MEMS IMU devices have less than 60% improvement in
the optimal bandwidth. If the coupling coefficient is not 1, the carrier dynamic will
affect the optimal bandwidth of the loop with the auxiliary. The improvement ratio
of the loop bandwidth will decrease with the increase in the carrier dynamic, which
is in accordance with the previous researches.

5 Conclusion

In this paper, the relationship between steady-state tracking error and the combi-
nation of C/Ny and accuracy of the MEMS IMU device is analyzed quantitatively
based on the MEMS IMU auxiliary PLL. The theoretical analysis and simulation
results show that commercial MEMS IMU devices can effectively assist the
third-order PLL for 30 dB-Hz signal. Tactical grade MEMS IMU devices can
effectively assist the second-order PLL when the bandwidth is greater than 2 Hz.

The optimal bandwidth with auxiliary is analyzed based on the conventional
PLL, which is related to the C/Ny of signal and the precision of MEMS IMU
devices. The improvement of the loop bandwidth is not in dependent of C/Ny. The
optimal bandwidth will decrease obviously with the increase in C/Ny. The
improvement of bandwidth will be better when the accuracy of the MEMS IMU
devices is higher. The auxiliary effect will be better with a higher order.
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An Improved Robust Fading Filtering
Algorithm for the GPS/INS Integrated
Navigation

Chen Jiang, Shu-bi Zhang and Qiu-zhao Zhang

Abstract As an estimator of the state space, Kalman filter has been widely applied
in the field of dynamic navigation and positioning. However, the divergence will be
likely to happen when significant errors of the model exist. Thus, the fading factor
is introduced to control the influences of the state model errors. In order to improve
the performance of the filter, the multiple fading factors are adopted to address the
problem that a single fading factor fails to control the interferences of all model
errors. By minimizing the estimation error in the worst case, the H-infinity filter can
be adopted to address the uncertainties under different conditions. Nevertheless, the
H-infinity filter cannot resist the influences of outliers. The robust estimation
method is thus integrated with the H-infinity filtering algorithm to improve the
stability of the filter furtherly. Data of the Global Positioning System (GPS) and the
Inertial Navigation System (INS) integrated navigation system are collected with
GPS receivers and Inertial Measurement Units (IMU) under actual conditions.
Experiments using different filtering algorithms together with the contrastive
analysis are performed with the collected data. Results demonstrate that the pro-
posed filtering algorithm shows better stability. Both the filter divergence and the
influences of the outliers are controlled effectively with the proposed filtering
algorithm, and precision of the filtering results are improved simultaneously.

Keywords Fading filter - H-infinity filter - Integrated navigation - Robust
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1 Introduction

The required accuracy of the navigation instrument increases along with the
development of the navigation techniques. It has become an important aspect by
integrating the navigation techniques to improve the instruments’ performance.
GPS is characterized by all-whether measurement and high precision, and INS is a
self-navigation system which indicates that no signals of the INS is sent and
received. The integration of GPS and INS has been widely studied and applied. As
an optimal estimation method, the Kalman filter has found extremely wide appli-
cations. Kalman filter is proposed based on the H, norm, and the performance is
closely related to the accuracy of the system model and the statistical information of
the noises. It may cause a filter divergence when significant errors of the model
exist [1]. Based on the fading memory, an optimal fading filter was proposed to
restrain the filter divergence [2]. However, the multiple-dimension system was
controlled with only a single fading factor, which indicates that it is difficult to
correctly present the change of the system and to guarantee the absolute opti-
mization of the filter. Then, the suboptimal fading filter [3] and the multiple fading
filter [4] were proposed based on the conventional fading factor. In theory, the
fading filter will show the ability to control the influences of the model deviations.
However, the aforementioned algorithms’ ability of resisting the outliers should be
furtherly improved, and the outliers may even cause a filter divergence. By mini-
mizing the estimation errors in the worst case [5, 6], the H-infinity filter can be
adopted to address the system model and uncertain interferences of the noises, and
it has been adopted in the GPS/INS integrated navigation system [7, 8].
Nevertheless, it may cause a filter divergence in the presence of outliers [9]. The
robust estimation method is a practical method of resisting the influences of
abnormal observations [10-12]. Rather than disproportionately pursuing validity
and unbiasedness, the robust estimation method focuses on the robustness and the
reliability of the estimator. Accordingly, the robust estimation method is introduced
to improve the performance of the filter.

In this paper, an improved multiple fading filtering algorithm is proposed. The
data were collected under natural conditions with the GPS/INS integrated naviga-
tion instruments. The data were calculated with the proposed algorithm, and
validity of the improved algorithm were demonstrated with various experiments.
Contrastive analysis was performed between the improved algorithms and the other
algorithms.
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2 The Fading Filter and the H-infinity Filter

2.1 The Fading Filter

For the dynamic model equation and the observation equation

X = Qp g1 Xk—1 + Wi
’ 2.1
{zk = Hpxp + v 2.1

where x; is the state vector at epoch k, @ 4 is the state transition matrix, Hy is the
measurement matrix, z; is the observation vector, wy and v; are the system and the
observation noises, respectively. The fading filter approach is given by

Xk = Xkt + Ki(ze — Hixigeen ), (2.2)

where K is the gain matrix and Ky = Py/x_H} (HPy/x—1Hy —|—Rk)71,Pk/k_l is the
covariance matrix of the state vector and Pk/k_l = Sk(Qk,k71Pk71®£k_1) + Ok, Sk is
the fading factor and S; > 1, P;_; is the covariance matrix of the state vector at
epoch k — 1, Ry and Qy are the covariance matrices of the observation and the state
noises, respectively. Obviously, in the fading filter, the covariance matrix of the a
priori state is inflated for S; times, and this will degrade the efficiency of the past
state information. Compared with the standard Kalman filter, the state errors from
the last epoch are well controlled [2].

It is clear that a proper fading factor should be selected. A fading filter was
proposed based on the optimization where two forms of fading factors were derived
[2], and the concise one is:

1
Sp = max{l,;tr(NkMk’l)}, (2.3)

where My = Hi®p 1Py O HY Ny = Py, — HLQ{H — Ry, Py, = E(V, V)
and Vi = Hyxgjx—1 — 2, tr(-) denotes taking trace of a matrix, V; denotes the
predicted residual vector, and Py, denotes the covariance matrix of Vi, and
Py, =131 V; VI A simplified method of Sy is S = max {1, tr(N)/tr(My)}, this
fading factor Sy is the optimal in theory [1]. Since a single fading factor can hardly
guarantee the optimization, a multiple fading filter was proposed [3], and the fading
factor is:

Sy = diag(s1, 82,y Sy 1, 1,0 1), (2.4)

(i=1,2,...,m), (2.5)
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where v;(k) is the ith element of Vi, m is the number of the observable variables, /;
is the ith observable element of Hy, b;(k) is the ith element of By and
By = Hka,lHkT + Ry, ji(k) is the ith element of and J; = (DkPk,l(I)Z, and ¢; is the
threshold value fixed according to the Chi-square distribution.

2.2 The H-infinity Filter
Assume that a discrete nonlinear system is given by

X = f(x-1) + wi—1
{ % = h(x;) + v ’ (2:6)

where f(-) and h(-) are the nonlinear state transition function and the nonlinear
observation function, respectively, x; is the state vector to be estimated. The cost
function J is [13]:

N ~ 112
7 D it [k = 3| 27
- ~ 112 N 2 2 ) :
[1¥0 = Xollp- + D=y (Iwillgot + [IVellz-1)

where N is the total number of filtering time limit, x is the initial value of x with the
covariance matrix Py,Xo and Xx; are the estimated state vectors of xo and x,
respectively.

The estimate of x; should satisfy %, = arg min||J|| .. However, the closed-form
approach of an optimal H-infinity filter cannot be achieved under common condi-
tions [14]. Then a suboptimal recursion algorithm was proposed with a threshold
value y which satisfied the Riccati inequality [15]

P+ HIH, — L L, > 0, (2.8)

where Py is the covariance matrix of x;, and L is an unit matrix in this paper. As for
the nonlinear system, the recursion formula of Py in the H-infinity filter is given
by:

—1 T
P k= R +1 PI xz,k
Prjk = Prjr—1 — [P i Pk/k—l} szk sz/’: | — T 1, (2.9)
X2y - k/k—1

where P,;; and P.; denote the cross-covariance matrix and the innovation
covariance matrix, respectively, Py x = Pi_iH{ and P,y = HiPyj—1Hy + Ri. In
general, Py, and P, are obtained using a nonlinear filtering algorithm such as the
unscented Kalman filter and the cubature Kalman filter. In this paper, the nonlinear
problem is addressed with the cubature Kalman filter.
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It should be noticed that, the value of y is closely related to the robustness of the
filter, and the filter becomes more robust when y decreases. However, it may cause
a filter divergence if y is too close to O [16]. Thus, a proper value of y is often set by
experience.

3 An Improved Robust Multiple Fading Filter

Since a single fading factor cannot guarantee the optimal filtering, a multiple fading
factor was proposed to address this problem [3]. However, the robustness of this
filter can still be improved. Accordingly, a new comprehensive filtering algorithm is
proposed to furtherly improve the performance of conventional fading filter. In a
multiple fading filter, Sy = diag(si, ..., Sm, 1,...,1), where m is the number of
observable elements in x;. Pr/y—; can be expressed as Py = Si®pi—1Pr—1
<Dz’k71Sk =+ Oy to keep its symmetry.

The robust estimation method is employed to improve the robustness to the
abnormal observations. In general, the components of the predicted state vector are
correlated, so the equivalent covariance matrix constructed by scaling factor 4 is
adopted, and /; is [17]:

2= 2 B, (3.1)

1 ’\7&, <c

)\.” -

Vx,, _
d o,

i

>c

where ‘Vy(k_ is the component of the predicted residual vector, 1.0 <c < 1.5, and 4

can be fixed in the same way as A;. Thus, the equivalent covariance matrix Ry is
achieved by

Rk = /link. (33)

Then, a robust multiple fading H-infinity filter is constructed, and the whole
recursion formulas of the new algorithm are:

Xefk—1 = Qpje—1Xk-1, (3.4)

Pije-1 = Sk@pp—1Pr1/k-1Dp 1 Si + Ok, (35)
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Xese = X1 + Ki(zk — HiXijen ), (3.6)
Ki = Py HY (HiPyji HY +Ry) ™, (3.7)
_ _ _ AR
Py = Prji—1 — Qi1 Prjoi [Hy L{]Re,,i L ]Pk/k—lq)z/k_lv (3.8)
k
- 1 0 H, | -
R, = [0 —yﬁ} + [L:]Pk/kl[H,f Ly, (3.9)

4 The GPS/INS Integrated Navigation System

In this GPS/INS integrated navigation system, the loosely-coupled navigation is
easier to be implemented and the computation process is more concise [18]. In the
loosely-coupled GPS/INS integrated navigation system, a 15-dimension state vector

is designed, and the state vector X is given by:
X = [0x, 8y, 8z, Ovy, Ovy, vy, 8¢, 0y, S, O8x, 08y, 08:, Oay, day, day),  (4.1)

where the symbols denote the deviations of the position, velocities, attitudes, and
the noises of the gyroscope and accelerometer, respectively.

In the loosely-coupled GPS/INS integrated navigation system, ation form of the
state equation is achieved by Taylor series expansion [1]:

Xi = Qi1 Xp—1 + Wy, (4.2)

where X is the state vector, Wy is the model noise, and @ ;_; is the discretized
state transition matrix. The differences of position and velocity between GPS and
INS are selected as the external measurement:

Z,(t) = pgps — Pins- (4.3)

rgps and vgps are the output information of the GPS, rins and vins are that of the
INS. The measurement equation is given by:

rGps — FINS
Z = 44
¢ |:VGPS - VlNSi| ’ (44)
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S Experiments and Analysis

In these experiments, data were collected by a vehicle mounted GPS/INS integrated
navigation system. In this system, two GPS receivers and a low cost inertial
measurement unit (IMU) were adopted. GPS data were calculated through the
double difference pseudorange. The precise results calculated by the double dif-
ference carrier phase were taken as references. Then two cases were designed to
examine the stability and the robustness of the new algorithm. Four schemes were
performed in each case:

Scheme 1: Kalman Filter (KF);

Scheme 2: H-infinity Filter (HF) (y was set as 2);

Scheme 3: The multiple fading H-infinity filter (MF) (y was set as 2);

Scheme 4: The robust multiple fading H-infinity filter (RMF) (y was set as 2);

5.1 Casel

Each filtering algorithm was calculated by self-designed program. Position errors of
the four schemes are demonstrated in Figs. 1, 2, 3 and 4.

The RMSEs of each scheme are displayed in Table 1:

It is learned from Figs. 1 and 2, the HF algorithm performs much better than the
KF algorithm. With the model deviations and the uncertain interferences controlled,
the multiple fading filter shows a better performance than the HF algorithm which

Fig. 1 Position errors of the 1.5 : ‘ ‘ ; ; ‘
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X< 05¢ 1
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05 ‘ : ‘ ‘ ‘ ‘
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Fig. 2 Position errors of the 0.5
HF algorithm e
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Fig. 3 Position errors of the 0.5
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can be seen from Figs. 2 and 3. Aided by the robust estimation method, the RMF
algorithm performs the best among the four schemes, and the amplitudes of the
position errors are furtherly reduced which can be concluded from Fig. 4. It is
demonstrated in Table 1 that the improved algorithm shows a higher precision
comparing with the other algorithms.
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Fig. 4 Position errors of the 0.5
RMF algorithm

X/m
o

0 100 200 300 400 500 600 700

t/s
Table 1 RMSEs of each Axis KF HF MF RMF
scheme (m)
X 0.132 0.098 0.094 0.080
Y 0.291 0.208 0.192 0.124
V4 0.192 0.131 0.124 0.096
5.2 Case 2

In this case, gross errors were added artificially to the GPS initial observations at the
160th, 260th, 360th, 460th, 560th epochs, respectively. Position errors of these
schemes are displayed in Figs. 5, 6, 7 and 8.

In this case, performances of these schemes are mainly affected by outliers.
Obviously, Figs. 5 and 6 demonstrate that the KF and HF algorithms have little
ability to resist the effects of outliers. However, both the conventional and the
robust fading filters show a great robustness to outliers which is learned from
Figs. 7 and 8. Moreover, error amplitudes of the robust multiple fading filter are
smaller than those of the other algorithms.

Then the RMSEs of each scheme are listed in Table 2.

Since the performances of the KF and the HF algorithms are significantly
affected, the RMSEs of them become much bigger. Little change is found for the
MF and the RMF algorithms in terms of the RMSEs which indicates that they can
resist the influences of the outliers. With influences of the dynamic model errors and
the uncertain interferences controlled, the new fading filter is more robust than the
other three algorithms.
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Fig. 5 Position errors of the 2 : ‘ ‘ ‘ ‘ ;
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Fig. 7 Position errors of the 1 \ \ \ ‘ ‘ :
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Table 2 RMSES Of each AXiS KF HF MF RMF
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z 0321 0210 0.130 0.101
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6 Conclusion

In this study, an improved robust multiple fading filter is proposed. Aided by the
robust estimation method, a comprehensive filtering algorithm is constructed by
integrating the multiple fading factor and the H-infinity filter. The improved fil-
tering algorithm is performed in the loosely-coupled GPS/INS integrated navigation
system and the detail conclusions are summarized as follows:

(1) Both the Kalman filter and the H-infinity filter will be affected significantly by
the outliers. With the model deviations controlled, the multiple fading filter
shows some robustness.

(2) Aided by the robust estimation method and the H-infinity filter, performance of
the conventional multiple fading filter is improved furtherly. The robust mul-
tiple fading filter is implemented in the loosely-coupled GPS/INS integrated
navigation system, and the stability and robustness are demonstrated with both
the initial and the perturbative data.
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Rapid Extrinsic Calibration of Seamless
Multi-sensor Navigation System Based
on Laser Scanning

Yanglin Zhou, Guangyun Li, Fengyang Li,
Ming Dong and Shuaixin Li

Abstract With the rapid development of national economy, higher requests have
been put forward on PNT (positioning navigation and timing) service. Researches
on integrated navigation systems, including fusion technologies of multi-navigation
sources and adaptive algorithms for various application scenarios, have become the
highlighted topic. The method of laboratory calibration for GNSS/INS/LiDAR
integrated navigation system, applied for indoor and outdoor seamless positioning,
was studied in this paper. Combined with high-precision Theodolite and Laser
Scanning System, this paper proposed a laboratory high-accuracy calibration sce-
nario for integrated navigation system, designed a rapid laboratory calibration
model, deduced the corresponding error model with the analysis of differential
equations and the method of Monte Carlo, and finished the lever-arm calibration of
GNSS and the mounting parameters of laser scanner, and designed a rapid labo-
ratory calibration model. Laboratory experiments had been carried out to verify the
feasibility of this millimeter-level calibration method, which could be used for
calibrating the initial mounting parameters of the integrated navigation system.

Keywords Indoor and outdoor seamless positioning - Laboratory calibration
model - GNSS lever-arm « LS mounting parameters
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Nomenclature

T, position vector of point i in coordinate a

/4’ position vector of point P; in coordinate a
P;

ﬁ relative translation from coordinate a to coordinate b
a

RZ relative rotation from coordinate a to coordinate b

Pgnss  the geometric center of GNSS antenna
Psyr  the geometric center of the lower edge of GNSS antenna

L laser scanner coordinate system

S auxiliary measurement coordinate system

1 POS coordinate system

ky scale change between coordinate S to coordinate L
ko scale change between coordinate I to coordinate S

1 Introduction

With the rapid development and wide popularization of the digital information, the
concept of ‘Digital earth’, ‘smart earth’ or ‘smart city’ [1] has been reloaded and
becomes common knowledge, and thus higher requests have been put forward on
PNT (positioning navigation and timing) service’s quantity, quality and renew
speed [2]. Traditional navigation techniques could no longer satisfy the increasing
demand for LBS (location based service), Integrated with different navigation
sensors (e.g. GNSS, Accelerometer, Gyroscope, Magnetometer, 2-D/3-D imager,
LiDAR, Bluetooth, Barometer, WLAN etc.), adapted to complex scenarios (e.g.
urban canyon, building interior, open field, jungle, forest canopy, suburban,
underground, underwater etc.), high-efficiency and robust seamless indoor and
outdoor navigation system quickly becomes the new trend of acquiring the
real-time geometric information [3].

Seamless navigation and positioning is in fact a new navigation fusion tech-
nology, which will support integration of combination of existing navigation
techniques [GNSS, WNL (wireless network locating) and SCS (self-contained
sensor)], capable of heterogeneous and asynchronous navigation sources and have a
rapid adaptation to different scenarios for the creation of robust navigation and
positioning technology.

Integrating GNSS, wireless locating with self-contained sensors requires new
navigation filtering (i.e., fusion) algorithms, abstraction methods, and an overall
navigation system architecture [4], so that it attracts extensive attentions and
intensive investigation: SOOPs (signals of opportunity) based navigation technol-
ogy [5], high-precision wireless network locating technologies integrated system
[6], multi-sensor, multi-network integrated navigation technology [7],
Camera/IMU/GNSS integrated navigation technology for challenging GNSS
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environments [8], vision-aided Pedestrian/GNSS coupled navigation technology for
smart terminals [9], etc.

Key technologies of Seamless navigation and positioning can be divided into
four parts: (1) multi-sensor calibration; (2) Information synchronization and fusion;
(3) Online optimization of navigation sensors; (4) Robust and economical filtering
algorithm. This paper focus on optimizing the extrinsic calibration procedure of
multi-sensor navigation system. Accurate inter-sensor geometric relationship is of
great importance to information synchronization and fusion, which will influence
navigation and positioning directly [10]. In the current study, Users depend greatly
on the manufacturer, whose calibration procedure is complex and not revealed,
lacking of autonomy and innovation. In order to solving these issues, this paper
presents an extrinsic calibration approach, utilizing laser scanning based aiding, for:
GNSS/INS/LiDAR integrated seamless indoor and outdoor navigation and posi-
tioning system (Indoor: point cloud based registration [11] or SLAM [12]
(Simultaneous Localization and Mapping; Outdoor: integrated GNSS/INS naviga-
tion [13]). This paper tackles a rapid and robust calibration scheme, whose per-
formance is evaluated through experimental results using simulated model. Besides,
a comparative analysis between the theodolite measuring system based and laser
scanning based results has been carried out to verify the feasibility and efficiency of
this calibration method.

2 Laboratory Calibration Scheme

An operational and low-cost seamless navigation system (GIL) is integrated on a
wheel-based platform, which consists of position and orientation system
(SPAN-CPT [14]), laser sensor (FARO focus3D-X120 [15]) and data processing
system (Laptop Think pad T530), as shown in Fig. 1

2.1 Introduction of Measuring Sensors

(1) Laser scanner system
Laser scanner (LS) is the main measuring sensor in GIL, which is current
state-of-the-art active imaging modality, capable of measuring detailed dense
geometric information of the object space efficiently and quickly. A FARO
focus3D-X120 laser scanner is used as a navigation sensor in GIL and a Rigel
VZ400 laser scanner [16] is used as a secondly measuring sensor in the cali-
bration procedure. Both of the introduced laser sensors are time-of-flight sys-
tem, but using different distance measurement principle [17] (pulse-based
focus3D-X120 and phase-based VZ400): FARO laser scanner cannot identify
the retro-reflective material (RRT) targets and Rigel laser scanner cannot
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2 Cooperation targets for laboratory calibration experiment

identify the spherical target automatically. The cooperative targets used in this
paper are shown in Fig. 2. The measurement specifications of laser scanners are
shown in Table 1.

Theodolite measuring system

The theodolite measuring system (TMS), carrying out frontage intersecting
measurement according to the fixed reference line, consists of three T3000A
theodolites in this paper, with a throughout consideration of precision, relia-
bility, efficiency. The intersection measuring accuracy of the integrated TMS
can attain 0.02-0.1 mm within the range of 10 m [18].

When using LS and TMS as an auxiliary measurement system, its accuracy and
spatial data type has a huge difference due to different measuring principle and
corporative targets. As shown in Fig. 3, TMS attains only singe point spatial



Rapid Extrinsic Calibration of Seamless Multi-sensor Navigation ... 381

Tab!(; 1 .Meas?rzpflfent Name Range Accuracy
t t
spectnications o1 cifieren LST | RigeL 1500m | 5mm @ 100 m
measurement systems
VZ 400
LS II FARO 0.6-120 m 2 mm @ 50 m
Focus3DX120
T™S Leica 1-100 m 0.05 mm
TM3000

Fig. 3 Cooperation targets
for laboratory calibration
experiment

(a) 3D points measured  (b) 3D Point cloud captured
by TMS by TLS

information while LS attains points cloud spatial information as well as
retro-reflective information. So the measurement data must be preprocessed
before the application into the calibration procedure.

2.2 Details of Calibration Procedure

The total extrinsic calibration of GIL is complex, which consists of subordinate
sensor calibration and inter-sensor relationship calibration. Subordinate sensor
calibration mainly focuses on the improvement of survey-grade sensors (e.g. IMU,
laser scanner and camera) with the corresponding corrections (e.g. IMU drift error
correction [19], laser scanner ranging constant correction [20] and camera orien-
tation element correction [21]). Inter-sensor calibration mainly discusses about the
extrinsic relationship between GNSS antenna [22], IMU [23] and measuring sen-
sors (including laser scanner [24] and camera [25]).

GNSS lever arm is the difference between the different sensing point of GNSS
and IMU. The lever arm calibration is necessary in GIL, because its error will
influence the accuracy of navigation solution directly [26]. It is assumed in this
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Fig. 4 Procedure of laboratory calibration

paper that the center of POS is in coincident with that of IMU. The definition of the
relevant coordinate system can be found in [27], the whole calibration procedure is
shown in Fig. 4.

The extrinsic calibration in this paper consists of GNSS lever arm calibration and
laser sensor mounting parameters calibration, with the following specific scheme:

(1) GNSS lever arm calibration.

Step 1: Attain the geometric center of GNSS antenna through AMS.

Step 2: Transfer the geometric center into POS coordinate, with the connection
between POS coordinate and AMS coordinate established from common
points between POS and AMS.

(2) LS mounting parameters calibration.

Step 1: Establish the coordinate connection between LS and AMS.

Step 2: Similar to Step 2 of GNSS lever arm calibration, establish the coordinate
connection between POS and AMS.

Step 3: Calculate the mounting parameters of LS through the coordinate con-
nection between LS and POS, deduced from Steps 1 and 3.
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3

Laboratory Extrinsic Calibration Mathematical Model

3.1 GNSS Lever Arm Calibration Model

As

shown in Fig. 5, lever arm calibration model can be divided into two parts:

(1) Circle fitting of GNSS geometric center; (2) coordinate transformation from
AMS to POS.

1.

ey

@)

Circle fitting of GNSS geometric center

Based on the fact that the edge of GNSS antenna is a regular shape, the geo-
metric center of GNSS can be deduced with the axial information from circle
fitting.

Least square based circle fitting
—_

. . . . S _
Assume the radio of antenna is R, and its center is Ty = (x0,¥0,20), the
corresponding equation can be expressed as:

{ ()C—)Co)2 + (y —yo)2 + (Z — ZQ)Z—R2 =0 (1)
a(x —xo) +b(y —y0) +z—2 =0

The nonlinear model of GNSS antenna edge is established by removing the
higher order terms through Taylor series expansion. After that, least square
method is applied to calculate the coordinate of GNSS antenna edge’s center.
Extraction of axis normal vector

There exists a relative distance between the center of antenna edge and that of
antenna. An axis normal vector is needed for the deducing of GNSS geometric
center.

The axis normal vector can be extracted from the circle equation of antenna’s
edge as formula (2):

— —a —b 1
r_<\/a2+b2+1 Va> + 07 +1 \/a2+b2+l> (2)

Fig. 5 GNSS lever arm
parameters calibration model eometric Center
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Besides, the axis normal vector can be extracted from the fitting of GNSS
connecting rod, due to its coaxial character with GNSS antenna edge, which
can also be used to validate the accuracy of axis normal vector extraction [28].

2. Attain the coordinate of GNSS geometric center
—

With the relative distance AL, GNSS antenna edge’s center rIS,ANT and axis

normal vector ¥, GNSS geometric center can be calculated through formula (3):

—_ —
S S -
TPonss = TPanr +AL-r (3)

3. Establish the coordinate connection between POS and AMS.
With the common observation points between POS and AMS, the transfor-
mation can be expressed as formula (4):

;= ka Ry rs” + s (4)

4. Transfer the geometric center into POS coordinate
Substitute (3) into (4), we get formula (5), namely, GNSS lever arm in POS
coordinate:

—
rl{’c/vss

— ko Ry rh 5
— Rz S.rP(;NSS+rS (>

3.2 LS Relative Mounting Parameters Calibration Model

LS mounting parameters consist of the LS position parameters, as well as orien-
tation parameters, in relevant with POS coordinate. Through AMS, this paper
establish the transformation between POS coordinate and AMS coordinate, from
which we can deduce position parameters from translation vector and orientation
parameters from rotation matrix. The calibration can be seen in Fig. 6.

1. Establish the coordinate connection between LS and AMS.

— S —\ 5

rs; :kl'RL'(R(ea(/))' rLi)+rL (6)
2. Establish the coordinate connection between POS and AMS.

g [ — 7
r]/. :kZ'Rs' rs/. +}’S (7)
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Fig. 6 LS mounting
parameters calibration model oordinate

!U! EOOI‘HIH&!C ”l

3. Establish the coordinate connection between POS and LS.
Substitute (6) into (7), we get formula (8), namely, the transformation between
POS coordinate and LS coordinate.

— - 7
rIj :k3RM rLj—i—ri (8)

where k3 = k; - k; represents the scale change between LS coordinate and POS

coordinate; r_L) =k - R, rL + r’ represents the translation vector, namely
position parameters of LS; Ry = RL - RS represents the rotation matrix, from
which we can calculate the orientation parameters through the following
formula:

o = arctan ( 2)
v = ( (3 3))
By = — arcsin(Ry(1, 3)) (9)

(20

3.3 Extrinsic Calibration Procedure Error Model

While the vehicle is in motion state, there exists no obvious line vibration or
angular vibration, making the trajectory relatively smooth. Therefore, we can filter
the measurement data based on the condition of smooth trajectory to remove part of
surveying error in the measurement system.

From formulas (5) and (8), we can find that the essence of lever arm and
mounting parameters is the transformation between different coordinate. In this
paper, we deduce the error model from the angle of coordinate transformation.
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The transformation between coordinate A and coordinate B can be expressed as
formula (10):
— B — e
rB:k-RA-rA—i—r/; (10)
where a, f3, y represents the rotation angle from A to B; k represents the scale factor
between A and B; Xy, Yy, Zy represents the translation from A to B; All of them
form the seven-parameter transformation vector 7.
The expansion of matrix RS can be expressed as:

cosycos f§ —cos fisiny sin f8

RE = | cosasiny+ cosysinfsina cosycosa —sinysinfsina  — cos fsin o
A
sinysino — cosycosasinff cosysina+ cososinysinff  cos fcosa

The expansion of formula (10) can be expressed as:

Xg=f(n)=k-(Ri1-Xa+Ri2-Ya+Ri3-Zs)+Xo
Ygzg(n):k'(Rzl'XA+R22'YA+R23'ZA)+YO (11)
Zg=h(n) =k- (R31 - Xa+Rz-Ya+Rs3-Zp) + 2

The linearization of formula (11) can be expressed as:

_Of(n) 9 (n) of (n) 9 (n) of (n) o) (),
Vy, = X, 0Xo + v, oYy + 07 0Zy + B dou+ Bl op+ oy oy + % ok — Iy,

_O0gn) ¢ dg(n) dg(n) Jg(n) . Og(n) ogln) . 0Og(n) o,
VYB = ((‘)XO ()XO + aYO (SYO + aZO (SZO + aa 5J + 8[3 (;/3 + 0"/ (>’y + ak 5]( lyA

Oh(n) . Oh(n) . Oh(n) . Oh(n) .~ Oh(n) ., Oh(n) Oh(n)

= X Y, Z 3 _

Vz, X, 0Xo + B7 oYy + oz, 0Zy + o oo+ op Oﬂ + a7 5)) + K ok Iz,
(12)

Its residuals matrix can be expressed as Vrg = A - on — Iry; Its relevant weight
matrix P; The number of common points i (i>3). Then, we can deduce the unit
weight variance as formula (13):

52— VrgP Vrg

3i—7 (13)

Usually, P is a unit weight matrix. So the accuracy of translation, rotation and
scale factor is relevant. We assume that the Maximum range of common points is
L and the value of rotation is in radians. The relevance of the accuracy can be
expressed as formula (14):
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2 2 2 2
2o oo o, My my  mz 9
m“_mﬂ_m“/_mk_Lz T2 T2 Tz (14)

The corresponding translation error and rotation error can be expressed as for-
mula (15):

m2T = mg(o +m%,0 eréo =34
352 (15)
m,ze :mi—i—mé—i—mi :F

1. Error model of GNSS lever arm

From formula (5), we can find that the accuracy of lever arm is mainly influ-
enced by the transformation error myy; (between S and I) and GNSS center
fitting error my;,. We assume the transformation vector (between S and I) consists
of ki, a1, B, y1» Xo1, Yo1, Zo1, with its corresponding error miy, , my,, mg,, ny,,
my,,, My, , Mz, and the maximum range is L;.

Differential method has been applied in formula (5) to develop GNSS lever arm
error model:

2

2 ) N ) N
2 [ 2 8RS S 2 aRS S 2
m’;’GNSS Ry rPGNY? my + Aoy TPonss| Moy T dp, Pronss| 1B,
8R§ S ’ 2 2 2 2 % - R 22 16
3”/1 " TPonss m'h —l-me +mYm +mZm + ’ 2 S| 'mﬂt ( )

2. Error model of LS mounting parameters

From formula (8), we can find that the accuracy of LS mounting parameters is
mainly influenced by the transformation error m,s; (between S and I) and the
translation error my, (between L and S). We assume the transformation vector
(between S and L) consists of k7, a2, B3, V2, X02, Y02, Zoo, with its corresponding
erTor My, , My,, Mg,, M, Mx,,, My,,, Mz, and the maximum range is L.
Differential method has been applied in formula (8) to develop LS position
parameters error model:

= ORL = 8R’ -
PR RO L i i
" a,H| Mo,
8R§ = ? 2 2 2 2
* ‘E)yl ' ri my, +my,, +my, +mg,
= _s’ =
or or
i L [ 2 i L 2
+ Rg - 3Xop on + |Rs BY my,, + R - 78202 S my, (17)
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Orientation parameters can be deduced from the rotation matrix Ry = R§ ~Ri,
which can be specifically expressed as Ry = R(ay, f8;,7,) - R(az, f5,7,). But,
differential method is not suitable for nonlinear and complex equation, so, error
of orientation parameters is discussed using Monte-Carlo method in this paper.
The extraction of orientation parameters oy, f, Yy can be expressed as
(oar, Poss ) = F (). Vector p consists of the orientation parameters o, f3;, 7,
and o, f,, 75, which represent the rotation between S and I, and rotation
between S and L respectively. The rotation error can be expressed as Ay, which
can realize O of bias mean value and m,, of mean square error. The error model
of LS orientation parameters can be expressed as:

(Aoar, AByrs Ayyg) = F(p+ Ap) — F(p) (18)

Experiments and Results

Experiment has been carried out with Trimble Zephyr II GNSS antenna, as shown
in Fig. 7a. LS and TMS have been chosen as AMS in the calibration procedure.
TMS has a measuring precision better than 0.1 mm, fulfill the need of GIL cali-
bration [29]. While the accuracy of LS is influenced by the retro-reflective prop-
erties of non-cooperative targets.

4.1 GNSS Lever Arm Calibration Results

1.

Fitting results of GNSS antenna edge center

The visual effects of fitting based on TMS and LS (RigeL. VZ400) can be seen in
Fig. 7b, ¢, with the corresponding fitting results of GNSS geometric center be
seen in Table 2.

From Table 2, we can find that the fitting accuracy of TMS is 0.06 mm, while
the fitting accuracy of LS is only 3.6 mm, due to the influence of the
non-cooperative targets [30].

Transformation parameters between S and I

Retro-reflective targets have been chosen as the common observation points
between POS and AMS. We can find the relevant translation and rotation
parameters in Tables 3 and 4 and deducing the corresponding error through the
proposed error model.

From Tables 4 and 5, we can find that the transformation accuracy, supported by
TMS, is better than 1 mm, while the accuracy of LS-supported transformation is
better than 2 mm. we can calculate the translation error and rotation error
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Fig

(a) GNSS antenna (b) Circle fitting to (c) Circle fitting to point
points from TMS cloud from LS

. 7 Circle fitting of GNSS geometric center

Table 2 Fitting results of GNSS antenna edge center (mm)

LS TMS
Circle center (1120.3, —1708.7, —304.1) (1569.2, —2540.2, —477.5)
Circle fitting accuracy 3.6 0.06
Axial vector of circle fitting (0.01, —0.02, 1) (0.0004, —0.0033, 1)
Axial vector of cylinder fitting (—0.03, 0.02, 1) (—0.001, —0.0002, 1)
Table 3 Transformation X axis Y axis 7. axis
parameters from coordinate S .
to coordinate T (supported by Translation (mm) 956.26 —1259.17 742.40
LS) Rotation (°) 0.649 0.337 176.409
RMSE (mm) 0.75 0.12 0.47
Scale factor 0.996038

through formulas (18) and (19): my,,, = 1.38 mm, mg,,, = 0.046;
MTps, = 0.82 mm, mg,,, = 0.017°.

GNSS lever arm parameters

By applying GNSS geometric center and transformation parameters (between S
and I) into formula (12), we can attain GNSS lever arm parameters, as shown in
Table 5.

With GNSS lever arm error model, the accuracy of the LS-supported GNSS
lever arm calibration and that of TMS-supported calibration can be calculated:
mx; = 2.21 mm, my; = 2.35 mm, mz; = 2.35 mm; mx; = 0.63 mm,
my, = 0.57 mm, mz, = 0.69 mm. We can find that TMS-based scheme is more
accurate than LS-based scheme, and it can be used as a reference. By comparing
the lever arm parameters in Table 5, we can tell that the accuracy of GNSS lever
arm (LS-supported calibration) is mxgnss = 3.5 mm, mygyss = 2.2 mm,
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Table 4 Transformation

N di g X axis Y axis 7 axis

parameters from coordinate - ~

to coordinate I (supported by Translation (mm) 1767.63 1867.75 924.63

TMS) Rotation (°) 0.284 0.238 —174.272
RMSE (mm) 0.46 0.17 0.21
Scale factor 1.001921

Table 5 GNSS lever arm Lever arm Laser scanner Theodolite

t

parameters (m) X axis ~56.2 -52.7
Y axis 512.7 510.5
7 axis 466.7 465.5

mzgnss = 1.2 mm, which is in consistent with the accuracy deduced from the
proposed error model.

4.2 LS Mounting Parameters Calibration Results

Retro-reflective targets and spherical targets can be used as the common observa-
tion points between LS (FARO FOCUS) and TMS (Rigel VZ400).
The recognition of different types of common point can be seen in Fig. 8 and the
transformation accuracy between LS and TMS can be seen in Tables 6 and 7.
With LS mounting parameters error model, the accuracy of the LS-supported LS
mounting parameters calibration and that of TMS-supported calibration can be
calculated:

(1) Position parameters accuracy: mx; = 1.82 mm, my; = 1.83 mm,
mz; = 1.83 mm; mx, = 0.66 mm, my, = 0.67 mm, mz; = 0.67 mm.

(2) Orientation  parameters  accuracy: moy = 0.0288°, mf; = 0.0287°,
my; = 0.0292°; ma, = 0.0102°, mf, = 0.0101°, my, = 0.0103°.

We can find that TMS-based scheme is more accurate than LS-based scheme,
and it can be used as a reference. By comparing the transformation parameters in

Fig. 8 Recognition of
different cooperation targets

(a) Recognition of (b) Recognition of
spherical target retro-reflect target
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Table 6 Transformation X axis Y axis 7 axis

parameters from coordinate L - —

to coordinate S (supported by Translation (mm) 673.18 970.49 219.15

LS) Rotation (°) 0.413 0.176 —79.685
RMSE (mm) 1.62 1.11 0.66
Scale factor 1.002285

Table 7 Transformation X axis Y axis 7 axis

parameters from coordinate L - —

to coordinate S (supported by Translation (mm) 1246.66 1744.03 36.41

TMS) Rotation (°) 0.016 0.012 —89.022
RMSE (mm) 0.35 0.47 0.40
Scale factor 1.00026

Tables 6 and 7, we can tell that the accuracy of LS position parameters
(LS-supported calibration) is mx;g = 1.7 mm, my;s = 1.0 mm, mz;g = 0.7 mm, the
accuracy of LS orientation parameters (LS-supported calibration) is moy g = 0.042°,
mfrg = 0.037°, my;s = 0.02°, which is in consistence with the accuracy deduced
from the proposed error model.

4.3 Summary

From the proposed error model, we can deduce the accuracy of LS-based GNSS
lever arm calibration is 4.0 mm, and the accuracy of LS-based laser scanner
position parameters and orientation parameters is 3.2 mm and 0.36°, respectively.
While the comparison between TMS and LS, the accuracy of LS-based GNSS lever
arm calibration is 4.3 mm and the accuracy of LS-based laser scanner position
parameters and orientation parameters is 2.1 mm and 0.43°. Comparison results are
in coincident with the deductions form the proposed error model, further verifying
the feasibility of LS-based GIL rapid extrinsic calibration scenario.

5 Conclusion

(1) Researches about extrinsic calibration of seamless multi-sensor navigation
system have been carried in this paper, and a LS-based calibration scheme has
been proposed, which is independent of GNSS signal, more manipulable and
more adaptive to complex environment. Error analyses and TMS-supported
experiments have proved the feasibility and efficiency of the extrinsic cali-
bration scheme.
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(2) TMS-based comparison experiments have proved advantages of LS-based
scheme: (1) High speed calibration, the whole procedure can be completed
within a few minutes; (2) High efficiency calibration, automatic recognizing
targets have helped to reduce workload and save time; (3) Environmental
adaptive calibration, LS-based calibration has few requests on precise leveling
and centering, more operative in practice; (4) Abundant measuring information,
LS can attain common observation points, as well as additional points cloud,
which can be used to testify the calibration results.

(3) LS-based calibration scheme has its deficiencies at the same time: (1) Limited
measuring precision, due to the influence of the non-cooperative targets, the
accuracy of LS decreases dramatically, as can be found in the GNSS geometric
center’s fitting results; (2) Weak versatility, different laser sensor has different
measurement principle, making it hard to find one appropriate common
observation target, which can be automatically recognized by all those laser
scanners. SO, automatic target recognition technology and image fusion tech-
nology should be enhanced to compensate the weakness of LS-based calibra-
tion scheme.

(4) This paper mainly focuses on the rapid extrinsic calibration of multi-sensor
navigation system. Future implementation will be extended to filtering algo-
rithm based online calibration as positioning and orientating information from
POS will be added for completing the whole calibration scheme of seamless
indoor/outdoor multi-sensor navigation and positioning system.
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The GPS/INS Integrated Navigation
Method Based on Adaptive SSR-SCKF
Cubature Kalman Filter

Zhe Yue, Baowang Lian and Chengkai Tang

Abstract There are many methods aiming at the nonlinear problem of GPS/INS
integrated navigation, such as EKF and UKF, however, these methods have low
positioning accuracy and instability. On the study of SCKF and nonlinear model of
GPS/INS integrated navigation, aiming at the issues that the state equation of
GPS/INS is nonlinear while the measured equation is linear, and the measured noise
changes owing to the changing number of visible satellites or multipath. Therefore,
this paper promotes the integrated method based on adaptive SSR-SCKF, which
uses the spherical simple-radial cubature rule (SSRCR) to set the cubature sampling
points. We also provide a linear measured update process on the basis of singular
value decomposition (SVD), and it avoids choosing the cubature sampling points.
Combining the moving window method, it can adjust the covariance matrix of
measurement noise in real-time. The experiment results show that the proposed
method has lower computational complexity, while higher estimated accuracy,
numerical stability and better adaptive ability to the changing noise than SCKF in
the same conditions.

Keywords GPS/INS integrated navigation - SSR-SCKF - Singular value
decomposition - Adaptive

1 Introduction

GPS/INS integrated navigation system usually uses the Kalman filter to estimate the
system [1], and the estimation method assumes that the equation is linear, however,
the GPS/INS integrated navigation system is nonlinear, therefore, the nonlinear
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model can more completely spread the feature of system error [2]. Aiming to the
nonlinear model, we usually use the extend kalman filter (EKF) to make the
nonlinear equation [3]. However, the linear process results in relatively higher
truncation error, and the EKF also require calculating the complex Jacobi matrix.
The unscented kalman filter (UKF) uses the unscented transformation (UT) to make
Gaussian approximation for the probability density function [3, 4], but if the
dimension is more than three, i.e., n >4, the suggested tuning parameter will less
than zero, i.e., k = 3 — n <0, this phenomenon may make the covariance matrix
negative and break the filter. Arasaratnam [5] firstly proposes the cubature kalman
filter (CKF), and employs the three-order spherical-radial cubature rule to transform
the integral calculation of the Gauss weighted multidimensional nonlinear function
in cartesian coordinates to the cubature approximation, and it has higher estimated
accuracy than UKEF, in addition, the weights of the sampling points of CKF are the
same and positive, and the numerical stability is better than UKF. It is said that the
CKF has the highest estimated accuracy in the Gauss filters [6]. The superior
nonlinear performance of CKF attracts more and more scholars in the field of
GPS/INS integrated navigation [7-9]. The existing integrated navigation methods
based on CKF usually utilize three order spherical-radial cubature rule to choose the
cubature points in the state prediction and measured update process, and the cal-
culation is complex and the numerical stability is not high. Additionally, there is
little research on the adaptive CKF about the changing measured noise, owing to
the changing number of the visible satellites or the multipath.

Thus we promote the GPS/INS integrated navigation method of the adaptive
spherical simplex-radial square-root cubature filter (SSR-SCKF) based on the
spherical simplex-radial cubature rule (SSRCR). This method utilizes the SSRCR
instead of the three-order spherical-radial cubature rule to achieve higher estimated
accuracy. The measured equation of GPS/INS loosely integrated navigation is
linear, thus we promote a simple filter based on singular value decomposition
(SVD), which reduces the computation complexity, because it does not need to
calculate the sampling points in the measured update. Moreover, the SVD can also
avoid interruption when the new information covariance matrix cannot be inversed,
and it also improves the numerical stability of the method. Meanwhile, in order to
coping with the changing measured noise, we use the moving window method to
estimate the measured noise covariance matrix in real-time, thus can greatly
improve the adaptive ability and estimated accuracy of the changing noise. The
experiment shows that, under the same conditions, the method we proposed has
greater estimated accuracy, higher numerical stability and lower computational
complexity than SCKF. When the measured noise changed, this method has better
adaptive ability, and we also prove the superiorities of the method in this paper.
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2 The Nonlinear Model of GPS/INS Integrated Navigation

In this paper, we set the east-north-up coordinate as the navigation coordinate of
INS and the right-forward-up coordinate as the body coordinate (b coordinate). The
idea navigation coordinate is called n coordinate, and the calculated navigation
coordinate is named n’ coordinate. The front right coordinate system of the moving
object is the carrier coordinate system, i.e., the b system, and the geocentric inertial
coordinate system is i system, and the earth coordinate named e coordinate, we also
choose the navigation error as the state variables of the filter. The GPS/INS inte-
grated navigation system is loosely, it utilizes the errors of attitude, velocity,
positioning, gyroscope drift and constant bias of accelerometer as the 15 error state
variables of the filter. The nonlinear error model of the attitude error, velocity error
and positioning error are expressed as the follows:
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¢ =[bp dn qu]T denotes the misalignment angles of east, north and
up-vertical direction, dv = [0vg dvy Ovy| indicates the velocity errors of east,
north and up-vertical direction, SL, 4, dh represent the latitude, longitude and
altitude errors, respectively. C,’;/ is the coordinate transformation matrix from the
idea navigation coordinate to the calculated navigation coordinate. & means the
value which the sum of the earth rotation rate w}, and the navigation coordinate
rotation rate ¢/, in the calculated navigation coordinate. dw},, dwl,, dw], are the

) )
calculated errors of @7, &L, " , respectively. L and h reprelsnent tﬁe latitude and
altitude. Ry, and Ry suggest the radius of the meridian and prime vertical of the
earth. The gyro error 5wibb is mainly include the gyro constant bias &” and the zero
mean Gauss white noise wg. The accelerometer error Jf, is mainly include the

b

a°

accelerometer constant bias V” and the zero mean Gauss white noise w
We choose the state vector as Eq. (6):

X =[pp by ¢y Sve Svy Svy OL 04 Sh & & & Vh vk Vi) (6)

Then, discretizing Eq. (1) we can obtain the GPS/INS state equation. When take
the positioning and velocity errors difference between GPS and INS into consid-
eration, we can get the measurement equation as the follows.

Z=HX+V (7)
Z = [0vg dvy Ovy OL O Oh)" (8)
H = [06x3 Iox6 Opx) 9)

where V denotes the measured noise.
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3 Filtering Method
3.1 The Filtering Method of SCKF

In the filtering method of SCKF, we take the following nonlinear equation into
consideration.

X = f (1) + w1 (10)
ZkZh(xk)+Vk (11)

where x; is the unobservable state vector, z; is the observable one. f(-) and h(:)
represent the known nonlinear state and measured equation. The process noise wy_
and measured noise v, are white, and they are irrelevant, the mean of them is zero,
the covariance matrixes are QO;_; and Ry, respectively. The sampling points and
weights calculated by the three-order spherical-radial cubature rule can describe as:

éi:jc+ Vnpxei
1
i=1,2,...,
éi—}—n:)?'i_ \/anei
1
2n

(&

n (12)

Wjtp =

where e; is the unit vector of the ith element which is 1. The update steps of the
SCKF can be found in [2].

3.2 The Filtering Method of Adaptive SSR-SCKF

In order to get the higher estimated accuracy of the nonlinear equation, this paper
uses the SSRCR to choose the sampling points and weights as:

T
SZ = qr([X,’c/kl — Gka/kfl GkSR,k:| ) (13)

T . . Lo
where [am NI .,ai,n} ,i=1,2,...,n+1, is the column vector, which is
composed with n + 1 vertexes of the n-spherical simplex and can be described as:
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The initialization module and measured update module are the same as the
SCKEF except that the sampling rules, it uses the (13) to replace Eq. (12). Aiming at
the measured equation of the GPS/INS loosely integrated navigation, we have no
necessary to calculate the complex 2n cubature points in the measured update
module. In order to improve the numerical stability and avoid the interruption when
the new information covariance matrix does not have the inversion, this paper
proposes a simple measured update process based on SVD.

A is the square-root matrix of the covariance matrix P. We can uses the SVD to
Apscn, When m<n, A= U[D O]V?, U and V are unitary matrix, D is diagonal
matrix. P! can be described as:

Pl = (aaT)! 1s)
— u(pp")'UT

The inversion of P can be described as (15), and we only need to calculate the
inversion of diagonal element to get the inverse matrix of DD”. Using the SVD can
reduce the computation complexity and improve the numerical stability.

The measured update process based on SVD can be described as:

(U, D, V] = svd([HiSi/k-1 Srx]) (16)
Sek/k—1 = UD (17)

Pogjk—1= Sk/k—lsg/k_lHkT (18)

G = sz,k/kflpzz}k/k71 = szJc/kflU(DDT)_l u' (19)
X = X1 + G2k — Zijir) (20)

St = qr([sk/k—l — GiHiSij-1 GiSri) T) (21)

The measured noise will change owing to the changing number of visible
satellites and multipath, if we use the measured noise covariance matrix which is set
by experience, it will result in relatively bigger estimated errors. Thus, in this paper
we add the moving window method to the SSR-SCKF to change the measured
noise covariance matrix adaptively.

We employ the new measured vector z; and the %; ;—; of the predicted module to
define the new measured vector.

yi = 2% — (1) = % — Hidgjet (22)

Therefore, the covariance matrix of the new measured vector is
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Ry, = R+ HiPji HY = SiS] + HiSei1 iy HY (23)

The Ry, can be received by the mean value in the length of the window with the
moving window method.

1 N
Ry, = Nzykijlzlja k>N (24)
=)

The square-root of the measured noise covariance matrix can be received by the
moving window method through (23) and (24).

Sw = chol (R, — HySuu 1Sty HY ) (25)

When taking Sz into the (16) and (21) of the SSR-SCKF, we can obtain the
GPS/INS integrated navigation method based on adaptive SSR-SCKF cubature
kalman filter.

4 Simulation and Verification

The simulation parameters are set as the follows: the initial position of the body is
(L, A, h) = (34.246°,108.910°,380 m), the gyro drift is 0.1°/k, the random walk of
gyro is 0.05° /v/h, the constant bias of the accelerometer is 100 pg, the random walk
of accelerometer is 50 pg/+/Hz, the initial positioning error is (10, 10, 10) m/s, the
initial velocity error is (0.5,0.5,0.5) m/s, the initial attitude error is (2°, —2°,3°),
the position noise of GPS is (10,10,10)m, and the velocity noise is
(0.1,0.1,0.1) m/s. The flight path of the body is include acceleration, uniform
speed, left turn, right turn, climb, descent, deceleration and static. The total time of
the simulation is 600 s, the flight path is in Fig. 1. The sample frequency of INS is
100 Hz, and the sample frequency of GPS is 1 Hz.

The positioning and velocity error of SCKF and the method of this paper can be
seen in Figs. 2 and 3.

From Figs. 2 and 3, we can conclude that the two methods both have relatively
good integrated navigation performance, and the square-root errors are shown in
Table 1. From the statistic results of Table 1, it can be seen that the method pro-
posed in this paper is better than SCKF both in the positioning and velocity
accuracy. The reason is that the sampling rule of this paper is SSRCR, not the
three-order spherical-radial cubature rule as the SCKF. And in the measured update
process, SCKF require to calculate the 30 cubature sampling points to make the
cubature approximation each time, but the method of this paper do not need to,
therefore it reduces the computation complexity.



402

2500

2000

1500

HIGH/m

1000
500

6

4

x10
-5000

NORTH/m -10000 EAST/m

0 -15000

Fig. 1 Flight path

oV/im/s

SP/m

Z. Yue et al.

0.5

0.4

0.3
0.2
0.1

-0.1

i

-0.2 L
300 400 500

t's

200

10 T Y T T T

|~ 8L —— 54— H

300 400 500

t/'s

200

Fig. 2 Position and velocity error of SCKF

The measured noise will change owing to the changing numbers of the visible
satellite and multipath, so in order to verify the adaptive ability to the changing
measured noise of the method proposed in this paper, we set three different noise in
the three stages. The first 200 s the measured noise of position and velocity are
(10,10, 10) m and (0.1,0.1,0.1) m/s, respectively. Then in the range of 200400 s,
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Table 1 The comparison of root mean square error of SCKF of two methods

Positioning Velocity error | The number of sampling points in each
error (m) (m/s) update time

SCKF 3.0238 0.0732 60

The method of this | 1.7307 0.0712 32

paper

the noise becomes the three times to the initial noise, and the last 200 s the noise
becomes 2 times to the initial noise. The simulation diagram of the position and
velocity errors of SCKF and this paper are in Figs. 4 and 5.

From Fig. 4, we can suggest that, the filtering performance of SCKF is severely
affected when the measured noise changes. Through Fig. 5 we can conclude that,
under the same conditions, the method of this paper has better adaptive ability. The
statistic results of RMS errors are in Table 2. From Table 2, we can also see that
when the measured noise changes, the position and velocity errors of SCKF become
bigger, because the measured noise does not update correspondingly, The method
of this paper can adjust the covariance matrix of the measured noise in real-time, so
it can receive the better accuracy and the better anti interference ability.
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Table 2 The comparison of root mean square error of SCKF of two methods in different noise

Positioning Velocity error | The number of sampling points in each
error (m) (m/s) update time

SCKF 54.4903 0.7578 60

The method of 10.7369 0.1043 32

this paper

5 Summary

According to the characteristic that the state equation of GPS/INS integrated navi-
gation is nonlinear and the measured equation is linear, we promote an integrated
navigation method based on adaptive SSR-SCKF cubature kalman filter in this paper.
Firstly, we use the SSSRCR to choose the sampling points instead of the three-order
spherical-radial cubature rule of SCKF to get the higher estimated accuracy.
Secondly, aiming at the problem that the measured equation is linear, we propose a
new measured update process based on SVD, it does not need to choose the cubature
sampling points so that the computation complexity is simple. And the SVD can also
improve the numerical stability of the filter. Finally, combing the moving window
method, the filter can adjust the covariance matrix of measured noise in real-time, so
it can improve the adaptive ability of the method proposed in this paper.
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Cramér-Rao Lower Bound
for Cooperative Positioning
in Non-line-of-Sight Environments

Shiwei Tian, Zhi Xiong, Guangxia Li, Jing Lv and Shi Yu

Abstract The availability of positional information is of great importance in many
applications. Global Navigation Satellite System (GNSS) is the most popular
positioning techniques. However, determination of devices’ positions is still a
challenging task in harsh environments due to radio blockage. In this situation,
cooperative positioning can be utilized to improve the ability to compute position.
This paper derives the expression for Cramér-Rao lower bound (CRLB) in coop-
erative positioning, where parts of the propagation paths between devices are
non-line-of-sight (NLOS). Numerical examples illustrate our results, and the results
lead to a deep understanding of the benefits of cooperation.

Keywords Cooperative positioning + GNSS - CRLB

1 Introduction

Currently, global positioning system (GPS) is the most important technology to
provide location-awareness around the globe through a constellation of at least 24
satellites [1]. Unfortunately, since the received GPS signal is extremely low power,
the satellite signals can be easily obstructed. For instance, GPS-based techniques
fail to provide satisfactory performance due to signal blockage in many scenarios
such as urban terrain, forests, or jungles. At the same time, GPS receivers are also
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susceptible to jamming and unintentional interference for this same reason [2].
Driven by the success of cooperative techniques in many research areas, cooper-
ative techniques have been introduced in the research of positioning and navigation.

Cooperative positioning methods have been recognized as part of an effort to
improve the performance of GNSS devices in hostile environments, such as
accuracy, availability, integrity etc., relying on information exchange and/or direct
measurements among devices. They can be used not only when GNSS is
unavailable, but also in combination with GNSS [3].

It is well known that the CRLB sets a fundamental lower limit to the covariance
of any unbiased estimator for a vector parameter [4]. Several previous works deal
with CRLB in case of cooperative positioning (e.g., [5] for wide-band systems, [6]
for wireless sensor networks, and [3] for hybrid GNSS-terrestrial systems), how-
ever, the derivation of the CRLB mainly follows that of the line-of-sight (LOS) case
(the reference [5] considered the NLOS case, however, the analysis therein
exploited the received waveforms rather than specific signal metrics), where an
NLOS induced error due to the propagation properties of the environment is not
considered. In practice, however, NLOS measurements can not be circumvented for
cooperative positioning in hostile environments and must be accounted for. NLOS
measurement can come from complete direct path (DP) blockage or DP excess
delay, and both of them add a positive bias to the true range, resulting in a larger
measured range than the true value.

Specially, related discussions given in [3, 6] can be interpreted as special cases
of our results. Therefore the present analysis, while applying the same theoretical
framework of [3, 6], extends it to a more general and comprehensive scenario.

The paper is organized as follows: Sect. 2 illustrates model and problem for-
mulation; in Sect. 3 expressions for the Fisher information matrix are derived for
the LOS case and the NLOS case; a numerical example is presented in Sect. 4;
some conclusions are driven in Sect. 5.

2 Problem Formulation

Consider a GNSS positioning system utilizing cooperative positioning techniques,
including satellite nodes with known clock bias and known position, and devices
with unknown clock bias and unknown position. Generally, errors in range mea-
surements from satellite to terrestrial devices are considered, resulting from
imperfect synchronization of device clock with respect to satellites. In addition, the
positive errors due to NLOS measurements between cooperative devices should be
considered also.

Let M be the set of devices, S the set of satellites; denote by S, the set of
satellites device m can observe, by M,, the set of peers device m can communicate
with, and M,, by the cardinality of M,,. Without loss of generality, we assume the
first L measurements in the M,, device m related terrestrial measurements are



Cramér-Rao Lower Bound for Cooperative Positioning ... 409

corrupted by NLOS. Positional state of satellite s € S, and of device m € M, are
indicated respectively by X, = [X; ¥s Z)s Xm = [*%m Ym Zm). The variable c,, rep-
resents the clock bias, and b,, denotes the peer to peer NLOS measurement errors of
agent m, expressed in distance units. In this paper, ¢, is treated as additional
parameters to be estimated as [3]. On the other hand, b,, is treated as additional
noise terms, and the rationales for this assumption can be found in [7]. Similar as
assumptions in [4], we assume b, has the a prior known probability density
function (pdf) p(b,,), with its mean and variance denoted by b,, and k2. The
information device m obtained from satellites (denoted by Pj,,) and from cooper-
ative peer devices (denoted by P,) is denoted by M,, =P, UP,, a set of
unknowns U,, = [x,, ¢,,] for agent m are to be determined.

In this subsection, we describe the measurement models in our system.
Pseudorange measurements, i.e., distance between agents and satellites can be
expressed as

Psm = I1Xs = Xl + o+ Vom (1)
Under Gaussian measurement noise:
_ |psm - ”XS - XmH - Cm‘z
202,

2)

lnp(psm|xm? Cm) = C

Note that, if terrestrial anchors exist in our system, the measurement model and
the following CRLB can be derived in the same way. Under the assumption that the
first L range measurements are biased, range measurements between device m and
its cooperative devices n € M,, can be expressed as

P 1% — X + bn + Vi n=1,...L 3)
" ||Xn_xm||+vnm n:L+1,Mm

Under Gaussian measurement noise:
When n =L+ 1,...M,, the following expression can be derived:

_ |Fum — 1% — Xmle

lnp(rnm|xm>xn) = C/ 20'%,“

When n=1,...L, we can show that

|rnm - ||Xn - XmH - bn|2

1
p(rnm|xmaxmbn) = exp[
\/2nra2, 202,
% (5)

p(rnm|xmaxn): /p(rnm|xmaxn7bn)p(bn)dbn

—00
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where the symbol ||| denotes Euclidean distance, dy, = ||Xn, — Xul|, 7,m € M,
§ € S Vgn, Vam are random Gaussian noise, with zero mean and variance ¢>

2
sm? g
C, C' are constant terms.

nm?

3 Cramér-Rao Lower Bound on the Positioning Accuracy

The CRLB is defined as the inverse of the Fisher information matrix (FIM) F. Let

0=10, 0, ... HP}T (superscript T indicates transpose) are the parameters to
be estimated from the measurements, then F is a p X p matrix, and it can be
expressed as

8 1np(X|9)}

[F(O)]ij:—E{ 50,00, i=12,...p; j=1,2,...,p (6)
i0Uj

where X are the random measurements, p(X|0) is statistical model of the random
measurements, where E[-] indicates expected value with respect to p(X|0).
Consider the problem in this paper, the parameters to be estimated are
U=[U, U, ... Uy]".
We focus on a single device, say m. The log-likelihood function of its mea-
surements with respect to satellites and cooperative devices is

logp({{psm}s€sm7 {rnm}neMm }WLEM |X7 C)

= Z Zlogp(psmp(mvcm) + Z Z logp(rnm\Xm,Xn)

meM sEsy, meM neM,,

Assume that Y > 1 10g p(r—m|Xin, Xi) = Acoop(X).

The Fisher information matrix (FIM) can be expressed as: F = F,5,—coop + Feoop-
Following the analysis found in [3], Fyu—coop is the FIM in non-cooperative case,
and can be expressed as:

Fy
Fnanfcoop - . . (7)
F
F X, F X b,
_ D _ 1 T _ 1
where Fm - (FT b Fb 5 Fxm - ZA‘ESW; ?qsmqsm’ Fbm - ersm PR
x}” m m m m

Xi =X

— 1 -
Frobn = D ses, — o2, dsm> Qim = T =, T~
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and the FIM due to cooperative can be expressed as

F, 0 Ky 0 Ky, 0
o' 0o o o 0" o
Ky 0 F, 0

Fopp=| 0" 0 0" 0
K, 0 F, 0
0" o 0" o

Case 1: whenn=L+1,...M,, we can show that

F,=>_ O%qnmqu

neM,, ~nm

nm

K, = _a%qnmq;{mv n:L+1,Mm
" 0, otherwise

Case 2: when n=1,...L, we can show that

O Inp(Fum|Xm, Xn)

o %)
o T 100 (raml%oms X, )
‘p(rnm|xm,xn>/ { w7 L)

B 7p<rnm|xm,xmbn>p<bn> D10 (P [Xom, Xy br)
B p(rnm|xmaxn) 8(Xm7 XV!)

] db,

_E (911’1p(rnm‘xmaxnvbn)
B Xom X (X, Xp)

)
= OpmGn ! P

where

an = Ebnl"nmwxm Xn [rnm - d"m - bn]
o0

nm bna my An bn
= / (rnm - dnm - bn)p(r | Xon, X )P( )dbn
p(rnmlxma Xn)

—00

411

(10)
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Ey, rnxnx, )] denotes expectation operator with respect to the posterior pdf
P (bu|Tiumy Xm, X, ). Then, the FIM can be denoted as

L
F;n = Z )“qunmqu (12)
n=1
K — _inmqnqu‘m’ n= 17 L (13)
m 0, otherwise

where
_;Lizmq,1mq£m, n= 1, ...L
Ky = _ﬁqnqum7 n=L+1,...M,
0 otherwise
/lnm = O-g;’:"t . Erllnxlxn1~,xn [a%]

— 4 2
inm — Gnm : f anP(”nm|Xm; Xn)drnm
—00
L T ul 1 T
/
Fm - E j'nmqnmqnm + Z 2 Qumm
n=1 n=L+1 "™

Let J be the CRLB matrix by inversion of F, and J,, be the block of
J corresponding to device m. Then, the positioning accuracy for each device m can
be decomposed into: a horizontal component,

O'CRLthor(m) = \/Jn1(17 1) +Jm(25 2) (14)
a vertical component

O-CRLvaert(m) =V Jm(37 3) (15)

4 Numerical Examples

For the sake of comparison, we utilize the scenario depicted in reference [3] to
illustrate the previous analytical results. We assume measurement ry, between
device 1 and device 2 is biased, and the other peer to peer measurements are
unbiased. In addition, the bias pdf p(b) is assumed to have the same shape as the
measured bias distribution reported in [4, 7], and it can be expressed as

. 0, ifbe (—OO7 Qo] @] (Qg, OO)
p(b)—{% ifb e (Qi Q] with i=0,...,8 (16)
where Q; = 0.1+ iA, and P; is shown in Table 1,i = 0, ..., 8. In addition, it can be
calculated that » = 0.1 + 3.49A, x = 1.83A.
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Table 1 Values of P; Po P P, P3 P,
0.12 0.03 0.31 0.12 0.24
Ps Pg Py Pg
0.12 0.03 0 0.03

To illustrate the influence of bias on the CRLB, we have evaluated the CRLB
from the analysis in Sect. 3 numerically, compared to the case when the mea-
surement between device 1 and device 2 is unbiased, and discarded. The horizontal
component and vertical component are shown with respect to the ratio of standard
deviation of bias to that of Gaussian noise (k/0,,) in Figs. 1 and 2 respectively.

It can be seen that when /0, goes to 0, all the two components of CRLB
converges to the case when ry, is unbiased. On the other hand, the two converges to
the upper line (the case when ry, is discarded), when «/a,,, goes to infinity. Also,
this is expected since the information from NLOS measurement reduces as «/a,,
grows larger. However, it is interesting to note that the NLOS measurement can
help significantly in reducing the CRLB, especially when k/a,, is small (NLOS
measurement has small bias) or when ry, is large (the standard deviation of the
range measurement is large compared to the bias). Therefore the range information
from NLOS measurement should not be dismissed, as it can greatly improve the
localization accuracy.

Fig. 1 Horizontal component 20
of CRLB for device 2 191
181

17 [=====- when r12 is unbiased
16 | —¥— when r12is biased
when r12 is discarded

15
14
131
12
"r
1071

Horizontal component (m)

~
T

[}

0 5 10 15 20 25

The ratio of standard deviation of bias to
that of Gaussian noise

[6)]
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Fig. 2 Vertical component of 25
CRLB for device 2

241

--------- when r12 is unbiased
23| —¥— when r12 is biased
when r12 is discarded

221

211

201

Vertical component (m)

18 | VTV

17 L L
0 5 10 15 20 25

The ratio of standard deviation of bias to
that of Gaussian noise

5 Conclusion

In this paper, we developed an expression for the Cramér-Rao bound of cooperative
positioning system considering the existence of NLOS measurements (indicating
that the range measurements can be positively biased), which extends the traditional
relative methodology and provides new insights into the discussion of the limit on
the accuracy of cooperative positioning. In particular, we studied the property of the
bound in the case that which range measurement is biased and the general statistical
characterization of the positive bias can be obtained a prior. Results show that the
utilizing of information from NLOS measurements can be very valuable, i.e., taking
the NLOS measurement into account often yields a significantly lower localization
bound. These results can be used to yield important insights into the benefits of
cooperation, as well as guidelines for a cooperative positioning system design.
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WLAN-Aided BDS Location Algorithm

Dengao Li, Zheng Wei, Jumin Zhao, Zhiyin Ma and Ya Liu

Abstract In order to improve the positioning accuracy when the BDS signals are
blocked and disturbed in complex urban environments, a WLAN-aided BDS
location algorithm to fuse the location information of BDS and WLAN by federated
Kalman filter is proposed in this paper. Firstly, the system state was modeled by
analyzing the movement features, and the BDS observation equation is established
based on pseudo-range and Doppler shift equation. Then, the WLAN observation
equation is established by analyzing the fingerprinting location algorithm. Finally,
the global optimum estimation of position and velocity is obtained by the principal
Kalman filter. The experimental results show that this method could improve the
location accuracy of BDS with better robustness in complex urban environment.

Keywords BDS - WLAN - Federated Kalman filter - Information fusion

1 Introduction

BeiDou Navigation Satellite System (BDS) is a independent-developed satellite
navigation system in China, which can provide high-precision and reliability
positioning, navigation and time service for a great variety of users around the
world in all weather. However, in a complex urban environment, when the BDS
signal is blocked and interference, there will often be a serious decline in posi-
tioning accuracy [7].

In order to solve the problem, some scholars have put forward many solutions.
For example, Zhang et al. [11] merged the GPS and Zigbee locating trajectories by
extended Kalman filter to improve the positioning accuracy of GPS in complex
environments. Zou et al. [12] fused the position information of GPS and UWB by
particle filter, which improves the positioning accuracy by 19%. However, the
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assistance of Zigbee and UWB need to re-laying the network facilities, add addi-
tional equipment, and mobile terminals which are expensive and poor universality.
Deng et al. [3] fused the GPS and the base station location information by the
federated Kalman filter, which effectively replenishes the GPS signal blind spot.
However, the base station needs to make a big change for precise positioning, and
the generalization is poor. Bi et al. [1] selected GPS or WiFi for positioning by
judging the regional environment of the location point. However, due to the
instability of the WiFi signal, a separate location of the WiFi positioning accuracy is
low.

In order to solve the above problems, WLAN (Wireless Local Area Networks)
aided BDS location algorithm is presented in this paper. Most public places in the
city have WLAN deployment which is wireless and low cost. Therefore, the
integration of BDS and WLAN by federated Kalman filter can increase the cov-
erage of positioning and the positioning accuracy, which is an effective means to
realize the precision positioning in complex urban environment. The position
information of BDS and WLAN is fused by the Federal Kalman subsystem to
obtain the local optimal estimate, and the local optimal estimate are fused by the
main filter according to certain weight to obtain the global optimal estimate. The
validity of the algorithm is verified by the simulation results.

2 Federated Kalman Filtering Algorithm in BDS/WLAN
2.1 The Principle of Federal Kalman Fusion

The federated Kalman filter is composed by some sub-filters and a main filter which
has two data processing stages. The basic structure is shown in Fig. 1.

Reference
system P master filter
v -1
KA
Subsystem 1 o| Local filter 1
>
-1
_ XA R i p
% -1
X,.B,P,| |
o | Local filter 2
Subsystem 2 P
v -1 Optimal fusion
- _X_A ’_ﬁ n g |
—> Local filter 3
Subsystem 3

Fig. 1 General structure of federated Kalman filter
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On the one hand, the output of the common reference system is transmitted
directly to the main filter, and on the other hand it can be output to the sub-filters as
the measured values. First each sub-filter obtains respective local estimation values
X; and a covariance matrix P; by local filter. Then they are fused together with the
estimated values of the main filter for obtaining global optimal estimates f(g and
covariance matrices P,. At last they are fed back into the sub-filters by the principle
of information distribution in order to weight the sub-filters [2, 4, 9].

X, =X,, Pi=p"P, (1)

In addition, the covariance matrix of the main filter error can also reset the global
covariance matrix with a weighting factor of 8, '. When ! takes different values,
different structures and different characteristics of the federated filter can be
obtained. The f; and f,, can be expressed as

N
D Bi+B,=1 0<p<1, 0<B,<I1 (2)
=2

The Kalman filter is used to update the state estimation and covariance matrix.
But the main filter does not have measure information, so the Kalman equation is
just used to update the time. The measurement update is the time update.
Measurement updates can be written as

Xk = X k/k—1
: : 3
{Pm,k = Pm,k/k—l ( )

2.2 System Federated Kalman Filtering Model

Federated Kalman filter model of BDS/WLAN consists of two sub-Kalman filter
and a master filter. The structure is shown in Fig. 2.

Firstly, the respective positioning information of BDS and WLAN is filtered for
getting the local Kalman optimal estimation Xz, Xy and the estimation error
covariance matrix Pg, Py by the local filters. Secondly, the main filter fuses the
state information of the main filter and the local optimal estimate of the sub-filter for
obtaining global optimal estimation and global estimation error. Finally, the local
filters are weighted according to the principle of information distribution.

The system uses a federated Kalman filter of federated—feedback. The local
filter estimates of the BDS and WLAN are fused with the estimated values of the
main filter for getting the global optimal estimates Xg and covariance matrices P,.
They can be expressed as
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master filter

- -1
—_ _XL"BLPL —
ti dati
| BDS I_’| Local filter of BDS |—> B
I —|en
__X.Bp | X, BB |f—»

Local fi 1* f
ocal filter o
| WLAN |—P| WLAN I Optimal fusion

Fig. 2 BDS/WLAN federal Kalman filter model
X, = P(PsXg + PwXw) )
Py = (P3' +Py)~

The global filter estimate and the local filter estimate are connected by f; For the
system, the relationship is as follows

X = BpXp + fwXw (5)

where the relationship between iz and f3y, is g+ Sy = L.
From (4) and (5), we know that the information distribution coefficients 5 and

Py are

(6)

ﬁB:PPEI
pw = PPy

From Eq. (6), when the local estimation error P; is larger, the information dis-
tribution coefficient of the sub-filter is smaller. So when the location information of
BDS or WLAN is not accurate, its influence to the filtering result is smaller. It can
effectively improve the positioning accuracy.

2.3 Establishment of System State Equation

In WLAN-Aided BDS positioning, the state vector of the system is expressed as
X = [0x, Oy, 0z, Ovy, vy, Ov,] (7)

where the dx, dy, dz are the x, y, z position error on the three directional components
and ovy, vy, Ov, are the speed error in each direction. State equation is expressed as
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Xi1 =AXy + Wy (8)

where A is state transition matrix and W represents the process noise matrix.
The mean of W is zero and the standard deviation is the Gaussian distribution.
The state transition matrix A is defined as

A = diag[1,1,1,1,1,1] (9)

2.4 The Establishment of the Equation of BDS Subsystem

2.4.1 The Establishment of Measurement Equation of BDS

In the BDS subsystem, the pseudorange equation can be used to obtain the position
information of the target. The Doppler shift equation is used to get the velocity
information of the target. The known factors in pseudorange equations include
satellite clocks ¢, ionospheric delays I(), and tropospheric delay T'(z). These
known factors can be used to correct the measured pseudoranges [8]. The cali-
bration equation is expressed as

o = Sl =+ 5=+ 2 0,48 (10)

where p' is the pseudorange correction, (x,y,z) is the position coordinates of the
receiver and (x',y",7) is the position coordinates of the satellite. 6z, is the receiver
clock error and si, is pseudorange measurement noise. Equation (10) can be
expressed as a linearization:

pi:r+li5x+mi(3y+ni5x+5tu+8; (11)

where 7 is the geometric distance between the satellite and the receiver. I, m', n' are
the direction cosine of the receiver to the satellite.

Doppler shift equations can be obtained by performing a differential operation on
Formula (11). It can be expressed as

A = I'6vy +m'dvy +n'v, + Sty + 825 (12)

where 4 is carrier phase wavelength, ¢ is satellite Doppler observations and ot is
receiver frequency offset.

ot, and dt; are the unknown factors in Eqs. (11) and (12). The pseudorange and
Doppler shift equations of different satellites are subtracted by single difference
principle. The system of equations can be expressed as
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p! = (I' = V)ox + (m' — m/)dy + (n' — n/)dz+ &) (13
AT = (I' = U)ovy + (m' — m/)ovy + (n' — nf)ov, + &
So measurement equation of BDS subsystem can be written as
zZy = HPX? + VP (14)

where V2 is measurement noise matrix and H? is measurement relationship matrix.
The H® can be written as

F—U wm—ml n—n 0 0 0
0 0 0 I—U m—ml n—n
H? = : (15)

0 0 0 " ot —mt " =t

2.4.2 The Establishment of Measurement Equation of WLAN

The core of WLAN positioning method which is based on the received signal
strength is to convert the signal strength of the reference point to distance. In this
paper, fingerprint positioning algorithm with high positioning accuracy is adopted,
and the algorithm is improved.

The core of positional fingerprinting is the idea of machine learning. The
technology is divided into two phases which are Offline Phase and Online Phase.
The Offline Phase process establishes a fingerprint library by position data of
reference point and the RSSI signal characteristic value of the access point. RSSI
signal characteristic values may include RSSI, MAC address, the most value, mean,
variance, direction, probability and so on. Online Phase is to match the received
RSSI signal characteristic value of the target point and the fingerprint library
obtained by offline sampling [5, 6, 10].

The location fingerprint library data format can be expressed as

MAP;(L;, F)) (16)

where L; is position of the reference point and the F; is the signal characteristic
value fingerprint matrix. The F; can be written as

macy, p; di

macy W, d

Fj = (17)

mac, W, dy,
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where mac is the Media Access Control of the transmit signal point, u is the
received signal strength and d is the distance which corresponds to the received
signal strength value.

Assume that the fingerprint matrix of the received RSSI signal is F; Euclidean
distance can be expressed as

! = min||F; — F| (18)

The position of F; corresponding to L; is the target point when d takes the
minimum value.

In this paper, we only use the matrix F; at the minimum d to find the distance
between the tested point and the access point. The minimum distance value is
subjected to Kalman filtering. Equation (19) is derived from the distance between
two points in the space.

dj = \/(x—Xj)2+(y—yj')2+(z—zj)2+gi) (19)

The measurement equation of WLAN subsystem is similar to that of BDS
subsystem. However, there is no receiver clock d¢, in the fingerprint-based WLAN
location. Equation (20) is obtained by linearizing the distance between two points
in space

di = r+li5x—|—m,<5y+n,-5x+si, (20)

Geometric distance between two points in the distance equation can be elimi-

nated by the principle of single difference. The observation equation can be express
as

z) =H"X) +Vv) (21)

where the HY is

F—U wm—-—m/ wnW-n/ 0 0 0
0 0 0 0 0O

HY = : (22)
m-r mm-m n—-n" 0 0 0
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3 Experiment and Result Analysis

The experimental scenario is two areas within the university campus. Area A is
between Buildings 12 and 13, and area B is the Information Institute downstairs.
Buildings 12 and 13 are taller and closer. What’s worse, Signals in the south and
north between them are severely obscured. The number of BDS visible satellites is
small. However, visible satellite number is more in area B, and BDS signal is
strong. Data collection was performed for two regions on October 1 and 2 at
13:00 pm, respectively.

The collected data are simulated and analyzed by MATLAB. Figures 3 and 4
show the results of positioning errors in the BDS system and the system designed in
this paper.

In order to reflect the anti-gross error performance of the fusion algorithm in this
paper, we add the gross error of +200 m to the 100th epoch in B region. Using the
fusion algorithm designed in this paper, the simulation results are shown in Figs. 5
and 6.

The simulation results show that the location error of the BDS is larger in A
region. Because the number of visible satellites is small, the signal is weak. The
average error of (x,y,z) is 6.7671, 7.9234 and 11.2600 m in three directions
respectively. But after the application of the federated Kalman filter, the position
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Fig. 6 The robustness of the fusion systems in the B region

accuracy is obviously improved. The mean errors of the three directions are 2.7982,
2.8150 and 3.3780 m respectively. It can be seen from Fig. 4 that BDS signal is
ideal and BDS system positioning error is small in B region. The mean errors of the
three directions (x,y,z) are 3.1021, 2.7028 and 3.943 m respectively. The accuracy
will be improved when using the filter designed in this paper. The mean error of
localization in three directions becomes 1.1193, 1.1326, 1.4052 m respectively. It
can be seen from Fig. 5 that the BDS single system will produce a lot of errors
when the gross error is added. But application fusion algorithm is less affected by
the gross error, the simulation results shown in Fig. 6. Therefore, the proposed
algorithm has good anti-gross error performance and improves the system stability.

4 Concluding Remarks

According to the characteristics of WLAN location and BDS location, a localization
fusion algorithm based on federated Kalman filter is proposed. In this paper, fin-
gerprint matching can find the distance between the point to be measured and the
transmitting point to establish the distance equation. The distance equation is taken
as the measurement equation of the WLAN sub-system, and the optimal estimation
of the WLAN location is obtained by sub-Kalman filtering. The global optimal
estimate can be obtained from the main filter by fusing the BDS and WLAN filter
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estimates. The experimental results show that the proposed algorithm achieves the
function of BDS location based on WLAN and improves the accuracy and
robustness of the system.
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Gaussian Mixture Filter Based
on Variational Bayesian Learning
in PPP/SINS

Qing Dai, Lifen Sui, Yuan Tian and Tian Zeng

Abstract Aiming at the problem of inaccurate estimation of parameters and noise
covariance for the noise mixture model encountered when using Gaussian filter
during operation of PPP/SINS integrated navigation system in the non-Gaussian
noise environment, this paper proposes a Gaussian mixture adaptive filtering
algorithm that is based on variational Bayesian learning. The algorithm allows
accurate and efficient adaptive estimation of the parameters of Gaussian mixture
filtering model based on the variational learning theory. It also further refines the
Gaussian mixture filtering stochastic model, which greatly improves the filtering
estimation precision; reduces the computational complexity; and -effectively
improves the solving efficiency. Data simulation was carried out on the PPP/SINS
tightly coupled integrated navigation system. The results showed that compared to
the conventional Gaussian mixture filtering algorithms, the new algorithm further
improved the estimation accuracy, which was also computationally fast and less
burdensome. Our results provided some theoretical support for the future applica-
tion and extension of the PPP/SINS integrated filtering algorithm in the
non-Gaussian noise environment.

Keywords Variational Bayesian learning - Gaussian mixture filter - Adaptive
filter - Parameter estimation - PPP/SINS

1 Introduction

Modern navigation technology, which centers around Precise Point Positioning and
Strapdown Inertial Navigation System (PPP/SINS), is attracting increasing attention
of numerous geodesists with its remarkable flexibility and high-precision dynamic
navigation and positioning performance. However, in actual practice, there exist
typical non-Gaussian measurement noise environment in the navigation system, and
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approximation of filter model with Gaussian white noise will degrade the stability
and positioning precision [1]. Some scholars used the Gaussian mixture model
(GM) for non-Gaussian noise modeling, but the estimation of model parameters
was rather complex [2]. At present, studies on parameter estimation of Gaussian
mixture model are concentrated mainly on maximum likelihood estimation (ML),
Markov chain Monte Carlo (MCMC), expectation maximization (EM), etc. Among
them, ML and EM algorithms cannot adaptively estimate the model order and are
prone to data over-fitting. MCMC algorithm has large computational complexity
and slow convergence rate, which is unsuitable for engineering applications with
high real-time requirements. On the other hand, the inaccuracy of Gaussian mixture
model parameters will directly affect the estimation accuracy of Gaussian mixture
filtering. To solve the problem of unknown or inaccurate measurement noise
covariance in filters, some scholars have proposed the optimal Bayesian filter that
contains measurement noise. However, in practical application, it faces problems
such as complex integrand and high variable dimension. Moreover, the introduction
of noise variance matrix makes its solution more difficult, thus affecting its popu-
larization [4].

Variable Bayesian learning (VB) originated from machine learning theory has
been proposed by Beal, which solves the complexity of integrand calculation for the
Bayesian estimation in the practical application. It is suitable for high dimensional
observation environment. By obtaining the suboptimal solution through approxi-
mation, it enables high precision parameter estimation with less computational
complexity; accelerates the convergence; and effectively improves the estimation
speed [5]. VB learning has made some progress in the fields like stochastic system
parameter estimation, blind source separation, speech recognition and independent
component analysis [6].

Inspired by the above research, this paper further refines the Gaussian mixture
filter model by considering the non-Gaussianity of random errors in the PPP/SINS
integrated navigation system. A VB learning-based Gaussian mixture adaptive
filtering scheme is proposed, which simultaneously solves the problem of mixture
model parameter estimation in non-Gaussian measurement noise and the
self-adaptation problem under inaccurate sub-filter noise covariance by utilizing the
VB learning theory. Simulation results verify that the new algorithm can improve
the precision, real-timeliness and robustness of the PPP/SINS tightly coupled
navigation system, which provide some theoretical support for its future application
and extension in the precise integrated navigation field.

2 PPP/SINS Tightly Coupled System

In the PPP/SINS tightly coupled navigation system, the GNSS receiver provides
pseudorange and carrier observation information. After ionosphere-free correction,
precision ephemeris and clock offset pre-processing, the corrected GNSS obser-
vations are obtained. Meanwhile, equivalent GNSS observations are derived based
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Fig. 1 PPP/SINS tightly coupled navigation system

on the SINS output information of position and velocity combined with precise
ephemeris calculation. The two sets of observations together provide the mea-
surement input for the filtering algorithm, while the output error estimators are
closed-loop corrected for SINS and GNSS respectively [7, 8] (Fig. 1).

2.1 System State Model

State model of PPP/SINS tightly coupled navigation system

X = Frp—1Xk—1 + Wi (1)
Fins }
F = 2
[ Fenss @)
Mw 1 0 O1><n len
_ Mw 10 len len
FGNSS N Mw 10 01 Xn 01><n (3)
Mw I 0 01><n 01><n

where X = [Xjns XGNSS]T. Xins includes the platform error angle ¢; velocity error v;
position error p; gyro random constant error &,; gyro first-order Markov random
noise vector ¢,; and acceleration first-order Markovian error b,. Xgyss includes the
tropospheric wet component d,,; equidistant distances d, and d, resulting from
receiver clock offset and frequency; and the integer ambiguity N;. Fyys denotes the
state transition matrix for INS, which is set up specifically referring to [9]. Fenss
denotes the state transition matrix corresponding to the GNSS state quantities;
M,, denotes the wet component of tropospheric delay; and W; is the system noise.
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2.2 System Measurement Model

After precise ephemeris and clock offset processing of the GNSS receiver’s pseu-
dorange and carrier phase observation information, they are estimated together with
tropospheric wet component delay to derive the ionospheric-free observation
equations for pseudorange and carrier phase

PG, = p; — Cd; +M,, - dy, +vp, (4)
¢;=p; —Cd+M,, -d,—L-Ni+v, (5)

where p; represents the geometrical real distance from the i-th satellite to the GNSS
receiver; A - N; is the ambiguity; and v,,, v, are the observation errors of pseudo-
range and carrier phase, respectively.

The carrier phase, pseudorange output by GNSS and SINS predictions together
constitute the measurement input of the PPP/SINS tightly coupled observation
model

PGNSS _ P._S‘INS
J J

GNSS _ SINS
Z= |9 —9 (6)
where PSS, NS correspond to the j-th satellite’s ionosphere-free pseudorange

and carrier phase observations in GNSS; and Pf’NS, (pf”"s

satellite’s ionosphere-free pseudorange and carrier phase observations estimated by
SINS. Hence, we get the tightly coupled observation model of the PPP/SINS
system:

correspond to the j-th

Zy = HXy + e (7)

where H is the observation matrix; and e; is the measurement noise part.

2.3  Gaussian Mixture Filter

When a measurement noise e; does not conform to the Gaussian white noise
distribution, it can be approximated using the Gaussian mixture model:

) X] ®)
k
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by parallel estimation with multiple extended Kalman filters (EKF) that satisfy the
white noise requirements, the optimal posterior probability distribution of state
parameters are obtained:

i

P(Xk|Lk) - Zm:w;;N Xo—- XL (10)

i=1 -

¥,

where X i and Z';A represent the state estimator and covariance of sub-filter; and w}
k

denotes the corresponding weight. The weights of Gaussian components in the
Gaussian mixture filters are subject to innovation-based adaptive adjustment, which
makes the system robust. However, estimation of unknown parameter
i .ym
{a)i, ,u’ek,Z;(} in the Gaussian mixture model is a crucial issue. Meanwhile,
i=1

high-dimensional observations in the tightly coupled navigation further complicate
the computation. Additionally, when the estimation accuracy of mixture model
parameters is affected, the estimation effect of Gaussian mixture filtering will also
be restricted directly.

3 VB Learning

The basic idea of VB learning is to transform the complicated multidimensional
numerical integration problem into the optimization problem of approximate dis-
tribution, which is a good approximation optimization algorithm. In the Bayesian
estimation criteria, the observation data set is Y; ® is a set of d number of unknown
model parameters ® = [0 0, ... 0,]; and Z is a hidden variable. When the posterior
distribution p(®, Z|Y) is complex in form, and analytical expression is difficult to
obtain, the new distribution ¢(®,Z) can be approximated by minimizing the KL
divergence into a real posterior distribution p(®,Z|Y). According to the theory of
variational function, the expression of general solution is obtained

- eXp(Eq(ijéi)(lnp(Yv ®’Z)))
100 = Jexp(Eq(0)(Inp(Y, ©,Z)))do; (11)

The properties of conjugate exponential domain function allow the distribution
form of each calculated ¢(6;) to be the same as the real posteriori. We can find from
the above formula that the general solution expression is an implicit solution, and
each calculation of 0; is related to 0. So iterative calculation is needed
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qm(Z) x exp [Eq(g) [lnp(Y,Z, 0)]] (12)
qm(0) o< exp [Eq(z) [Inp(Y,Z, 0)]] (13)

After M times of iteration, then the convergence |Fy(q(0)) — Fy—1(q(0))| <tis
calculated [4-6]. Figure 2 illustrates the flow of VB learning.

3.1 VB-Based Parameter Estimation for Gaussian Mixture
Model

Based on the VB learning method, this paper designs a fast and effective algorithm
for Gaussian mixture (GM) parameter estimation. Suppose that n= [w}, w7, ...,

o = 2] A= [0 Sk - - - So4] According to the VB procedure
described in Fig. 2.

Fig. 2 Variational Bayesian
learning algorithm
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3.1.1 Initialization of Hyper-parameters oy, f3,, vo, mg, wo
After initialization, the order of the mixture model is assumed to be T.

3.1.2 Fixed Parameter Set o, f3,,v;, m;, v, and Updated Hidden
Variable Z

435

The approximate posterior distribution of hidden variable Z is obtained from

Eq. (12)
N T 1 D
Z) x ex Zn | =Ep, In|A;| — =In27
q(2) P;;:Lm|z2
1
=3B l0n = 1) A = )]+ Exlins] |
N T
=111
n=1 r=1
where

D Vi + 1—1i
Ep, In|A,| = Z"’(T) +D1In2+ Injw,|
i=1
Ey, ,U,[( :u'n) A(Yn = 1)) = vi(yn — m,)TW,(y,, —my) +Dﬁ;l

Eq[Inm] = () — (Z oc,)

where /(o) is a double gamma function.

3.1.3 Fixed Hidden Variable Z and Updated Parameter Set
oy By Vi, My, vy

The following is obtained from Eq. (13)

T
ZEZ”, nt IHN yn|/vtzv + In 7,

1 =1

NE

q(m, A, u) x exp

n

+ InDir(zn|oy)] + Inm,) + In Dir(n|ot,)]

(18)
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where Ez [Zy] = 7, The approximate distribution of Eq. (18) is

g(n) =C f[ nk<“o+ z_1> = Dir(

t=1

o) (19)

N = N N _
In the fOMUIa set Nt = anl Vnnyt = iznzl yntymSl = N%anl ym‘ (yn - yt)
(Vn — yl)Tv o = og + N
Then

1
‘I(.ut|Al) X exp [_ ) (H;T.BtAt/Jt - szﬂtAl:ut - ,utT,B,A,m, —|—mtTﬁtAtm,)

(20)
= N (b, (BA) )

_ _ Bomo + Ny,
In the formula set f§, = o+ N, m; = Oﬂ()OT

where

1
q(A,)ocexp{ETr

N
WEI +ﬁ0(:“t_m0)(.”t_m0)T+ZEZm [Znt] (Vn _:ut)(yn _ﬂz)T
n=1

—Bi(p—my) (.ut_mt)r] At"’ZEZm (Z,) (v —;Lt)(y,l—yI)T—ﬁt(u[—mt)(ut—mt)T A

n=1

[
+5 ;EZ [Zu] +vo—D—1 lnAt|}:W(A,|v,,wt)
(21)
In the formula set v; = vo + N;, where
-1 —1 BoN: - T
= NS — —
w; Wy + NS+ Bo+ N, (¥, — mo) (3, — mo)
3.1.4 Determination of Lower Convergence Bound
From the joint density function of approximate solution
T
a(Z, 7, A1) = q(Z)q(n) [ [ a(ulA)a(A) (22)

t=1

F(q(0,2)) is substituted to calculate AF, and threshold is set.
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3.2 VB-Based Self-adaptive EKF Algorithm

As a parameter estimation algorithm for multivariate statistical analysis, VB
learning can simultaneously estimate the mean and variance of measurement noise
when they are unknown or inaccurate. And VB-based EKF (VBEKF) algorithm is
designed.

3.2.1 Time Prediction

k-1 = Frp—1Xr-1 (23)
P11 = Fk.k71Pk71F;Zk,1 + Ok—1
3.2.2 Measurement Updating
N
Ky = Pk|k—1HZ(HkPk\k—1H[ +Rk71)
Xk = Xt + K (o — HiXio1 — Ha_1) (24)
Py = P — KiHi Py
3.2.3 Estimation of Measurement Noise Mean and Variance
_ 1 ~
Vg = ;Z (v — H%;) (25)
=
k , &
Sk = Z (% — (v — HX))) + Zdiag (H,P,HJ ) (26)
= =
~ kouy+ kv
= 27
Hi ko +k (27)
N k
Ok = 0o+ = (28)
2
-~ 1 kok (,uo - Vk)z
= Byt =5+ 28 Wo Z V), 29
B ﬁ0+2sk+ko+k ) (29)
Re = diag By /%) (30)

where  is the initial value; 1, is the mean estimator of measurement noise; kk is
the covariance estimator; o, f3, are the initial noise variance parameters; and ky can
be taken as 1. Compared to the residual-based self-adaptive filtering method which
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achieves summation operation through the memory of innovation series in the
sliding window, the estimation of the present algorithm is related only to the
previous estimator and is easier to iterate.

4 Simulation and Analysis

PPP/SINS tightly coupled simulation system was set up. There were 5 visible satellites
in the simulation. The initial position of motion carrier was: longitude 125°, latitude
50°, height 300 m, initial misalignment angle (5° 5° 20°), and simulation time last
1000 s. Settings of simulation parameters for IMU are listed in Table 1

4.1 Performance Analysis of VB-Based Parameter
in Gaussian Mixture Model

To verify the performance of the GM model parameter estimation algorithm proposed
in this paper, non-Gaussian noise stochastic model of GNSS observations can be
approximated by the Gaussian mixture model of two components referenced the idea
in [10]. The pseudorange observation error data of five satellites following Gaussian
mixture distribution were simulated. The parameters of the mixture model were
set as: = 1[0.20.8], u= [, 1], A=1[>,> ] Where u} = uZ =1[0000],
>~ = diag(0.040.040.040.040.04), >, = diag(0.08 0.08 0.08 0.08 0.08). K was
set as 3.

Two effective components were obtained after the computation of convergence.
Table 2 lists the VB-based estimation results of GM parameters, as well as the
MCMC estimation results at a cycle number of 50 with sample size of 1000 and
5000 respectively. Comparison found that the estimation accuracy of GM param-
eters based on VB learning proposed herein was overall better than that of MCMC
method with a size of 1000; and slightly lower than the MCMC method with a size
of 5000. Nonetheless, it took the shortest time. It was thus clear that the VB
algorithm has the advantages of low computational complexity, fast speed and good
accuracy in the estimation of mixture model parameters. It can effectively identify
the statistical properties of non-Gaussian noise in the high-dimensional data and
make use of them, thereby improving the noise processing ability. So it has better
engineering application prospects than the sampling method.

Table 1 Simulation parameters of IMU

Parameter Gyroscope Accelerometer
Zero bias 20°h 50 mg
Random walk 0.07°/h/sqrt(Hz) 6 mg/h/sqrt(Hz)
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Table 2 Parameter estimation of Gaussian mixture model
Estimation | Component | Weight | Mean Covariance Time
method
Variation 1 0.19 [0.01 0.02 0.01 | diag(0.04 0.04 Approximately
estimation 0.02 0.01] 0.04 0.03 0.03) 195
2 0.76 [0.03 0.02 0.04 | diag(0.07 0.08
0.01 0.02] 0.08 0.09 0.08)
MCMC 1 0.14 [0.11 0.15 0.01 | diag(0.05 0.04 Approximately
(1000 size) 0.08 0.04] 0.06 0.02 0.01) 20 s
2 0.85 [0.09 0.07 0.02 | diag(0.07 0.06
0.05 0.05] 0.08 0.09 0.08)
MCMC 1 0.18 [0.03 0.01 0.01 | diag(0.04 0.04 Approximately
(5000 size) 0.02 0] 0.04 0.03 0.02) 180 s
2 0.81 [0.01 0.02 0.02 | diag(0.08 0.08
0.02 0] 0.08 0.08 0.08)

4.2 VB-Based Adaptive Filtering Performance Analysis

When the covariance of the satellite measurement data is unknown or inaccurate,
adaptive filtering is needed to make compensation. To verify the performance of
adaptive filtering based on VB, the idea in [8] was referenced. Despite varying
degrees of jamming received by satellites in the actual observation, the variation
trends of measurement noise variances were the same. Therefore, drastic covariance
variation of PRN-8 and PRN-29 satellite measurement noises was set between 600
and 800 s. The simulation results are shown in the figures below (Table 3).

The attitude, speed and position error estimation curves given in Figs. 3, 4 and 5,
the dashed blue line represents the residual based AKF algorithm, while the red
solid line represents the VBEKF algorithm. As can be seen, the filtering precisions
of VBEKF and AKEF are close. Figure 6 shows when the variance changed in the
600 s, VBEK can still track variance. Therefore, the two algorithms can both
suppress the decrease of estimation accuracy when the satellite measurement noise
variance is inaccurate or jumps. However, VBEKF occupies less computing
resources than the AKF since it does not need to store the residual or innovation
sequence, which is more suitable for iterative computation. So it is less
time-consuming and more suitable for real-time computation of output.

Table 3 Computing time comparison of three filters

Scheme Computation time (s)
AKF 253
VBEKF 19.8
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4.3 VB-Based Performance Analysis of Gaussian Mixture

Filtering Algorithm

This experiment considers the performance of PPP/SINS system under the
non-Gaussian noise influenced by Gaussian mixture adaptive filter on VB learning.

From the model

0.9N(0,0.5%) + (1 — 0.1)N(0,0.8%)
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Table 4 Estimation errors (RMS) and simulation time

Scheme 1 Scheme 2 Scheme 3
Attitude error (°) 0.22 0.11 0.08
0.21 0.12 0.13
3.01 2.75 2.67
Speed error (m/s) 0.45 0.33 0.21
0.31 0.28 0.22
0.34 0.31 0.32
Position error (m) 0.21 0.19 0.13
0.34 0.28 0.23
0.88 0.69 0.41
Simulation time (s) 48 129 85

non-Gaussian noise was generated, and the noise variance changes were set at
600 s. Three filtering schemes were designed in the experiment (Table 4).

Scheme 1: Extended Kalman filter (EKF)
Scheme 2: VB-based Gaussian mixture filtering (VBGM-EKF)
Scheme 3: VB-based Gaussian mixture adaptive filtering (VBEM-VBEKF).

Experimental results were analyzed. As shown in Fig. 7, the estimation accuracy
of conventional EKF algorithm decreased sharply due to imprecise modeling of
measurement noise resulting from the addition of non-Gaussian noise, which
sometimes even exceeded the 3¢ error limit. As shown in Fig. 8§, VBGM-EKF and
VBGM-VBEKEF could effectively identify the non-Gaussian noise parameters and
make use of them. These algorithms could also improve the filter stability by way of
Gaussian mixture filtering and enhance the filtering precision obviously.
VBGM-EKF exhibited slightly lower precision than the VBGM-VBEKEF algorithm.
This was because VBGM-VBEKF could well track the variances and improves the
algorithm robustness when the measurement noise covariance estimation was
inaccurate or the noise variance changed abruptly. To sum up, in the PPP/SINS
tightly coupled navigation system under the non-Gaussian noise environment, the
novel algorithm proposed in this paper can ensure the stability and precision of
filters, which is more suitable for engineering computing applications.
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5 Conclusion

To further improve the filter precision of PPP/SINS tightly integrated navigation
system, the stochastic model under non-Gaussian measurement noise influence is
refined. In this paper, VB learning theory is utilized to estimate the mixture model
parameters; and to track the filter variances. A VB-based Gaussian mixture adaptive
filtering algorithm is proposed. The simulation results show that the proposed
method can effectively implement precise adaptive estimation of mixture model
parameters and the adaptive sub-filter estimation under inaccurate or abruptly
changing measurement variance compared to the conventional Gaussian mixture
filters. It has better stability and robustness under the non-Gaussian noise condition,
as well as higher filtering precision. It is also computationally less burdensome as it
applies the VB learning principle, which has better practical value in the engi-
neering field. In addition, future research works will focus on further enhancing the
real-timeliness and accuracy of the algorithm.
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Vision-Aided Inertial Navigation System
with Point and Vertical Line Observations
for Land Vehicle Applications

Zhenbo Liu, Qifan Zhou, Yongyuan Qin and Naser El-Sheimy

Abstract Various aiding sensors can be integrated with the inertial navigation
system (INS) to reduce its error growth when the vehicle is operating in GNSS
denied environments. This paper developed a method to use the vanishing point
from vertical line observations of building blocks in order to further improve
point-based visual-inertial navigation system (VINS) for land vehicle applications.
First, we presented the formulations of tightly coupled point-based VINS based on
the Multi-State Constraint Kalman Filter (MSCKF) in the local-level frame.
Second, we developed the relationship between the INS roll angle and vanishing
point coordinates from vertical line observations. The roll angle measurement
model is formulated. Finally, loosely coupled vertical line aiding module is added
to the existing VINS, and the integration scheme is presented. Real world experi-
ments demonstrated the validity of the mixed VINS method and the improved
accuracy of the attitude and position estimation when compared with the solution
without vertical line vanishing point aiding.

Keywords Visual-inertial navigation system . Vanishing point - Roll angle -
MSCKEF - Localization

1 Introduction

In the last decade there has been an increasing use of Autonomous Ground Vehicles
(AGVs) in many navigation applications. One of the representative civil application
is in intelligent transport systems (ITSs); more specifically in autonomous cars or
driverless cars [1]. In the vehicle’s Guidance, Navigation, and Control
(GNC) system, the navigation state estimation is an essential component, not only
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for the vehicle’s autonomous navigation, but also for cooperative safety commu-
nications among vehicles [2—4]. Among different navigation systems, the inertial
navigation system (INS) is the only one that has the capability to produce a complete
and continuous set of navigation state data with high precision during a short time
span. However, low-cost INS has to be integrated with other aiding sensors to reduce
its error growth. INS and Global Navigation Satellite System (GNSS) integration is
commonly used for vehicle outdoor navigation. However, GNSS signal can suffer
from obstruction and multipath errors in city centers and mountainous regions, and is
prone to the possibility of being jammed or spoofed [5].

To mitigate the error growth of INS in GNSS denied environment, aiding sen-
sors such as wheel odometers and motion constraints (e.g., Non-holonomic
Constraints (NHC) as a “virtual” sensor) were utilized for land vehicles [6, 7].
Recently, researchers proposed to use vision sensor aiding in the navigation system,
in loosely coupled form, with the visual odometry (VO) module [8, 9], or in tightly
coupled form [10-13]. Most research used point features in the tightly coupled
VINS, including simultaneous localization and mapping (SLAM) based methods
[10, 14] and structure-less methods, which focus on the ego-motion only [12, 15].
The representative algorithm of filter based methods is called multi-state constraint
Kalman filter (MSCKEF) [12], which augments camera poses (a sliding window of
poses) into the state vector to make most use of measurements of feature points in
the geometry constraint. Apart from the point-based VINS, there are approaches
using the vanishing point (VP) module [16, 17], another attitude aiding source for
INS working in the environment with structured buildings or in corridors. These
methods rely on the observation of parallel lines in structured buildings.

In this paper, we present MSCKF in the local-level frame (LLF), which is
common to the navigation community. To improve the performance of point-based
MSCKEF, we propose to add a VP module, which observes vertical lines of building
blocks, for land vehicle navigation. Based on that, a roll angle measurement model
is derived. Therefore, a mixed VINS using points and line observations is devel-
oped, and its performance is verified by real data experiments.

2 MSCKF Algorithm in Local-Level Frame

MSCKEF is considered as a structure-less visual-inertial navigation system, which
means the vehicle localization is of the main interest, rather than recovering the
structure of the environment. They take into account all camera poses at which
observations of the same 3D point occurred. MSCKF augments camera poses (a
sliding window of poses) into the state vector to make most use of measurements of
feature points in the geometry constraint. Every feature has a corresponding stack of
misclosure vectors (residuals). Feature position error states are cancelled out by
projecting the residual stack on the left null space of the design matrix corre-
sponding to the feature error state [12]. Here we present the MSCKF algorithm in
LLF with the notations common to navigation engineers and researchers, in order to
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bridge between the navigation community and robotics community. It should be
mentioned that some components in the filtering formulations should be modified
with respect to original MSCKF.

2.1 MSCKF States and Covariance

For the near-Earth navigation, the navigation frame is usually the local-level frame
(n-frame; east-north-up is used in this paper). The navigation state is presented by
the position (latitude L, longitude A and height %), velocity (east velocity, north
velocity, and up velocity), and attitude (pitch, roll, and azimuth). Differential
equations of position P, velocity V" and attitude matrix C} are given by

I —1lyn 0 RM1+h 0 n
P=D'V'= |l 0 0|V (2.1)
0 0 1
Vi=" - (20, +ef,) x V' +g” (22)
€ = Gyl x] = [(f +of,) x]C; (2.3)

where Ry and Ry are meridian radius of curvature and prime vertical radius
respectively, f" is the specific force in n-frame, , is the earth rotation angular rate
vector, @, is the angular rate of the navigation frame with respect to (w.r.t.) ECEF
frame, and wf?b is the angular rate of the body frame (b) w.r.t. the inertial frame (7).
The notation (a) x is the asymmetric matrix of a vector a. The navigation states are
propagated using Egs. (2.1-2.3), which is called INS mechanization where the IMU
measurement is the input signal.

The navigation states can be considered as the full states, and the associated
errors are called error states. For convenience, let X denote the error states, and the
full states will be presented by their quantities notions. The state vector of the
MSCKEF is:

x=[x x xL - xt ' (2.4)

where X is the current INS error states, and X¢,,i = 1... m are camera poses errors
at the times the last m images were recorded. INS error states are defined as

T
X,:[(SV"T ¢ oPT bl b” (2.5)

where dV", ¢", and JP are the velocity error, misalignment error, and position error
(latitude, longitude and height error). b, and b, are biases of gyroscopes and
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accelerometers. In this case, the dimension of the state vector is 15 + 6 m.
Misalignment error ¢" (considered as the small angle) is defined by

ey =1 - ¢"XIC} (2.6)

For EKF, the INS error state propagation is based on the INS error dynamic
model. The IMU sensor biases are modelled as random constants, random walks or
Gauss-Markov processes. The ith camera pose errors are defined as:

X = [¢ orp] (2.7)

where ¢¢. and 0Pc, are the camera’s attitude error and position error at the ith
recorded instance. The augmented ith camera pose errors are modeled as random
constant, since the previous camera poses will not change over time.

The camera pose is augmented into the state when recording a new image. It is
calculated from current IMU pose and the known relative pose between IMU and
the camera using Egs. 2.8-2.9.

CL = (e (2.8)
Pc=P+D7'CIP, (2.9)

where C% and P} are the rotation matrix and lever-arm between the camera and the

IMU; P and C " are the position and attitude matrix of the camera. Then the camera
pose estimate is appended to the state vector, and the covariance matrix is aug-
mented accordingly:

T
X(i5460m+1) — [X(15+6myx15 Xc(6x1) (2.10)
p Iis i 6m p Lision | 2.11)
«— .
Kk Joxis+om | %] Tox(15+6m)
where
03,3 I3.3 03,3 O3x6 Oixem

J6x (154 6m)

| S

03,3 Dil(GZPZC>>< I3x3  Osxs Osxem

2.2 MSCKF Procedures

Assuming that the ith feature, which has been observed in a set of M; images, is no
longer detected. An EKF measurement update will be triggered after forming a
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residual corresponding to this ith feature. Suppose we have the measurement le for
j = 1... M;. The predicted measurement of the ith feature in jth image is

211 = h(ﬁcﬂ E’é,-v IA).)‘}) (2'12)

where A(-) is the nonlinear camera projection equation, and i\)f is the computed
feature position. So the residuals of ith feature are

dz] =z —z] ~ H{ X + H}oP; +n] (2.13)
where the Jacobian matrix is

J i pG Valo) Yalo
Hy = |05 Oy -+ Ji(Pf,- X)Cn -JiCciD - 02X6:|2><(15+6m)

H] =JiCoD

where
C
o |t o= i_é ch~ l
T == Zol, |79 | =BT =cCoD (Pf, - Pc,)
z; L1 5 ' .
l 0 1 —_ /Z\—(] Zl 7

Stack the dz/ of all M; measurements of the ith feature to form the block residual
vector:

0z; = HX,.X-‘rHﬁ5Pf,. +n; (2.14)

To remove the effect of feature position error, define a residual vector
5zi0 = ATézi, where A is a matrix whose columns form the basis of the left null
space of Hy. The new residual will be

020 =A%z, = A"Hy X +A"n; = H°X +n? (2.15)

After the measurement update in the Kalman filter, do the feedback corrections
to the navigation states and camera poses.

The MSCKF can be implemented and operated in different ways [18]. For
example, minimum feature track lengths can be set to trigger an update. Large
minimum feature track length means that the landmarks will be observed with a
larger base line, while some near landmarks will be neglected. Potentially, large
minimum feature track may have better accuracy than the small minimum feature
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track, but the former will also have the problem of losing useful information, which
is often better than none. Usually, a large minimum feature track length will require
more features to be detected to have superior accuracy than the small minimum
feature track length.

3 Roll Angle Aiding with Vertical Line Observations

Most approaches of VINS have focused on the point features observation. Line
features are omnipresent and can be reliably extracted and tracked in structured
urban environments. Here we propose to use vanishing point coordinates from
buildings’ vertical line observations as an attitude aiding to improve point-based
VINS on-board the land vehicles.

3.1 Roll Measurement from Vertical Line Observations

The advantage of using buildings’ vertical line observations is that the measurement
is absolute roll, since the directions of these vertical lines are known. A vanishing
point is the intersection of image projections of a set of parallel 3D lines in the
scene. Each set of parallel lines is associated to a VP in an image [19].

The vertical lines in the world frame (local-level frame here) intersect at the
infinity point which can be represented asU =[0 0 1 0 ]T. The corresponding
vanishing point u in the image plane is the projection of the infinity point U. The
projection equation is written as:

u=K[CS T|U (3.1)

where K is the camera calibration matrix, Cf is the camera rotation matrix, and T is
the translation vector of the camera. Equation (3.1) can be rewritten as

u=KcScho o 1]" (3.2)
Then INS roll (y) and pitch (0) can be represented as
—siny cos

sin 0 =CK'u (3.3)
cosy cos 0



Vision-Aided Inertial Navigation System with Point ... 451

The roll angle can be calculated as

chKfl
y=tan"!| — 9;5771” (3.4)
e;C.K 'u

where e; = [1, O, O,]T, and e3 = [0, O, l]T.

Suppose the camera has been calibrated, so C’éK ~! is known. Vanishing point
u is determined by the coordinates of the intersection of multiple detected vertical
lines in the image. In this paper, we use the Line Segment Detection (LSD) [20] to
get the lines segments, which are then clustered into multiple VP classes based on
the J-Linkage model [21]. The vertical VP u is one of the dominant VP classes, and
can be easily selected and estimated [22]. Note that some erroneous line segments
exist in the vertical VP class. They can be further cancelled by making additional
assumptions, for example on the orientation or length of the line segments.

3.2 Roll Angle Measurement Model

In the INS mechanization, the roll angle y can be calculated by

7= tan~! = (3.5)
33

where ¢31 and ¢33 are elements of attitude matrix C’, which can be written as

~ 1 by —dn c11 €12 €13
CZ = [I — (]5")(}02 = _d)U 1 d)E Cy1 Cxpp (€3 (36)
by~ 1 €1 3 0
So the roll can be expressed as
9 =tan"! —_AC31 =tan! —(cndy = cndptcal) (3.7)
€33 ci3py — c3Pp+c33
Then the INS roll error §y can be expressed as
0y 0y 0y
Oy =o—¢p+ ——by+—¢ (3.8)
O """ Oy 0y
where
9y Gz — 3103 0y emciz—cucn 0y

O G +a; 0 Oy G +ay T 0y
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Subtracting the VP derived roll angle from the INS roll angle, we have the
residual

Z,=5—5=0y—v, (3.9)

Therefore, the design matrix of the roll measurement is

H;7=[01x3 OBT’E g)(sz 007/U O1x9 01><6mj| (3.10)

As we can see from the Jacobian matrices, the roll measurement will contribute
to the estimation of both horizontal attitude errors but not the azimuth error.

3.3 Navigation Procedure

The navigation flow chat is illustrated in Fig. 1. When a new image is observed,
some key functions in MSCKF and VP aiding will work: state augmentation and
feature detection and matching, and vertical line detection, respectively. If the
measurement update is triggered in either vision modules, the states will be
corrected.

4 Results and Analysis

The point-based MSCKF and vanishing point aiding from vertical lines algorithm
described in the previous sections was tested using ‘2011_09_26_drive_0036’
dataset from the KITTI benchmark [23]. The synchronized IMU data (10 Hz) and
rectified grayscale images (10 Hz, global shutter) were used to verify the algorithm.
The biases of gyroscopes and accelerometers are 0.01°/s and 1 mg (see more details
in [24]). The reference was the IMU/GPS results (OXTS RT3003) with the L1/L.2
RTK positioning accuracy of 0.02 m and pitch/roll accuracy of 0.03°. We used 250
images with traveled distance about 180 m, as shown on Fig. 2.

To illustrate the performance of proposed algorithms, the GPS data was totally
blocked of whole trajectory except for the initial value of navigation states. We
compared the performance of the following navigation schemes.

e Free INS: Only INS mechanization is performed to calculate the navigation
states.

e MSCKF-VINS with minimum 5 tracking poses: minimum 5 poses in the
tracking are required to trigger a measurement update.

e MSCKEF-VINS with minimum 20 tracking poses: minimum 20 poses in the
tracking are required to trigger a measurement update.
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Fig. 1 Navigation flowchart

e MSCKF-VINS with minimum 20 tracking poses and with vertical line aiding:
Vanishing point aiding module is added into the system where minimum 20
poses in the tracking are required.

The trajectory results of the 4 navigation schemes are shown in Fig. 2. The
horizontal attitude errors and position errors are presented in Figs. 3 and 4. We can
see that there is just minor difference between MSCKF-VINS with minimum 5 and
20 tracking poses. A slight better pitch estimation of MSCKF-VINS with 20
tracking poses can be seen in Fig. 3 when there are abundant features (before 14 s).
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Fig. 3 Attitude errors (pitch and roll)

One reason can be that the longer tracking will observe further distance landmarks,
which is beneficial for the pitch angle estimation.

An example of vertical line clustering is shown in Fig. 5, where the green line
segments correspond to the vertical VP. When adding the vertical line vanishing
point aiding into the system, both pitch and roll estimations are improved to a great
extent (up to 0.2°) compared with MSCKF-only methods. The horizontal position
error is also less than MSCKF-only methods in general, within 1.2 m. The position
estimation improvement results from better attitude estimation, because the attitude
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Fig. 5 Line segments groups with different colors (Color figure online)

error will produce horizontal acceleration error by projecting the gravity to the
horizontal plane.

5 Conclusion

In this paper, we use MSCKEF in the local-level frame and present it in a way that is
common to navigation community. To improve the performance of point-based
MSCKEF, we proposed to add a VP module which observes the vertical lines of
building blocks for land vehicle navigation. Based on that, the roll angle mea-
surement model was derived. Therefore, a mixed VINS using points and line
observations was developed, and its performance was verified by real data exper-
iments. Horizontal attitude and position estimations are improved by using vertical
line vanishing point aiding module.
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An Attitude Determination Algorithm
by Integration of Inertial Sensor Added
with Vision and Multi-antenna GNSS Data

Fengyang Li, Xuedong Jia, Yanglin Zhou,
Ming Dong and Changyuan Chen

Abstract Aim to the question that GNSS cannot directly observe positioning and
attitude information using the GNSS/INS integrated system, especially in the bad
condition of GNSS signal, positioning and orienting based on satellites are both
difficult to use. This chapter establishes the vision/multi-antenna GNSS attitude
determination/inertial integrated navigation system, taking inertial error propagation
model as the navigation model, the positioning and attitude information of
multi-antenna GNSS and visual navigation information as a combination of mea-
surements, achieving high precision integrated navigation using multi-scale
extended Kalman filter. The vehicle-mounted integrated navigation test verified
that the heading of this system has an accuracy of 0.243°, providing an attitude
determination algorithm by integration of inertial sensor added with camera, and
multi-antenna GNSS in the denied environment of satellite.

Keywords Integrated navigation - Multi-antenna GNSS attitude determination -
Vision navigation - Artificial mark point - Multi-scale Kalman filter

1 Introduction

With the development of navigation demands in different application fields, the
integrated navigation technology based on inertial navigation system (INS) has
gradually become the most important researching focus in the field of aerospace and
missile guidance. For example, in the GNSS (Global Navigation Satellite System)/
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INS integrated navigation system, the inertial instrument can obtain error correction
of the position and attitude, and the GNSS can assist the inertial navigation system
to achieve high precision navigation in the good observation condition, which can
give full play to the advantages of each single navigation system.

Zhang F et al. studied the direct method and least square method on attitude
determination using multi antenna GNSS, and the result showed the external accord
accuracy of least square method is better when estimating heading [1]; Zhai H
implemented the estimation of acceleration using the velocity observation of
MEMS/GPS, achieving the attitude determination based on single antenna GNSS,
and the simulation results show that the attitude evaluation is better than 0.5° [2];
Dong M carried out the observation of heading through the double difference
method using a single antenna GNSS receiver [3], but do not get complete three
position observed quantities. However, GNSS cannot observe positioning and
attitude information directly, in the denied environment of GNSS, positioning and
orienting based on GNSS are both difficult to use. The visual sensor is not affected
by the impact of electromagnetic environmental, in the known topological space
environment, perspective projection model can be established through the analysis
of nonlinear relationship between the image feature points and the real target, and
the target motion parameters can be estimated.

This  paper established the vision/multi-antenna  GNSS  attitude
determination/inertial integrated navigation system (VMGINS), taking inertial error
propagation model as the navigation model, the multi-antenna GNSS pose infor-
mation and visual navigation positioning information as a combined of measure-
ments, achieving high precision integrated navigation using multi-scale EKF,
providing a new method for integrated navigation attitude measurement in a
complicate GNSS electromagnetic environment.

2 Strapdown Inertial Navigation Error Model

In the paper, the strapdown inertial navigation mechanization is implemented in the
navigation frame (n-frame) for updating of position, velocity and attitude [4]:

o
Fl=v'—o) xr
Vi =f" - Qo!, +o)) xv'+g"
I b b
C, = Cy(wy, — wy)
where superscript n refers to the n-frame, r”* refers to the position vector, v" is the
velocity vector, C}, is the direction cosine matrix from body frame (body-frame) to

navigation frame, [] refers to the format of differential coefficient, f" is specific force
vector measured by accelerometers, g” is the gravity, w?, is the angular rate vector

of n-frame with respect to earth-centered earth-fixed frame (e-frame) resolved in
n-frame, o}, the angular rate vectors of e-frame with respect to inertial frame



An Attitude Determination Algorithm by Integration of Inertial ... 461

(i-frame), which equals to rotational angular velocity of the earth, o is the
. . b

increment vector of angular velocity measured by gyroscopes, w;, refers to the
format of C2(w?, + o")).

3 CCD Camera Model

Define coordinate systems: (D. Object space frame, defined as the space rectangular
coordinate system, has its origin at a point of 3D space, which is also called as
world frame (w-frame). @. Plane frame (p-frame) has its origin at the center of the
image, and its x-axis points towards right, y-axis points towards upside. 3. Image
space frame, also called as camera frame (c-frame), has its origin at the optical
center of lens, and its x-axis is parallel to the u-axis of the plane frame, the z-axis is
perpendicular to the image plane. The p coordinate of p-frame expressed as (X, y) is
corresponding to that in c-frame expressed as (x, y, —f). @ Image frame (u-frame)
has its origin at the upper left corner of the image, and its u-axis points to right,
v-axis points to underside. Each pixel refers to the (u, v) format, which refer to the
number of column and row respectively. The relationships between the above three
frames are shown in Fig. 1.

Where OP refers to the vector of feature point P in n-frame, denoted by p”, the

corresponding vector of which in v-frame refers to cP, denoted by p¢. Oc refers to
the vector of optical center of lens ¢ in n-frame, denoted by #’. The transformation
relation of P between of above-mentioned n-frame and v-frame is:

p(‘ — bepl‘l + tC (1)

Fig. 1 The relationship of
world, camera, plane and
image frame
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where R;, represent the direction cosine matrix from n-frame to v-frame in the Euler
angle ordered by ¢ —® — x, ¢ is the translation vector between two frames,
equaled to —R;t".

Define the real plane coordinate of P, which is projected on the image plane
where Z equals to 1, refers to V = (%, 3, I)T, which is known as normalized plane.
The format of homogeneous transformation can be expressed as:

Ve (CF+£)

1 X r° .
= Cplt = — = ¢ 2
C3,C17 +t§' < P ( )

where m is constant, ¢§, and # are the third row of matrix C;, and vector ¢

respectively. The image plane coordinates U = (u,v)T can be expressed as:

A ffdx 0wl . .
U—m[ 1 f/dy vg]p = mKp (3)

where, K represents the sub-matrix of camera intrinsic parameter. Due to the
deviation between the ideal image plane coordinates (u,v)T and practice one
(&, T})T, the nonlinear error Eq. (3) is expressed as follow.

_ N fu 0 ﬁ_u() c __ c
SU=U Um[o i {)_vO]Sp = H,,%p (4)

4 Multi-antenna GNSS Attitude Determination Model

The installation of antennas is shown as Fig. 2: the antennas of GNSS receiver A, B
and C are set in the same plane on vehicle-mounted platform. The GNSS frame
(g-frame) has its origin at the center of antenna of GNSS receiver A. The antennas
of GNSS receiver B and C are installed along the heading of vehicle and vertical
direction of it. The x-axis points from A towards B, the z-axis points towards
upside, which is perpendicular to the vehicle-mounted platform, and the y-axis
completes a right-handed orthogonal frame, which points towards the right of
vehicle [5].

4.1 GNSS Attitude Determination Using Direct Method

At each epoch, the coordinate of antenna of GNSS receiver A respect to the e-frame
can obtained by the method of pseudo-range single point positioning, the baseline
solution of antennas of GNSS receiver B and C respect to A, denoted by dr¢, can be
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Fig. 2 The installation of 7
multi-antennas GNSS A
receiver
B N
N
N
N
C
-~
>
A 7 N )X

obtained by carrier phase measurement. Hence, the baseline solution respect to
n-frame, denoted by dr”, can be expressed as [6]:

dxip  dipe
dr' = | dyyp  dypc | = Redr (5)
dZﬁB dZEC

where R} is the direction cosine matrix from e-frame to n-frame.
Define the coordinate of antenna B of GNSS receiver respect to b-frame is

(0,L5,,0)", the transformation relation of B between above two frame is given as:

dxs Lh, cos 0 siny
=Ry’ = |dyiy | = | L5, c0s0 cosy (6)
dzyp L5, sin6

Hence, the initial yaw / and pitch 6 can be expressed as:

Y = arctan (dx}/dy},)

0 = arctan (dZZB/\/d(xXB)Z + d()’fw)z)

(7)

Define the coordinate of antenna C of GNSS receiver respect to b-frame is
(Lb - sing?, L% . cose?,0)", we can get the Eq. (8):
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L siné dxjc
Ljccose’ | =Ry(7)R(OR(—Y) | dyic
0 dzjc
cosy 0 —siny dxjc o
= 0 1 0 [R(O)R(—V) | dyyc
siny 0 cosy dZye

Hence, initial roll y of vehicle-mounted platform can be obtained from the third
row of Eq. 9:

Yy = — arctan (dz‘Zc/dXﬁC) (9>

Internal accord accuracy of attitude determination using the direct method in
heading, pitch and roll is about 0.3-0.5°, 0.3—1.0° and 0.5-1.0° [1].

4.2 GNSS Attitude Determination Using Parameter
Adjustment Method

Define at an epoch, the i set of baseline vector between n-frame and b-frame can be
expressed as:

ri=Rulij=1,..n (10)

where the subscript i and j represent combination of antennas composing baseline,
n = 3 represents the number of antennas, R}, represents the attitude cosine matrix
composing the unknown parameters, "?j and rj; represent the real observation of
baseline vector.

Assuming the three approximate attitude is ¥, 0y and 7, and the baseline vector
rg- observed in the body frame has no error. So the evaluated rj; can be calculated
according to the initial attitude as shown:

Ry, (11)

J1
r i

i =
7l ..
cij
attitude cosine matrix composing with the initial attitude. Assuming the correction
vector of attitude obtained by GNSS is d¢ = (3, 60, (3y)T, the linearized attitude
parameter adjustment Eq. (12) can be described as:

In this case, r,; represents the calculated baseline vector, Rj, represents the
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(R b OR b R b i X, v

where A; = (0 o T 90T 9 rij) represents the observation matrix, v represents
residual error vector, L; = rj; — Rg.brg- represents the observation vector. Hence, we
can get the least square solution of correction of attitude parameters [7]:

X =(A"PA)'ATPL (13)

The attitudes at the current epoch measured by multi-antenna of GNSS receiver
is @ = @ + d¢. Internal accord accuracy of attitude determination using the least
square method in heading, pitch and roll is about 0.1°, 0.2-0.5° and 0.5-2.0° [1].

5 Integrated Navigation Filter Model

5.1 Inertial Navigation Status Equation

In this paper, the geographic coordinate (ENU-frame) is considered as n-frame, the
error of navigation parameters and inertial instrument are considered as state vari-
ables, and the strapdown inertial navigation error model was established. In addition,
the scale factor error and installation error of gyro angle are without considering the
inertial navigation error equation. The state vector can be expressed as:

[0 o S¢" & ViIT (14)

where, or' =[0A OL Oh|] represents the position error vector, " =
[ovg Jvy Ovy]| represents the speed error vector in ENU-frame, d¢" =
[@¢r @y @] represents the attitude error vector in ENU-frame, &} =
[sﬁx &y 8ZZ] represents the three axis component of gyro drift, V} =
[ . by VZZ} represents accelerometer bias. Then, the error equation of the
strapdown inertial navigation system (SINS) can be expanded as a matrix form [8].

5.1.1 Position Update

__ W 0 —L_ 0
0 0 o 4 7 Ry +h
W Vg LtanL vgsec L 7 C n
OF = | —wps 0 — (RNS‘ih)z o'+ gl 0 0o
0 0 0 0 0 1

= F, 0" +F,o (15)
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where or" refers to position error vector, [r] refers to the differential coefficient form
of r, Ry, refers to radius of curvature among meridian circle, Ry refers to radius of
curvature among prime vertical circle.

5.1.2 Velocity Update

. " —
200 (Vv cOs L+ vy sinL) 4 YL () 7”5(;1”% iNht;"L)
. secL NV v2tanL
' = —VEg (Zw,-,e, cosL+£<5 ) 0 (R‘MN‘+Uh>2 (R,EVTl)Z or"
. Vz VZ
—Zwi,e,vE sinL 0 — (m m)
wtanl—vy ;;‘,‘v‘i;lv" 20;, sinL+ —Vlg;fﬁ - (2(0,-,3_ cos L+ g h)
+1-2 (wi»ﬂ sinL+ gﬁlflz‘) - (R;UM) R ch ov"
—2(w;e.cosL+ RNvih) _ (Rivih) 0
+({" <)o"+ V"
=F,0or"+F,, 0"+ (f"x)o"+V"
(16)
where ov" refers to velocity error vector.
5.1.3 Attitude Update
VN
0 O Gy 0 iz O
o' =| Towesinl 0 G o+ | gl 0 06— (afx)e" — o
2 —
0. 008 L+ "5205 Lo —<RZEEZ)L2 R‘;‘fh 0 0
=F, 0r" +F,,ov" — (o X )" —&"
(17)
Where " refers to attitude error vector.
5.1.4 Inertial Instrument Update
#=0,V'=0 (18)

where ¢" refers to gyroscopic drift, V" refers to Acceleration bias.
Hence, the inertial navigation status equation can be expressed as:
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ox = F1(3x+G1w1 (19)

where subscript [ refers to inertial navigation, F; refers to the inertial navigation
system transfer matrix, ox refers to the inertial navigation status vector, G; refers to
the noise matrix, w; refers to the system noise vector, which can be expressed as:

[ Fr  Fn 033 03x3  03x3 or’
er Fvv (fnx) 03><3 CZ ov"
F; = Fer Fev —((,U?nX) —CZ 03><3 y ox = 5(pn y
03x3 033 03x3 Lyz  O3x3 g
| 033 O3x3 03x3 03x3  I3x3 v
(033 C} 0303 Lxs 033 ]” Wb
G = " RIS ~
1033 0353 —C} 03x3  D3x3 Wb

5.2 Vision Navigation Observation Equation

Due to the position difference between inertial sensors I and camera on the
vehicle-mounted platform, the sensors outputs cause the navigation error, which is
called by the lever arm effects [9]. Hence, we should take the correction from lever
arm effects into account when establishing observation equation.

Define the vector from camera to the barycenter of inertial sensors is I,

according to the geometrical relationship in Fig. 1, the feature point P of vector cP¢
respect to c-frame can expressed as:

cP* = C;C,C,,(rp — 1) = GG\ (rp — Gl — 7)) (20)

Where, rﬁ refers to the position [-] respect to user-defined frame (m-frame), C%, Cﬁ

and C7 refers to direction cosine matrix. Due to the difference between inertial
sensors practical pose and its real values:

ry = f‘;" + 51‘;” ~ (21)
Cr=(1-¢"x)Cl = Cb =Co(I+¢"x)
Hence, Substituting Eq. (19) into Eq. (18) and omitting the high-order item, we
can easily get:

—

P = cP§ + CTLChory — CiCh(ChFy — Cpl — ) x o' (22)
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Where ¢P° refers to the practice u-frame according to the backward reasoning of

inertial output, cP¢ = p°, rj = C,r', and the correction of image coordinate can be
obtained easily from Egs. (4) and (22):

501’ = Hup (Hpr(sr;l +Hpe¢”) (23)

Here, 7} is the positions measured by inertial sensors, and 6’,’; is the rotational
matrix composed of attitude measured by inertial sensors, H, = C5C?,
_ ~b (= I
HPE - _CZCn (r?l + CZLC - r:‘l) X
Hence, the vision navigation observation equation can be expressed as:

zy = Hyox +vy (24)

Where subscript V refers to vision navigation, zy = [0U] is the vision navigation
observation vector, Hy = [HypHyr  02x3  HypHpe  0246] is the vision navigation
observation matrix.

5.3 Multi-antenna GNSS Navigation Observation Equation

The satellite navigation observed quantities based on multi-antenna GNSS include
position, velocity and attitude. The observation equation can be written as:

2Gr = H,5x +vGr
Gy = Hv‘sx +vey (25)
269 = Hq,éx +VGe

Here, zg, = r] — r¢; refers to the position difference measured by inertial sensors
and GNSS and corrected considering lever arm effects, zg, = v; — v{; refers to its
velocity difference, zg, = @] — ¢@F;, and ¢} refers to its attitude difference con-
sidering lever arm effects, ¢@¢; refers to the body attitude through adjustment without
limited achieved from the baseline solution obtained by multi-antennas GNSS, i.e.
Sect. 3.2.

Hence, the GNSS navigation observation equation can be expressed as:

zg = Hgox +vg (26)

Where subscript G refers to GNSS navigation, Hg refers to GNSS navigation
observation matrix, zg refers to GNSS navigation observation vector.
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5.4 Multi-Scale Extended Kalman Filter

In practical applications, multi navigation information fusion system usually has the
problems of different data sampling rate, unsynchronized observation and the
uneven sampling, therefore, the measured quantities cannot achieve real-time
synchronization in the system filter [10]. Normally, data sampling rate of INS is
approximately 100-200 Hz, and that of GNSS is about 1-10 Hz, and that of vision
navigation system is not the same, such as the high sampling rate high speed and
low resolution camera (up to 150 Hz), high resolution and low speed camera (about
1 Hz). Therefore, we need to select different observation models for different
sampling rate of the system.

In the paper, a visual/multi-antenna GNSS attitude determination/inertial inte-
grated navigation model is established based on the multi-scale extended Kalman
filtering algorithm, which is used to describe the measurement of three different data
sampling rates:

Xnk+1 = FnXnp+TnWyi N=3i=123 (27)

Ziy =HX; +Vi ' T
where Xy 4 is a n-dimensional state vector, Fy refers to the system transfer matrix,
I'y refers to the system noise matrix, Wy 4 refers to the system process noise vector.
Z; refers to the observed quantities of the i navigation system at the time of k, H;
refers to the observation matrix, V; refers to the observation noise vector.

(1) When only existing GNSS measurements, the relative part of visual navigation
should be omitted from the observation matrix and observation vector. Hence,
the measurement equation is rewritten as:

y = Hvéx + Vy (28)

(2) When only existing vision measurements, the relative part of GNSS navigation
should be omitted from the observation matrix and observation vector. Hence,
the measurement equation is rewritten as:

26 = Hgdx +vg (29)

(3) When existing both GNSS and vision measurements, the measurement equation
is rewritten as:
Zy
G

[ZZ}&H [:ﬂ (30)
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6 Tests and Results

6.1 Test Condition

In order to verify the effectiveness of proposed VMGINS algorithm, the
INS/GNSS/CCD test based on vehicle-mounted platform is carried out, which
includes three rover GNSS receivers called as M300 Pro [11], Hasselblad camera
called as H4D-60, MEMS inertial sensor called as INS-B from Inertial Lab and data
synchronization and acquisition device, besides, the based GNSS receiver has also
be set up at known control points. The direction of baseline AB is set up among
back-up moving direction of the vehicle, The baseline AC is set up among left-right
direction and orthogonal with baseline AB. Meanwhile, the results of the laser
inertial navigation system are used as attitude reference value.

The initial alignment (15 min) is selected as the reference value of the horizontal
attitude angle, and the result of the optical prism northwards is used as the reference
value of the azimuth attitude angle. In the test, the baseline vector AB is (—0.0081,
—1.8240,0.0458), and the baseline vector AC is (—0.9496, —0.0068, —0.0001). The
system error of heading between multi-GNSS and INS is 2°, which has been
corrected in the test data. Assuming there is no GNSS installation error including
position and attitude in the tests. The accuracy index can be shown as Tables 1
and 2.

6.2 Result Analysis

In order to analyze the performance of the VMGINS algorithm, the
vehicle-mounted data of the integrated navigation sampling in the outdoor artificial
marking field is processed. The marking field is mounted with about 25 round

Table 1 Camera essential parameters

Focus length Resolution ratio Size of CCD Size of pixel

35.2 mm 8956 x 6708 40.2 x 53.7 mm 6.0 um

Table 2. Accuracy index Accuracy index Laser INS INS-B

of INS Bias stability of Gyro (°/h) 0.02 1
Random walk of Gyro (°/v/h) 0.003 0.004
Bias stability of Acc (mg) 0.06 0.005
Data sampling rate (Hz) 200 200
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artificial marks, and a total of four artificial marking fields were arranged. The
schematic diagram of VMGINS test on vehicle-mounted platform in artificial mark
field is shown in Fig. 3.

When the vehicle-mounted integrated navigation platform drove to the artificial
marking field area, the CCD sensor took the picture of known control points on the
wall (The effect of pictures was shown in Fig. 4).

800 s’ dynamic experimental data is Selected as the measurement of VMGINS
(epoch 36,940-37,740 s), in which the vehicle trajectory is plotted as shown in
Fig. 5. The estimated position had a span of 535.511 m in the east-west direction
and 291.745 m in the south-north direction. The line of attitude determination is
plotted in Fig. 6.

Known
Control points

yd

Fig. 3 The schematic diagram of vehicle-mounted integrated navigation test in artificial mark
field

Fig. 4 The pictures of artificial mark field form different time during the test
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Fig. 5 The trajectory of the 1s32f-
vehicle during the test
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The datal (blue) in the left of Fig. 6 refers to the attitude determination of
integrated navigation, and the data2 (red) refers to the attitude determination
of referenced ILIS. The data (blue) in the right of Fig. 6 refers to the difference of
attitude determination between integrated navigation and the referenced ILIS.
Besides, the green rectangle area in Fig. 6 indicates that the experimental data is the
fused navigation results from VMGINS with vision observation when driving to the
artificial marking field area.

According to Fig. 6 and Table 3, the test can draw the conclusion:

During the green rectangle area in Fig. 6, such as the graph of epoch from
36,993 to 37,053 s, the heading of VMGINS with vision observation has an
accuracy of 0.243° in Table 3, and the accuracy of heading without vision obser-
vation is —0.615°. Similarly, the accuracy of pitch with vision observation is 0.732°
comparing with the one without aiding (1.343°). In addition, the roll of VMGINS
with aiding and the one without aiding have the similar accuracy (—0.178° com-
paring with 0.139°), because the GNSS installation error was not taken into
account.

The max values of heading, pitch and roll are —4.945, —4.443 and —4.628 m,
corresponding to the outliers of graph shown in the right of Fig. 6, the reason of
which is the suddenly large angle turning of vehicle-mounted platform. It can be
seen that the result of VMGINS with vision observation is much better than the one
without aiding.
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Fig. 6 The comparison of attitude determination between integrated navigation and reference in
different time (Color figure online)
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Table 3 The difference of between VMGINS and referenced ILIS
Observation type Epoch/(s) Heading/(°) Pitch/(°) Roll/(°)
Vision/GNSS/INS 36,993-37,053 0.308 0.764 —-0.256
37,130-37,190 0.263 0.603 —-0.189
37,247-37,337 0.040 0.948 -0.119
37,423-37,483 0.236 0.684 -0.262
37,571-37,631 0.370 0.661 —0.065
RMSE/(°) 0.243 0.732 -0.178
GNSS/INS The rest epoch -0.615 1.343 0.139
All observation All epoch —4.345 —4.443 —4.628

7

Conclusion

The paper studies VMGINS algorithm, deducing the tight-coupling observation
model of vision/inertial, fusing the measurements of multi-antenna GNSS and
vision with inertial measurement using the multi-scale extended Kalman filter, and
implementing the vehicle-mounted integrated navigation test of VMGINS. Finally,
performance of VMGINS algorithm was verified, the heading outputs of which has
an accuracy of 0.243°. The paper provided an integrated navigation method for
denied environment of satellite signal.
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An Improved Vector Tracking Loop
of Ultra-Tight Integration for Carrier
Phase Tracking

Wei Li, Jiahe Xia and Guoda Cheng

Abstract An improved vector tracking loop is proposed to solve the carrier phase
tracking problem of typical INS/GNSS ultra-tight integrated system, in which the
carrier phase residual cannot be tracked properly and the navigation message
demodulation cannot be conducted. Federated filter architecture of ultra-tight
integration composed by pre-filters and integration filter is adopted. A non-coherent
pre-filter is modeled for carrier phase tracking, of which the gain is adjusted by
carrier-to-noise ratio adaptively. The carrier phase, frequency and code phase are
vector tracked by pre-filter and navigation filter estimation concurrently.
Experimental results indicate that the proposed vector tracking loop can improve
the carrier phase tracking performance, eliminate the carrier phase residual of
typical vector tracking solution effectively, with a satisfactory dynamic tracking
performance.

Keywords Ultra-tight integration - Deep integration - Vector tracking loop -
Carrier phase tracking

1 Introduction

Compare to the traditional inertial navigation system and global navigation satellite
system (INS/GNSS) integrated system, ultra-tight (or deep) integration system
combines the baseband signal processing, signal tracking, navigation solution and
integrated navigation with estimating filter. According to the implementation of
estimating filter, the system architecture can be classified into centralised structure
and federated structure. With different pre-filter design, the federated structure can
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be further divided into coherent and non-coherent system [1]. The significant
feature of ultra-tight integration is that replacing the scalar tracking loops of the
traditional receivers with vector tracking loop. With the benefits of improving
navigation performance in dynamic and interference environment, ultra-tight inte-
gration has be known as lead-edge technology of the INS/GNSS integrated system
and attracted recent research interest.

The basic idea of vector tracking technology is that estimating the Doppler shift
with ephemeris and the position, velocity and acceleration of the user, and then
solving the Numerically Controlled Oscillator (NCO) control signal, eventually
conducting the carrier and code tracking with information of overall satellite
channels. Generally, the navigation systems hardly meet the accuracy requirement
of carrier phase vector-tracking which is centimetre-level. Therefore, the traditional
vector tracking solutions adopt a vector frequency lock loop (VFLL) and vector
delay lock loop (VDLL) for carrier frequency and code phase tracking respectively.
However, due to the insufficient tracking accuracy of VFLL, the carrier phase
cannot be tracked properly. The carrier phase residuals in the baseband signals lead
to the failure of navigation message demodulation, and reduce the navigation
accuracy.

To overcome such issue, federated structure is adopted, and the carrier NCO is
controlled with estimations of pre-filters [2]. Further, dual-filter structure is pro-
posed to avoid the coupling of states [3]. These solutions essentially conduct scalar
carrier tracking with pre-filters, which degrade potential benefits of vector tracking
in dynamic and interference environment. Meanwhile, a phase lock loop (PLL) is
put forward in a VFLL\VDLL vector tracking structure for message demodulation
[4]. This solution overcomes the demodulation issue of vector tracking, while the
navigation accuracy is still limited by the tracking accuracy. A new tracking
approach is proposed in [5], which is tracking the carrier phase with pre-filters, and
tracking the carrier frequency and code phase with navigation filter. This approach
implements the carrier phase tracking with an ultra-tight integrated architecture,
while the tracking performance of carrier frequency is influenced by the system
velocity accuracy.

In this paper, an improved vector tracking loop for ultra-tight integration is
proposed based on non-coherent system architecture. Based on software receiver
tracking algorithm, estimations of pre-filers and navigation filter are adopted to
tracking the carrier frequency, carrier phase and code phase simultaneously for
optimal tracking accuracy.

Section 2 describes the system structure and key components of filter modelling.
Section 3 discusses the error source of GNSS signal tracking, and describes detail
formulations of the proposed tracking algorithm. Section 4 conducts a simulation
test with a dynamic scenario. Section 5 presents the conclusions and future research
directions.
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2 Non-coherent System Structure and Filter Model

2.1 System Structure

Figure 1 shows a block diagram of proposed non-coherent ultra-tight integration
structure, which is composed by RF front-end, baseband signal processing, ultra-tight
integration filters, INS solution and vector tracking. The ultra-tight integration filters
applies federated architecture with multiple pre-filters and 1 master filter.

The measurement vector of the proposed non-coherent pre-filters is composed by
outputs of carrier phase discriminator and code phase discriminator. The benefits of
this design are as follow: to avoid the nonlinear filter problem of typical coherent
pre-filters which applies baseband signal to form the measurements vector; to
overcome the tracking accuracy loss of typical non-coherent approach caused by
carrier frequency discriminator application; to improve the noise modeling accuracy
by applying the various existing research results of discriminators modeling.

The estimation results of pre-filters and INS solution are further processed by
integration navigation filter to estimate the INS errors, the clock error and clock
drift of receiver. The NCO control signals are calculated with compensated INS
results, ephemeris, and the residual estimations of pre-filters which include: carrier
phase, frequency, frequency rate and code frequency.

2.2 Filter Modeling

To improve the modelling accuracy and reduce state order, the pre-filter model
calculates the measure noise covariance matrix with real-time estimation of

A
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Fig. 1 Non-coherent ultra-tight integration structure
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carrier-to-noise ratio (C/NO), instead of estimation of baseband signal amplitude.
The state vector of pre-filter is shown as below.

X=1[5p o o¢ ol (2.1)
where the state elements are carrier frequency rate error (rad/s?), carrier frequency

error (rad/s), carrier phase error (rad) and code phase error (chips) respectively.
The state dynamics of pre-filter are given as below.

5 0 0 0 0][dp 2n/A 0 0 0] [ws
d | s 1 0 0 0f]dp Ll L2 0 0w (22)
dt | ¢ 01 0 0]]d9 0 1 2nf 0 Wy '
ot 0 g 0 0] [0t 0 B 2nfB 1] [we

where f is the conversion from radians to chips, f and /4 are carrier frequency and
wave length, w, is the driving noise of line-of sight acceleration, w, is the driving
noise of clock drift, wy, is the driving noise of clock bias, and the wy, is the driving
noise of code tracking error. The spectral densities of w; and wj, can be solved by
Allan Variance analysis of oscillator.

The measurement vector of pre-filter is given as below.

56 arctan(Qp/Ip)
2= |5 - | vigviia 23)
T VI 0+ + 0

The arctangent carrier phase discriminator and normalized early-late power code
phase discriminator is applied here for better linear performance. In practical, other
alternative discriminators can be applied to meet the specific requirements.

The measurement equation takes form as:

¢
00 1 0|09 v
Z:{o 0 0 1} ¢ +[vf] 24)
ot

where vy and v; are measurement noises of carrier phase discriminator and code
phase discriminator respectively, of which the noise variance is the function of
C/NO as below [6]:

(2.5)

2
{ Op ~ 2C/1NOT (1+ 2C/1NOT)

2 ~
(et

d 2
4C/N,T (1+ (2—d)C/N0T)
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where T is the coherent integration time, d is code correlator spacing. The narrow to
wide power ratio method is applied here to calculate C/NO for better performance in
low signal to noise environments [7].

The model of integration navigation filter is similar as typical tight integration
filter design, the measurements and measurement noise covariance can be derived
from pre-filters estimations, the specific equations can be found in [5].

3 Improved Vector Tracking Algorithm

The causes for insufficient accuracy of typical vector tracking can be further
analysed from the perspective of signal tracking error sources.

For a typical scalar tracking receiver, the error sources of various phase lock
loop and frequency lock loop include: dynamic error and phase/frequency jitter
error. The later one can be further classified into: thermal noise, jitter by motion and
vibration, jitter by Allan Variance [8].

Accounting for these error sources, the parameter design of the scalar tracking
loop needs to balance the dynamic error and jitter error. Typical vector tracking
applies overall user dynamic information for signal tracking, which accounts for
dynamic error above. While, the remaining jitter errors cannot be tracking properly,
which lead the carrier phase/frequency residual and influence the accuracy of
tracking and navigation.

Based on analysis above, to improve the tracking accuracy, the improvements of
vector tracking algorithm are conducted as: to track the dynamic error with com-
pensated INS results and ephemeris; to track residual of carrier phase, carrier fre-
quency and code frequency caused by the jitter error with pre-filters estimations.
Corresponding vector tracking NCO equations are derived as:

ﬁ‘arr f[p /Lm” : (VINS - ‘75(11) +fPFcarr

Oearr = rem(,. —|— 5(2) +0¢-T+0¢ -T2, 2n) (3.1)
ﬁ:ode :fcodebasm + ;‘W . (VINS - VSat) +fPFcode

where fip and f, .pasis are nominal carrier intermediate frequency (IF) and code
reference frequency respectively, A., is the carrier wave length, ii is the unit

line-of-sight vector from receiver to satellite, ¢, and ¢_,, are current and pre-

vious carrier phase, 5, 5(]5 and 5d) are estimations of pre-filter, rem represents
remainder operation, T is update period of pre-filter, K is the ratio between code
frequency and carrier frequency which is 1/1540 for GPS L1 band, fppeq» and
Jfrreode are carrier frequency and code frequency error estimated by pre-filters as
below:
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1 2 o
fPFcarr :fI;Fcarr + % (6¢) + 5(]5 . T)
(5% — 6¢7)
2nT?

(3.2)
fPFC()dE = f[;Fc()de + K :

where fpp.qr aNd fpr.q. ar€ estimation of previous update period.

4 Simulation Test

With test environment set up as Fig. 2, the proposed vector tracking algorithm and
its dynamic performance are tested.

As shown in Fig. 3, a typical circle trajectory is generated by INS trajectory
generator, of which the max velocity is 300 m/s, max acceleration is 5 g. The
generated trajectory is further injected into a GNSS signal simulator to simulate the
GPS L1 RF signal, the C/NO level is set to 45—46 dBHz during the simulation. IF
signal is sampled by an IF data logger, the sampling frequency is 16.368 MHz, and
the IF frequency is 4.124 MHz.

Fig. 2 Test environment
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Fig. 3 The track of scenario

Table 1 Error characteristics of inertial sensors

Gyro bias Gyro random walk Accelerometer bias | Accelerometer random walk
(deg/h) (deg/\/h) (mg) (m/s/\/h)
100 0.2 5 0.15

Table 1 shows the inertial error configuration which is to generate measurements
of typical low-cost MEMS gyroscope and accelerometer.

With the simulated inertial data and GPS IF data, typical VFLL\VDLL vector
tracking loop and the proposed vector tracking loop are adopted for ultra-tight
integration navigation solution respectively. Details are compared with 4 s base-
band signal at the same time interval.

As shown in Fig. 4, influenced by the carrier phase residual, the wave form
overturn and distortion occur in prompt inphase signal (Ip), and signal power leaks
into the prompt quadraphase signal (Qp), and then the message demodulation
cannot be conducted. As shown in Fig. 5, the quadrature demodulation of baseband
signal is conducted properly, which means the proposed vector tracking loop can
tracking the carrier phase residual correctly.

Figure 6 shows the NCO control signals calculated by the integrated navigation
filter and pre-filter. Compared to the integrated navigation filter NCO, amplitude of
the pre-filter NCO is relevantly small, and its STD is 0.44 Hz. This result indicates
that the integrated navigation filter NCO tracking the user dynamic, and the
pre-filter NCO only need to track the jitter error with small bandwidth.
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5 Summary

A high accuracy system structure and system model is proposed based on
non-coherent ultra-tight integration. An improved vector tracking algorithm is
proposed to over carrier phase tracking problem of the typical VFLL\VDLL vector
tracking loop. The dynamic performance is tested by Semi-physical simulation. The
proposed vector tracking loop has benefits with lower complexity, higher modelling
and tracking accuracy than typical vector tracking solutions. Further research would
be conducted in INS/baseband signal synchronization, performance test in inter-
ference environments and integrated system design.
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Research on Doppler Locating Method
of LEO Satellite Backup Navigation
System

Zhixin Deng, Guangwei Fan and Chenglong He

Abstract Fast response and low orbit satellites have advantages just like wide
coverage, all-weather work, low cost of system construction, and so on, very
suitable for positioning service as navigation sources for ground users independent
of GNSS, so as to realize the GNSS effective backup navigation means in elec-
tromagnetic interference environment. Firstly, low orbit satellite navigation system
ground coverage were briefly analyzed, pointed out that in the conditions of global
coverage at different time in different locations users may have 1-3 different
number of visible satellites. In order to solve the problem of continuous positioning
solution under the condition of user different low orbit visible satellite number, and
to avoid the system complexity increases due to high precision synchronization
required by traditional pseudo-range positioning system, according to the charac-
teristics of the fast speed of the low orbit satellite, a variety of positioning methods
were proposed under the condition of different visible satellite number and only
using the Doppler satellite observation information, positioning solution iteration
formulas were given, and simulation analysis results show that this method can
meet the three-dimensional positioning error is less than 20 m in most area. The
proposed localization solution method can achieve single point positioning, and can
realize continuous observation positioning, using Newton iterative least squares
method, with low computational complexity, which is very suitable for fast posi-
tioning application for fixed or low dynamic users near the ground.

Keywords LEO satellite - Backup navigation - Doppler locating - Least square
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1 Introduction

A large number of low-cost, no special anti-jamming measures of the GNSS
navigation terminal will not work in a complex electromagnetic interference
environment. In the North and South polar regions, the GNSS system constellation
with low tilt design, resulting in significantly reduced coverage. Therefore, the
construction of GNSS backup radio navigation system is a hotspot in recent years.

Low-orbit satellites have the advantages of wide coverage area, all-weather
workability and good observability. The micro-satellites and fast response satellites
also have advantages such as short construction period and low cost. Therefore,
low-orbit satellites and fast-response satellites platform is very suitable as a navi-
gation source for the ground users to provide GNSS-independent navigation and
positioning services.

GNSS navigation system users through the observation of at least four GNSS
satellite signal pseudorange information for positioning solution. However, there
are two problems in the application of this method to the LEO satellite navigation
system. One is that, due to the limited number of LEO satellites, ground users in
most areas can not observe four or more LEO satellites at the same time. The
prerequisite of positioning solution is that many satellites must realize strict time
synchronization, which will greatly increase the construction complexity of the
system. The low-orbiting satellites have good Doppler-observability because of
their fast velocity. Therefore, it is the first choice for low-earth-orbit satellite
navigation system to use the Doppler observation information to locate the solution.

Recently, the United States Iridium communications company announced its
development of satellite timing and positioning (STL) system already has the
capacity as a GPS backup or supplement. The system provides users with
less-vulnerable navigation services through 66 low-orbit satellites and Doppler
positioning systems, but does not give a specific location solution. In January 2011,
Asher et al. [1] proposed the idea of using single LEO satellites to provide sta-
tionary means for ground stationary users. However, the algorithm requires users to
transmit signals to low-orbit satellites, This is not conducive to concealment of user
location. In 2013, Pan Lei of Southwest Jiaotong University analyzed the principle
of Doppler localization in his master thesis [2], and got the conclusion that the
Doppler positioning accuracy is related to the precision and velocity precision of
Doppler measurement. But do not give a solution of Doppler positioning solution
method under the conditions of different number of visible stars.

To sum up, how to use a small amount of Doppler observation information to
solve the continuous positioning solution problem under the condition of different
visible stars is key issues in a low-earth satellite backup navigation system.
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2 Coverage Analysis of LEO Satellite Backup
Navigation System

In this paper, Iridium GPS backup navigation system is taken as an example to
analyze the influence of different parameters on system coverage by adjusting
constellation parameters.

Reference to the United States Iridium system [3], orbital altitude is 780 km,
inclination of satellite orbit and the equatorial is 86.4°, the constellation consists of
six orbital planes, each track surface 11 stars. Its global satellite layout is shown in
Fig. 1. Obviously, satellite visibility is better in high latitudes and lowest in
equatorial regions, so only the constellation coverage performance in the equatorial
region is simulated. Figure 2 shows the typical LEO satellite in the equatorial
region. The basic layout unit visibility distribution shown in Fig. 3, in which blue
represents visible 1 star, green represents visible 2 stars, red represents visible 3
stars.

Fig. 1 LEO satellites constellation distribution picture of iridium satellite system

Fig. 2 Typical distribution
unit of LEO satellites in
equatorial area

32.73°
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Fig. 3 Visible distribution of Visible distribution of typical unit
typical distribution unit when 20
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3 Doppler Location Algorithm for Multi-scene

3.1 Newton Least Squares Iterative Doppler Location

From the coverage analysis of LEO satellite navigation system, we can see that the
number of visible satellites of terrestrial users is determined by such factors as
sheltering angle, orbital inclination, orbital altitude and the number of satellites per
orbit. In general, the number of visible satellites at a given site is Ranging from 1 to
4, so must be able to adapt to different number of visible stars positioning solution
method to meet the different scenarios of continuous navigation and positioning
requirements.

In this paper, we propose a Doppler localization method which can be applied to
multi-scene. This method can satisfy the demand of continuous positioning solution
with different number of visible stars to the maximum extent. The results of the
positioning solution at each epoch are obtained by the Newton least-squares iter-
ative process. The iterative calculation formula is:

[xi+1,yi+1,Zi+1]T = [xi,yi7Zi]T+ [Axi+1;Ayi+laAZi+l]T

In which [x;, y;, zi]T is the iteration result for the ith (i is natural number) iteration,
[Axi 11, Ayis1,AZis 1]T is the correction result for the i + 1 iteration, and there are:

[Axii1,Ayis1.Aziq] = (G xG) ' x GT x Y
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And [x%9),y0) 20" (i = 1-n, n > 3) is the 3D position coordinate of the of the
jth low orbiting satellites or jth observation point, r) is the observation distance
between the jth low-orbit satellite or LEO satellite jth observation point and the user
ith iteration solution result,

0 =\ = )+ 00 = i)+ () — )

Vi, Vi, VZJ}T is the three-dimensional velocity of the jth low-orbit satellite or the
Jjth observation point at the current time, fy is the carrier frequency of the LEO
satellite signal, fy is the observation Doppler frequency of the jth low orbiting
satellite or jth observation point. When the 2-norm of Y is less than a fixed constant
Dy, the iterative calculation is finished, and the result of positioning solution is
obtained.

3.2 Determination of Initial Value of Large Area Grid
Search Positioning Solution

Newton Iterative Location Algorithm has the characteristics of small computation,
high positioning accuracy and strong adaptability to satellite visibility. However, if
the initial position of the user is more than 100 km away from the real value, it may
lead to the convergence of the iterative calculation results. In order to solve this
problem, a large area grid search method can be used to realize coarse positioning
of the user on the order of 100 km. Then, the rough positioning result is taken as the
initial value of the Newton iterative positioning solution, so as to realize high
precision robustness in large area Positioning solution.

The initial value of the mesh search and positioning solution is determined as
follows: Firstly, the large area is divided into lattice according to the latitude and
longitude, then the latitude and longitude coordinates of each lattice point are
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converted to ECEF coordinates, and then under the same condition of the satellite

observation, the residual values in the Newton iterative localization solution are
calculated:
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In which [x, yk, zk]T is the ECEF coordinate of the kth grid point, The minimum
value of 2-norm of Y is obtained, and the corresponding grid point coordinates can
be used as the iterative initial value of the Newton least square Doppler localization
solution.

3.3 Positioning Calculation Mode and Accuracy
Improvement

There are two application modes of the Doppler localization method, which are
single epoch locating mode and continuous observing and locating mode. Single-
epoch locating mode refers to the real-time location of a user by single-epoch
Doppler observation. Generally speaking, when the number of visible stars is 3 or
more, the user can work in single-epoch positioning mode. Continuous observation
positioning mode refers to the use of multi-epoch Doppler observation information
to achieve the joint location of static users, generally when the number of visible
stars is less than 3, then work in continuous observation positioning mode.

The above is a general case of the mode of division, there is a special case is that if
the number of visible stars is 2, but also have user elevation observation information,
the same can work in a single epoch positioning mode, that is, two low-orbit
satellites and the user elevation observation information is used to realize the user
single epoch 3D positioning. At this point the positioning solution method and the
method described above is similar, but the calculation formula of G and Y is:
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In which a, =a+h, b, =b+h, a, b are the length of the earth’s long and
short axis, & is the user’s altitude estimate (Fig. 4).

If the visible number of LEO satellites is 1, only the single-satellite Doppler
information continuous observation method can be used to realize the positioning
solution. The principle of single-satellite continuous observation is shown in Fig. 7.
Because of the fast speed of LEO satellites, users can observe the time of about a
few minutes, in the limited observation time, select 3 and above the Doppler
information observation points to achieve the user continuous observation posi-
tioning solution. The selection of observation points should meet the principle of
optimal DOP. In this time the error introduced by the user’s local clock drift is
small, and can be ignored.

Whether single-epoch locating mode or continuous observing and locating
mode, if the user is in the static state, the positioning solution can be further
improved by the multi-group smoothing method, and the formula of the calculation
result [x,y,z]" is:

N
" =5 2 ool

[xa)%Z :Nkzl

In which [x,y, z]T is the ECEF 3D positioning solution result coordinates, N is
the number of smoothing spots of positioning results, [xt, yk,zk]T is the kth posi-
tioning result.
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Fig. 4 Sketch map of doppler locating based single continuous observation
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4 Simulation Verification of Localization Algorithm
Performance

Positioning error simulation condition: The constellation scene is the basic layout
unit of the global coverage system of the LEO satellite described in Sect. 1.2. The
satellite visibility distribution in the coverage area is shown in Fig. 3. The error of
the satellite orbit is 1 m, the Doppler measurement error is 1 Hz, satellite speed
propagation error is 0.1 m/s, the user elevation variance is 5 m. The distribution of
the Doppler localization errors for the three LEO satellites is shown in Fig. 5. Black
in the figure indicates that the positioning error of less than 20 m of the region,
about 95% of the region can be targeted, the gray that is greater than 20 m area,
white represents non-three satellites positioning area.

The error distribution of the double-satellite Doppler and elevation joint location
errors is shown in Fig. 6, where gray indicates that the positioning error is less than
20 m, about 85% of the total positioning area, white is greater than 20 m and black
is the non-binary positioning area.

The position error distribution of single-satellite continuous observation for
5 min is shown in Fig. 7. Where gray indicates that the positioning error is less than
20 m, about 93% of the positioning area, white is greater than 20 m, black for
non-single-satellite positioning area.

When the Doppler observation is used to locate the solution, there are several
locations at each instant which are affected by the Doppler observation, resulting in
a low positioning accuracy. However, as the satellite is moving in orbit, the position
with poor positioning accuracy changes rapidly, No matter what kind of Doppler
positioning method is used, as long as the continuous observation of several epoch,
smoothing after removing the outliers can get more accurate positioning accuracy.

Fig. 5 Doppler locating Locating error distribution less than 20m with
error distribution with 3 visible LEOs
3 visible LEOs 20
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Fig. 6 Doppler altitude joint Doppler altitude joint locating error distribution with
locating error distribution 2 visible LEOs
with 2 visible LEOs 20 T T T
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Fig. 7 Doppler locating Doppler locating error distribution with single visble LEO
error distribution with 20 . . . .
single visible LEO

15

10

Latitude/(°)

-10

-15
100 105 110 115 120 125 130 135

Longitude/(°)

Figure 8 shows the distribution of the multi-scene joint localization errors for the
typical low-orbit constellation after three epoch-smoothing. The white region
indicates the positioning error is less than 20 m and the black region is the posi-
tioning error greater than 20 m. The location error is better than 20 m region
increased to 97.5%, if further increase the number of smoothing epoch can further
enhance the positioning accuracy.
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Fig. 8 Doppler locating error Locating error distribution less than 20m in multiple scene
distribution in multiple scene 20
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5  Summary

The LEO satellite backup navigation system has the advantages of wide coverage
area and all-weather operation. The Doppler positioning system can avoid the
complexity of system construction caused by high precision inter-satellite time
synchronization [4], and is easy to integrate with communication and remote
sensing satellites, which has good application feasibility.

In this paper, a set of Doppler localization methods, Based on Grid Search and
Newton Least Squares, which can be applied to any number of visible satellites is
proposed, which solves the problem of adaptive positioning algorithm in any
low-orbit constellation. The simulation results show that in the typical scene, more
than 97% coverage area can be satisfied, and the 3D positioning accuracy is better
than 20 m, which can meet the requirements of navigation and positioning appli-
cations for most static and low dynamic users.
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A New Set of Spreading Code Based
on Odd Kasami Sequence

Ruxia Wang, Zhongliang Deng and Di Zhu

Abstract In the construction and application of satellite navigation system, the
navigation signal structure is in the top design position. The technical basis of
signal structure in modern satellite navigation system is spread spectrum, and
spreading code with pseudorandom characteristic is one of the elements of spread
spectrum signal. With the increasing of application requirements, the lack in
quantity and self/cross-correlation performance of C/A code, m sequence has been
gradually apparent. Spreading code with better related performance has been a new
bright spot. Based on the study of the characteristics of signal structure in satellite
navigation system and main evaluation parameters of spreading code, this paper
proposes a new set of spreading code based on odd Kasami sequence. This paper
analyzes the auto/cross-correlation of this code, and by comparing it with odd
Kasami sequence and m sequence in the properties of auto-correlation,
cross-correlation, balance performance and code quantity, verifies the excellent
characteristics in correlation properties, balance performance and quantity.

Keywords Odd Kasami sequence - A new set of spreading code - Correlation
properties - Balance performance - Code quantity

1 Introduction

Global Navigation Satellite System (GNSS) can provide all time, all weather and
high accuracy positioning, navigation and timing services to users. GNSS becomes
a critical infrastructure of modern country and military power. Signal structure is
one of the critical challenges for the success of satellite navigation system. Signal
structure with compatibility and interoperability, independent intelligence property,
high performance is essential for the development of current navigation satellite
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system. The high accuracy time transfer and measurement based on the spread
spectrum signal is the technical basis for the navigation, positioning and timing
service of the satellite navigation system. And spreading code is one of the basic
elements of navigation signal structure [1]. In the modern satellite navigation
system, spreading code with good self/cross-correlation performance is needed to
satisfy the requirements in signal acquisition speed, positioning accuracy and
anti-jamming. Besides, it requires sufficient code quantity and balance performance
to guarantee the system’s user capacity and security. The m sequence and C/A code,
which are commonly used in traditional systems, have shortcomings in code
quantity and self/cross-correlation performance. The design of new spreading code
has become the focus of study.

In this context, this paper chooses the design of spreading code as the study
focus, and proposes a new set of spreading code, and studies its correlation, balance
performance and quantity. The new spreading code, m sequence and odd Kasami
sequence are simulated in the MATLAB environment, and the application value
and foreground of the spreading code are comprehensively evaluated.

2 Evaluation Parameters of Spreading Code Performance

In order to compare the performance of different spreading codes, we can test and
analyze the performance of the spreading code from the perspective of the distri-
bution uniformity of the sequence and balance performance between different codes,
and provide data support for spreading code applications. Correlation is a measure of
the degree of signal similarity. The correlation of the spreading code has important
effect on signal reception, detection and anti-interference. Auto-correlation and
cross-correlation represent the distinguishing ability of signals, multipath signals and
multiple access signals. The maximum correlation side lobe plays an important role
in the research of spreading code correlation. The balance performance measure is an
important part in the randomness test of spreading code. The balance performance is
related to the carrier restrains of the system. The communication system will have
larger carrier leakage and lower performance if the code is unbalanced. The number
of code directly determines the user capacity of the system. With the continuous
development of navigation system and the increasing demand of application, code
quantity has become a focus of the signal structure research.

In this section, it mainly introduces the related definitions and concepts of
correlation and balance performance of the spreading code.

2.1 Correlation of Spreading Code

In the application of spreading code, good sequence correlation is the key to
selecting spreading codes, mainly including auto-correlation and cross-correlation.
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Good auto-correlation performance can improve the anti-interference ability of the
system and facilitate the signal reception and detection. Good cross-correlation can
be used in multisite communication and helpful in improving the spectrum
utilization.

For sequences of binary spreading codes X{x1,x2,...x.}, Y{y1,y2,...y.} with
period L, the definition of auto-correlation function and cross-correlation can be
described as follows:

1 L
.Dx:z;xixi+f (1)

1 L
Pxy = Z;xiyiJrf (2)

In above formulas, p, is the auto-correlation value of the spreading sequence
X{x1,x2,...x.}, and p,  is the cross-correlation value of the spreading sequence
X{x1,x2,...x.} and Y{y1,y2,...y.}. L represents the length of the spreading
sequence.

Among them, the cross-correlation, also known as side lobe, can directly reflect
the correlation performance of the spreading sequence.

According to the definition of correlation, sequence with good auto-correlation
should be: the main lobe normalized value is 1, and all the side lobe values are O.
And as for sequence with good cross-correlation, all the lobe values should be O [2].
But the correlation value of the spreading code in reality is not as good as in ideal,
whose side lobes cannot be all zeros. So it’s difficult to find out code family with
good correlation characteristics. Therefore, this paper not only analyzes the
auto-correlation and cross-correlation characteristics, but also compares and ana-
lyzes their maximum correlation side lobe power. The definition is:

S = 20109 (Ppax) (3)

In which, § is the maximum correlation side lobe power with the unit dB, and
Ponax TEPresents the maximum correlation side lobe coefficient.

2.2 Measurement of Balance Performance

The balance performance of the spreading code is one of the important indexes to
judge the security and reliability performance of spreading spectrum system. In
spread spectrum communication, information security largely depends on whether
the generated sequence has good randomness. Sequence with better randomness is
closer to ideal random sequence and has higher security. So it is very meaningful to
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test the statistical characteristic of the spreading code. Good balance performance
can prevent carrier leakage with high frequency, so as to ensure the security of
communication system. The balance performance of the spreading code is deter-
mined by the statistical distribution of ‘0’ and ‘1’ [3].

The degree of balance performance E is defined as follows:

_|P=0]
L

E (4)

Whereas L is the length of spreading code, and P and Q are respectively the total
numbers of ‘1’ and ‘0’. The smaller the E is, the better the balance performance is,
and the better performance of the spreading sequence has.

3 The New Set of Spreading Code Based on Odd Kasami
Sequence

3.1 The Generation of Odd Kasami Sequence

Kasami sequence set is one of the important types of binary sets which has small
cross-correlation. It consists of large ensemble Kasami sequence and small
ensemble Kasami sequence. The Kasami sequence used in this paper are based on
small ensemble ones.

Kasami sequence is constructed with PN sequence. It is a kind of binary
sequence with the period of 2" — 1, and n is the number of linear shift register. The
so-called odd Kasami sequence represents the Kasami sequence with positive odd
number n.

The generation steps of odd Kasami sequence are as follows:

(1) Input the number n of linear shift register and initial state, construct
pseudo-random noise sequence m with the length of N1 = 2" — 1.

(2) Construct PN sequence named PN; with length of N, = 2". Whereas the m
sequence is assigned to the first 2" — 1 bits of the sequence and the second 2"
bit is generated by the random function with the random ranging from O to 1.

(3) Decimate PN; by 2("*1)/2 bit and obtain a new sequence PN; with the length
of 2=1/2,

(4) Perform all 2+ 1/2 — 1 cyclic shifts of the bits of PN; to get a new sequence
PN, with the length of N,.

(5) Perform modulo-2 addition between bits of PN, and those of PN, to obtain the
final odd Kasami sequence with length of N, [4].
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3.2 The Generation of the New Set of Spreading Code Based
on Odd Kasami Sequence

The new set of spreading code proposed in this paper is based on odd Kasami
sequence. The specific generation flow chart is as follows [5] (Fig. 1):
3.3 Correlation Performance of the New Spreading Code

This paper simulates and analyzes the correlation performance of the new set of
spreading code based on odd Kasami sequence with different sequence lengths in

Construct two matrices M; and M, of size N X N whose first rows are

respectively orthogonal odd Kasami sequence with length N= 2", and

n is an oddinteger. All the other rows of the matrices are obtained by
rotating the previous row by one bit position.

v

Perform modulo-2 addition between the elements of each row of M;
and the corresponding elements of M, to obtain the matrix M’ of size
N2 XN.

v

| Append the matrix M, to M’, and get a new matrix M, , of size N2 X N. |

v

| Take the first column of M;,, complement it and store it in a buffer |

;

Replace all the elements of the first column of M;, with 1" and get a
new matrix My,.

v

Append the buffer contents to the matrix My, and obtain another matrix
M;3 of size (N2 + N) X (N + 1).

v

Is there any repetition amongst the rows of the matrix My;?

l yes lno

Reject the repeated rows. |————————p Get the matrix M.

Fig. 1 Flow chart for the new spreading code based on odd Kasami sequence
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MATLAB environment. Whereas, the horizontal axis t represents the time delay,

and the vertical axis represents the correlation normalized value.

3.3.1 Auto-correlation Performance of the New Spreading Code

Figures 2, 3, 4 and 5 show the auto-correlation characteristics of the new spreading
code. It can be seen from the figures that the new spreading code proposed in this
paper has excellent auto-correlation characteristics. Especially with the increase of
the length, the auto-correlation function of the sequence approximates the o

function.

Fig. 2 Auto-correlation
simulation of new spreading
code withn =15

Fig. 3 Auto-correlation
simulation of new spreading
code with n =7
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3.3.2 Cross-correlation Performance of the New Spreading Code

Figures 6, 7, 8 and 9 show the cross-correlation characteristics of the new spreading
code. It can be seen from the figures that the new spreading code proposed in this
paper has excellent cross-correlation performance. And with the increasing of
length, the cross-correlation function of the sequence tends to be O.
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Fig. 6 Cross-correlation
simulation of new spreading

code withn =5

Fig. 7 Cross-correlation
simulation of new spreading

code with n =7

Fig. 8 Cross-correlation
simulation of new spreading

code with n =9
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Fig. 9 Cross-correlation simulation of new spreading code with n = 11

Table 1 Maximum in auto-correlation side lobe of spreading codes

Series New spreading code Odd Kasami sequence m sequence
n=>5 —11.2854 —9.8463 —12.0412
n=7 —17.6028 —13.2018 —18.0618
n=9 —20.8049 —19.2216 —24.0824
n=11 —25.4705 —23.0593 —28.6103

4 Performance Comparison of Different Spreading Codes

4.1 Measurement of Correlation Properties

4.1.1 Measurement of Auto-correlation Property

In the MATLAB simulation environment, different spreading codes are generated,
including the new set of spreading code proposed in this paper, odd Kasami
sequence and m sequence. And by comparing the maximum auto-correlation side
lobe of these sequences in different series, results are obtained as Table 1:

By analyzing the data in Table 1, it can be seen that these three kinds of
spreading codes have considerable auto-correlation characteristics. With the
increasing of length, the auto-correlation side lobes decrease. In addition, it also can
be seen that the auto-correlation performance of the new spreading code proposed
in this paper is better than odd Kasami sequence, and a little worse than m
sequence. But all in all, the new spreading code can reduce the false alarm prob-
ability and improve the speed and accuracy in acquisition and tracking of the
system.
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Table 2 Maximum in cross-correlation side lobe of spreading codes

Series New spreading code 0Odd Kasami sequence m sequence
n=>5 —8.0314 —8.0986 —8.5194
n=7 —14.0943 —14.0037 —13.201
n=9 —17.0412 —18.1973 —16.1236
n=11 —23.3040 —24.0951 —21.72040

Table 3 Balance performance of spreading codes

Series New spreading code Odd Kasami sequence m sequence
n=>5 0.1516 0.1876 0.1626
n=7 0.1078 0.1562 0.1136
n=9 0.0963 0.0904 0.1007
n=11 0.0205 0.0328 0.0510

4.1.2 Measurement of Cross-correlation Property

In the MATLAB simulation environment, different spreading codes are generated,
including the new set of spreading code proposed in this paper, odd Kasami
sequence and m sequence. And by comparing the maximum cross-correlation side
lobe of these sequences in different series, results are obtained as Table 2:

By analyzing the data in Table 2, it can be seen that these three kinds of
spreading codes have considerable cross-correlation characteristics. With the
increase of the length, the cross-correlation side lobes decrease. In addition, it also
can be seen that the cross-correlation performance of the new spreading code
proposed in this paper is close to odd Kasami sequence, and better than m sequence.
But all in all, the new spreading code can greatly reduce the multiple access
interference and improve the system performance.

4.2 Measurement of Balance Performance

In the MATLAB simulation environment, different spreading codes are generated,
including the new set of spreading code proposed in this paper, odd Kasami
sequence and m sequence. According to the definition of measurement of balance
performance, the degree of balance is calculated with different series. It is shown in
Table 3:

By analyzing the data in Table 3, it can be seen that these three kinds of
spreading codes all have good balance performance. With the increase of the length,
the degree of balance performance E becomes closer to the value 0. In addition, it
also can be seen that the balance of performance of the new spreading code
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Table 4 Code quantity of spreading codes

Series New spreading code Odd Kasami sequence m sequence
n=>5 916 24 6
n=7 5432 144 18
n=9 24,224 768 48
n=11 158,244 5632 176

proposed in this paper is better than odd Kasami sequence and m sequence. What’s
more, the higher the series is, the more obvious the superiority of the proposed code
in balance performance becomes. This indicates that the new spreading code has
less carrier leakage, which is beneficial to improve the system security.

4.3 Analysis of Code Quantity

In the MATLAB simulation environment, different spreading codes are generated,
including the new set of spreading code proposed in this paper, odd Kasami
sequence and m sequence, and code quantity of these spreading code are calculated
in different series. It is shown in Table 4:

By analyzing the data in Table 4, it can be seen that among these three kinds of
spreading codes, the proposed new spreading code has absolute advantage in
quantity. Moreover, the higher the number of the series, the faster the number of the
code grows. It shows that the new spreading code can provide sufficient code
quantity for the navigation system, and is more capable for the current development
requirement of the system user capacity.

5 Conclusion

In this paper, a new set of spreading code based on odd Kasami sequence is
proposed. Its auto-correlation and cross-correlation performance is simulated and
compared with odd Kasami sequence and m sequence. From the final results, it can
be seen that the distribution of the new spreading sequence is more uniform, and the
auto-correlation performance is greatly improved while maintaining the excellent
cross-correlation performance inherited form odd Kasami sequence. Furthermore,
the number of the code is greatly increased. But, it can also be seen that the
construction process of this set of spreading code is a little complicated. So how to
reduce the complexity of operation and how to optimize the spreading code will
become a further study issue. All in all, this new set of spreading code based on odd
Kasami sequence has excellent properties, and is more capable for the requirements
of speed and accuracy of acquisition and tracking in modern navigation system,
communication security and user capacity.
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Data Transfer Problem in Navigation
Satellite Network Based on Agility Link

Zhenwei Hou, Xianqing Yi, Yue Zhao and Yaohong Zhang

Abstract Autonomous navigation supported by inter-satellite ranging and com-
munication with inter-satellite links (ISL) is the most important direction of
development of satellite navigation system. The agility link can achieve more
information from other satellites by switching the direction of phased array antenna
flexibly. However, the complexity and efficiency of communication are affected at
the same time. In this paper, we describe the data transfer problem when the data is
split into several datum units whose hops are limited. We investigate the compu-
tational complexity of the problem firstly and it is proved to be an NP-complete
problem. Then we propose a linear programming model for solving the problem. At
last, we show that the problem is polynomial solvable when the number of recipient
nodes or the number of datum units is equal to 1. The research in this paper is
valuable for solving the data transfer problem in the navigation satellite network
based on agility link.

Keywords Agility link . Data transfer problem - Linear programming
NP-complete

1 Introduction

ISLs technology is one of the most important technologies for satellite navigation
system to improve the positioning accuracy and to achieve autonomous navigation.
Most of the world’s satellite navigation systems are actively exploring the tech-
nology of ISLs. ISLs can shorten the ephemeris update cycle to improve the
accuracy of positioning. By inter-satellite ranging, ISLs can achieve higher preci-
sion orbit determination for autonomous navigation. As well, ISLs can forward
measurement and control signals to indirectly monitor and control the navigation
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constellation. So the number of ground stations and maintenance costs of the
system can be significantly reduced.

Agility link is a type of ISLs. It is generally based on the phased array antenna
equipped on the satellite to communicate and range between satellites. The links
switch and reconstruct frequently and its pointer is changing with time. The time is
divided into discrete and equal time slots, denoted Atz. The length of time might be
so short that the data couldn’t be transferred completely. So we subdivide data into
several datum units which are sent in any order to recipient satellites. A satellite can
only transmit one datum unit in a time slot.

ISLs mainly have two functions in the navigation system: inter-satellite com-
munication and ranging. Agility and quick direction adjustment characteristic of
agility link is easy to get a certain number of observations of pseudo range mea-
surements among satellites. We try to obtain as much as possible the observations
in a short time to improve the accuracy of the system. So in a cycle period of link
assignment, any two satellites establish the link only once. Because of the limitation
of energy and computation ability of the satellite, a satellite generally carries only
one link in a time slot. So the network can be considered as an intermittently
connected network of several satellites from a data transportation point of view.
However, with the increase of the forwarding number, errors in some navigation
information will also be accumulated. So transmission hops of this kind of infor-
mation must be limited. In this paper, it is assumed that reliable predictions of the
sequence of the links between satellites can be made. During a time slot, satellites
connected by the links transfer one stored datum unit to each other and the source
satellites initially store some datum units. Via several time slots, the datum units are
transferred from one satellite to another satellite until their destination is reached.
This routing scheme is based on a store-carry-forward paradigm. So the navigation
satellite network based on agility link is a typical delay tolerant network (DTN).
Figure 1 shows the topology change of agility links.

As far as we known there is little research on the data transfer problem of
navigation satellite network based on agility link currently. Reference [1] proposes
and formally analyses least cost journeys in a class of dynamic networks, where the
changes of the topology can be predicted in advance. The means of ‘cost’ here are
hop count (shortest journeys), arrival date (foremost journeys), and time span
(fastest journeys). In [2] Ronan Bocquillon studied the data transfer problem and
dissemination problem in the systems of systems with the assumption that reliable
predictions of the contacts sequence can be made and an information item is split
into several datum units. The data transfer problem consists in searching for a valid
transfer plan allowing the datum units to be transferred from their source systems to
the recipient systems. By mapping an evolving graph to an adjacency matrix of an
equivalent static graph, Jiahao proved that their generalization of the BFS algorithm
correctly accounts for paths that traverse both space and time in [3]. Minsu Huang
studied the topology control problem in a predictable DTN using space-time graph
[4]. They tried to build a sparse structure from the original space-time graph such
that the network is still connected over time and the total cost the structure is
minimized. However, the object of these researches is the general satellite network.
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Fig. 1 Topology change of agility link and its data transfer progress. ¢ represents the time slot
number. In every time slot, the pairing satellites communicate with each other and the datum units
are transferred to each other. There are two data units {1, 2} in the network. The underlined data
units are received in the current time slot

Some of them optimized the data transfer problem considering only one datum unit,
while the others were in the case of serial contacts between nodes. All of these
researches cannot be directly applied to the data transfer problem in this paper.

In this paper, we fully consider the characteristic of agility link which build the
links concurrently. We describe the data transfer problem when the data is split into
several datum units whose hops are limited. And then we investigate the compu-
tational complexity of the problem. We also propose a linear programming model
for solving the problem. At last, we discuss two specific polynomial cases. The
remainder of the paper is organized as follows. Section 2 formally describes the
data transfer problem. Section 3 investigates the computational complexity of the
problem. In Sect. 4 we build the linear programming model to solve the problem
and show that two particular cased of the problem are polynomial solvable. We
conclude the whole work of this paper in Sect. 5.

2 Description of the Problem

In this paper, buffers are assumed to have an infinite capacity and network failures
are disregarded. Reliable predictions of the sequence of the links between satellites
can be made. Each satellite establishes at most one two-way link in a time slot and
between any two satellites up to one link is established in a chain period.
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The information data to be transferred is divided into multiple datum units which
may have different source nodes and destination nodes. As well, different datum
units may have different maximum survival hops.

The data transfer problem of the navigation satellite network based on agility
link is to study how the datum unit can reach the destination node under the premise
of given chain relation. How can the transmission be done in the least amount of
time when all information can reach the destination? Figure 1 depicts the trans-
mission process of datum units on agility links. Here ‘how’ mainly refers to ‘when
to transfer’ and ‘which to transfer’. For the purpose of further accurate description,
the following variables are defined.

We consider a set V= {1, ..., n} of n nodes (representing the satellites). Set
T = {1, ..., m} represents m time slots. Set Q = {1, ..., k} represents k datum units
to be transferred. Each datum unit ¢ € Q has two corresponding subsets S
(g¢) € V indicating the nodes initially store datum g unit and D(g) C V indicating
the destination nodes of datum unit g. So the number of the destination nodes

corresponding unit ¢ can be indicated as r = ‘ U ’;: 1D(q)‘.

According to the destination nodes of each datum units, we can know the datum
units to be received of every node, denoted by R(i). R(i) = {q|i € D(¢)}. H(g) de-
notes the maximum survival hops of datum unit ¢ € Q. O;, C Q indicates the
datum units node i possesses in time slot 7. p(i, ) = j represents a link is established
between node i and j in time slot ¢. A transfer plan is denoted by @ which describes
the information transfer progress. In fact it is a mapping from the chain relations
between nodes to the datum units. So it can be defined as a function:

&:A{p(i,n)ie Nyt e T} — {0} UQ.

Based on the above variables, we will study the data transfer problem of navi-
gation satellite network based on agility link in this paper, which is called Data
Transfer Problem with Limited Hops (DTLH). The DTLH problem can be
described as follows:

INSTANCE: A set V= {1, ..., n} of n nodes; The links between all the nodes
during m time slots P,x,, = {pG, Dli=1, ...,mt=1,...,m}; Aset 0 ={1,2, ...,
k} of k datum units; For each ¢ € Q, S(g), D(g) and H(q) are also known.

QUESTION: Is there a valid transfer plan @ such that all the datum units reach
the destination nodes within m time slots, that is Vi € V, O;,, = R(i)? If the answer
is YES, then we will study how to minimum the cost time? That is to search for the
minimum ¢ such that Vi, O;, = R().

In order to describe the spatio-temporal relationship of the inter-satellite link in
the navigation satellite network based on agility link, we introduce the space-time
graph [5]. The space-time graph depicts the relationship between nodes in different
time slots. In the space-time graph, the same node in different time slots is seen as
different nodes, and connected with edges, which means that information can be
stored in the node. This type of edges is called the temporal edge, such as the edge
(9,v}]) in Fig. 2. There is also another type of edges which connect different nodes
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Fig. 2 The agility link
depicted by space-time graph.
This is the space-time graph
corresponding to the agility
satellite network in Fig. 1

A\

in the same time. We call them the space edge. Space edge shows the chain
relations between nodes in a time slot such as the edge (Y, v}) in Fig. 2.

3 The NP-Complete of the Problem

In this section we demonstrate that the DTLH problem is an NPC problem. Let us
consider the decision version of the data transfer problem, i.e. is there a valid @
such that Vi, O;,, = R())? DTLH is obviously in NP, since it can be decided in
polynomial time whether a given transfer plan @ is valid and such that Vi, O;,, = R
(i). The following shows that the DTLH problem is an NPC problem.

To prove these results, we need to reduce a problem known as being strongly
NPC to the study cases. Ronan Bocquilllon in the literature [2] proved Data
Transfer problem (DT) is the NPC problem. The DT problem is defined as follows:

INSTANCE: A set V= {1, ..., n} of n nodes; A subset R C V of recipient
nodes. A sequence of m ordered pairs (i, j)) € V x Vwithi #j. AsetQ={1, ...,
k} of k datum units. For each node i € V, a subset O; C Q of units are initially
stored by i.

QUSETION: Is there a valid transfer plan @ : {1,...,m} — {0} UQ such that
Vi € R, O; = Q when t = m?

Bocquilllon proved that the DT problem is NPC when £ > 2 by reducing the
3SAT problem to the DT problem. DT problem does not restrict the nodes in a
chain-building cycle cannot repeat the link. However, from the proof process it can
be drawn that not repeating the link clearly does not affect the process and the
results of its proof. Therefore, the proof of this paper is based on this issue.

The following describes the progress of converting any instance of a DT
problem into a DTLH problem. In fact, if two adjacent contacts concern different
nodes, they can occur at the same time slot. Therefore we can create the links of
each time slot by the following rules: Following the sequence of contacts, the
adjacent contacts concerning different nodes are arranged in the same time slot. If a
contact concerning one same node occurs, then it will be arranged in the next time
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slot. According to this rule, it is not consistent with the characteristics of agile
satellite network that some nodes in some time slots do not have paring nodes.
Therefore, we add links for these nodes. Ensure that the link is without duplication.
As well, add each new link a new datum units with the corresponding source node,
destination node and maximum survival hops. The source and destination nodes are
set to be the two pared nodes in the newly added link. The maximum survival hops
are set to be 1. This effectively restricts the newly added information to be trans-
mitted to the destination node only through the newly added link. It is worth noting
that the new links of each time slot should not repeat, so the number of timeslots
within a cycle is the upper limit, the proof of this paper assumes that the number of
time slots within this limit. We define the following variables:

Current time slot number Slot; The datum units set Data; The new added datum
units X; Constructed Graph G is composed of the set of contacts (chain subse-
quences) in all time slots, e.g. G(f) denotes the contacts in time slot 7. G(¢).V denotes
the set of nodes which have been allocated links in time slot 7. S denotes the subset
of G(r).V which are source nodes while R denotes the subset of that which are the
receiver nodes. The process is shown in Table 1.

Table 1 Converting progresses of the instances between DT and DTLH problem

Initialize: Slot=1; Data = Q NqeQ, h(q)=m;
X={0};6={0}; S={0}; R={0}; x=1;

STEP 1:
for=1:m
for every o=(s:,71)
if s; eSorreRor 3s;eSs; = s: ri7Zr:
or drieR r=r, siF#s,

Slot = Slot +1;
S={0} R={0}
else
G(Slot)=G(Slot)+ o
endif

end

STEP 2:
while Slot70
Y ij ¢ G(Slof).Vand (ij) ¢ G
G(Slot)=G(Slot)+ (i)
Data=Data+{x}
X=X+ {x
S(x)=i; D(x)=j;
h(x)=1;
x=x+1;
Slot = Slot -1;
end
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Fig. 3 The space-time graph
depicts an instance of DT
problem. The instance of the
DT problem has 6 contacts
o=((3), 45,5, 5.6,
2), 5, D, (1, 2)

\

The above described progress is apparently performed in polynomial time. For
example, an instance of the DT problem has 6 contacts ¢ = ((1, 3), (4, 5), (3, 5), (3,
2), (5, 1), (1, 2)). We can construct an instance of the DTLH problem as shown in
Fig. 3. The following shows that it is one-to-one correspondence between the
instance of the DTLH problem and DT problem.

If there is a valid transfer plan of a DT instance, this plan can still transmit the
original datum units Q in the DTLH instance since the constructed space-time graph
doesn’t affect the transmission process of the contacts in the DT instance. For the
newly added data unit set X, it is known that at least one path can transfer them to
the destination nodes within one hop from the construction process of DTLH
space-time graph. Therefore, if there is a valid transfer plan of a DT instance, so is
the corresponding DTLH instance.

Conversely, if there is a valid transfer plan of a DTLH instance, consider the
newly added datum unit set X and the data set Q of the original problem as well.
Since there is no repetition of the links and the newly added datum unit x € X, h
(x) = 1, the datum x can only be transmitted by the newly added links. Furthermore,
The number of newly added data units is equal to the number of newly added links,
so all of the newly added links are used to transmit the newly added data units. As a
result, the original data set Q can only reach the destination nodes through the
original contacts of the DT instance, which proving that the DT instance must exist
a feasible transfer plan.

4 Model for the Problem

In this section, we first establish a linear programming model based on the con-
straint and optimized targets of agile satellite networks. Then we discuss two
special cases when the number of data units is 1 and the number of receiving nodes
is 1.
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4.1 Linear Programming Model

Firstly we define following decision variables.

X;q4: = 1 denotes that satellite i transmits datum ¢ to its pairing satellite at time
slot z. Otherwise, x;,, = 0. y;,, = 1 denotes that satellite i has possess the datum
q at time slot ¢. Otherwise, y; ,, = 0. In the initial state, as constraint (9) shows that
for the source node of datum g, y;,; = 1, otherwise y; ,; = 0. h; ,, denotes that the
hops of satellite i receiving the datum ¢ by the timeslot z. If node i haven’t received
q, hi 4, = 0. In the initial state, for all the nodes and datums #;,; = 0, as constraint
(10) shows.

According to the characteristics of the agile satellite network and the require-
ments of the DTLH problem, we get the following constraints:

k
VieVVIeT:» xig <1 (1)

g=1

VieV Vqe Q,VteT:

Xige < YVigs
Vigs T Xpipqr = YVigi+1 (3)
higi+1 = hige+%Xp,q0(hp g0 — Rigr) +Xp,, 00 (4)
higm+1 <H, (5)

Equation (1) states that at most one datum unit can be transferred during each
time slot for each node. Equation (2) states that only one node possesses a datum
unit can this node transmit this datum unit. Equation (3) contains two meanings:
First, once a node receives a datum unit in a time slot, this node possesses this
datum forever, i.e. if x,,, ,, = 1, then y; , .1 = 1. The other meaning is that if a node
receives a datum unit in a time slot, this node will not accept this datum unit again
in the following time slot. This strategy can guarantee the minimum delay of data
transmission.

Equation (4) is the key constraint to solve the problem. It is composed of two
cases. One case is that node i doesn’t receive datum unit & in time slot ¢, then the
hop number of node i about datum unit k in time slot # + 1 is not changed, i.e. if
Xpiqr = 0, then h; 4,1 = h; 4, Similarly, another case is that if x,,, ,, = 1 then h; ;,
w1 = Ny, g0+ 1. Bquation (5) indicates that the datum is to be transmitted to the
destination node within the maximum survival hops.

It can be noted that Eq. (4) is the nonlinear constraint. Due to the complexity of
the nonlinear programming and the difficulty of getting the optimal solution, we
transformed the constraint (4) into the constraints (6), (7) and (8) by introducing a
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large value M and the variables m; ;.. The nonlinear constraint is transformed into a
linear constraint which guarantees the reliability of the results.

VieV,Vqe Q,VteT:
higis1 = higs+Xp;, g0+ Migs (6)
0<mig; <M -xp, 4. (7)
higav1 = hige =M - (1= Xp, q0) SMigs<higrs1 — higs+M- (1 = xp,4:) (8)

Considering the initial state of the network (t= 1) we get the following
constraints:

Vie V,Yq € Q,yig1 = {(1) izfeS(Q) )
VieV,Vge Qhiz =0 (10)
The objective function of the problem is:
min / (11)
where
A =maxmax 4, (12)

i€ER qeD
m

/Ahzlq =m— § Yig.,z (13)
=1

Equation (13) indicates the time slots used by datum unit g to reach node i.
Equation (12) indicates the latest time for all the datum units to reach the desti-
nation nodes. Our optimization goal is to make this latest time possible advance, i.e.
min A.

4.2 Polynomial Cases

4.2.1 The Casek =1

When the number of the datum units k = 1, it is easy to think of the method of
flooding. As long as the datum is within the maximum survival hops, it is allowed
to spread and let the units remaining much more hops cover the less ones. In [6] we
propose the method of finding the shortest journey and the earliest journey by the
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S
NG

Fig. 4 The DTLH problem is transformed into the problem of minimum cost maximum flow when
the number of receiving node is 1. In the figure, there are three datum units {1, 2, 3}, and the source
node of datum unit 1, 2 is vy, the source node of data unit 3 is v and the destination node is v4

greedy algorithm when the number of data units is 1. The only difference with the
DTLH is that in the progress of flooding we must consider the maximum survival
hop which is only a slight change on the basis of literature [6]. So we do not repeat
it in this paper.

422 The Caser =1

When the number of receiving nodes r = 1 and the maximum survival hops of all
the datum units are the same &, the DTLH problem can be transformed into the
problem of minimum cost maximum flow. The conversion process is as follows:
On the basis of the space-time graph, add a virtual source node S and k virtual
nodes dj, ..., d, representing the k datum units. k directed edges (S, dy), ..., (S, dy)
are also added to the space-time graph. Connect the datum nodes and the corre-
sponding source nodes in the space-time graph with edges whose capacity is 1 and
the cost is 0, i.e. for Vg € Q, i € S(q), add edge (d,, i) with capacity c(d,, i) = 1 and
cost b(d,, i) =0. The capacity of temporal edge in the space-time graph is

c(vi,vi™!) = oo and the cost is b(v}, v ') = 0 while the capacity of space edge is

Vi
c(v v’“) =1 and the cost is b(v v’“) = 1. Assuming that the destination

node of the DTLH problem is i, the sink node of the flow network will be v/
Figure 4 shows an example where the DTLH problem is transformed into a min-
imum cost maximum flow problem when the number of receiving nodes is 1.

Theorem 1 The DTLH problem has a feasible solution if and only if the maximum
traffic flow through the node V' is k, and the minimum cost of each data stream is
not greater than h.

Proof When a DTLH problem has a feasible solution, each data unit has a path to
the destination node. Since each node can transmit only one data unit per time slot,
the path of each data unit to the destination node must not overlap in the space edge.
So the maximum flow through the node v}" is at least k. Besides, the set of edges
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{(S,dy), ..., (S, dy)} is a cut-set of the network and the capacity of the cut-set is k, so
the maximum flow of the network is k. Since the hop count of each data unit in the
feasible solution must be within its maximum survival hops, the cost of each data
stream in the network is no more than /.

‘When the maximum traffic in the network is k, and the minimum cost of each
data stream is not greater than h, since the capacity of the edges in the network
except the temporal edge is 1, there are k traffic flows in the network through the
nodes dj, ..., di and the node V", and the traffic flow does not overlap in the space
edge. Because the cost of each flow is not greater than A, so the k data units reach
the destination node within the maximum survival hops, i.e. DTLH problem has a
feasible solution.

5 Conclusion

In this paper, we first describe the data transfer problem with limited data hops and
analyze the complexity of the problem. Then, according to the characteristics and
constraints of the problem, a linear programming model is established. Finally, two
special cases when the number of data units kK = 1 and the number of receiving
nodes r = 1 are discussed.
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Research on MIMU/UWB Integrated
Indoor Positioning

Yishuai Shi, Ancheng Wang, Jinming Hao and Bo Jiao

Abstract This paper investigates and proposes a low-precision Micro Inertial
Measurement Unit (MIMU)/Ultra-Wideband (UWB) integrated positioning
scheme, which aims at realizing indoor high-precision and high-stability localiza-
tion. A loosely-coupled MIMU/UWB integrated positioning system based on
position measurements is designed. Considering three possible cases in practical
uses—normally working, UWB signal blockage and UWB gross error occurring,
we establishes the simulation platform and the experimental environment to analyze
and verify the performance of the integrated system. Simulation and indoor kine-
matic experimental results show that the MIMU/UWB integrated positioning sys-
tem produces continuous and accurate position within an error of 2 m. It is also
proved to have better continuity and robustness than both independent subsystems.

Keywords Indoor positioning - Integrated navigation - Ultra-Wideband - Inertial
navigation - Kalman filter

1 Introduction

Indoor precise positioning technology promotes the development of new applica-
tions in both military and civil fields, such as intelligent shopping guidance,
emergency handling and rapid rescue. Global Navigation Satellite Systems (GNSS)
are widely applied outdoors due to their global coverage and reliable accuracy.
However, GNSS often suffers from signal attenuation, multipath and blockage
introduced by buildings and human motions in indoor environments.
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Currently, indoor positioning is based mainly on wireless sensor network (WIFI,
ZigBee, Bluetooth, etc.) for its low cost and ease of implement, but the robustness
and direction information cannot be provided. Ultra-Wideband (UWB), with high
anti-interference ability, excellent multipath resolving capability and low power
consumption, is a new promising positioning technology especially for indoor
applications. Inevitably, as a kind of radiolocation, UWB signal is also under the
influence of blockage and interference. To compensate for the shortcomings of
these, extra observations transmitted from other sensors are desired.

Inertial Navigation System (INS) has the advantage of self-contained navigation
capacity, as well as adding attitude information synchronously to the positioning
system. Yet, it suffers from inherent defect that positioning accuracy decreases as
the drift error [7]. By fusing INS and UWB measurements, better accuracy, con-
tinuity and stability can be obtained, which is similar to the GNSS/INS integrated
navigation system [6]. With the manufacturing technology for inertial components
improved, Micro Inertial Measurement Unit (MIMU) based on Micro-electro-
mechanical System (MEMS) is widely researched, which makes it possible to
decrease the size and power consumption of the MIMU/UWB systems and there-
fore, be sufficient for indoor applications. Consequently, MIMU/UWB integrated
indoor positioning is becoming a research hotspot [1-3, 8, 10]. Researchers in [3]
proposed a new method based on INS/UWB for attitude angle and position syn-
chronous tracking of indoor carrier, and the static and dynamic positioning results
show that the positioning accuracy meets the requirements of indoor applications.
In Ref. [8], a tightly-coupled GPS/UWB/INS cooperative positioning scheme is
designed to provide better accuracy and improve the availability in GPS denied
environments. The author of [10] investigated the combination of UWB and
MEMS-based Pedestrian Dead Reckoning (PDR) technologies, aiming at using the
PDR position as a temporary auxiliary result when UWB signal is blocked, and
conversely, correcting PDR in a large degree when PDR drifts after a long time
working.

2 MIMU/UWB Integrated Positioning System

2.1 Overview

Data provided by MIMU and UWB are combined by a sensor-fusion strategy based
on Kalman Filter in order to yield optimal position estimation. A MIMU/UWB
integrated positioning system, comprising three modules, is designed, as shown in
Fig. 1. On the one hand, the SINS Module is used to carry out INS resolving with
the measurements given by the inertial components, and on the other hand, the
UWB Module provides the range measurement and outputs the calculated position.
Both results are fed into the Fusion Module to realize optimal fusion. Notice that
“P” and “A” represent the position and the attitude outputs.
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SINS Module Fusion Module
Pys, A
MIMU SINS INg AINs
resolving
7y Pivs
Estimated A
errors Kalman P INS/UWB
Filter -
PUWB
UWB R Range | TOA Puws
nodes "| measurements "| positioning i
UWB Module

Fig. 1 Architecture of the MIMU/UWB integrated positioning system

2.2 Fusion Strategy Based on Kalman Filter
In the filter model, we use a 15-dimension state vector, which is expressed as
follows:

X=[¢gr ¢y ¢y Vg oV 0Vy 52

1
L Sh & & & V. V, V. M)

where ¢, ¢ and ¢ are the misalignment angles of east, north and up direction,
respectively, 0Vg, 0Vy and 0Vy are the velocity errors, and 04, 0L and dh are the
latitude, longitude and height errors. In addition, the gyro drift error vector ¢ and the
accelerometer bias error vector V are regarded as the random walk process vectors,
which are modelled as follows:

£=8& +W, (2)
V =V,+W, 3)
where g, and V;, denote constant drift errors, w, and w, are white Gaussian noise
vectors.
2.2.1 Dynamic Equation
The system dynamics model can be generalized in a matrix and vector form:

X=FX+W (4)
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where F is the system coefficient matrix determined by Eqs. (2) and (3) and the INS
error equations [5], W is the system noise vector. The dynamic equation can be
represented in a block matrix form as follows:

" Fiu Fo Fi3 —Cp 035 ¢" W,
V" Fy Fyn Fyp 0353 C) ov" wh
o | = |03x3 Fz Fa3 03,3 033 | 6" | + | 035 (5)
& 033 033 033 033 033 & 0351
% 033 0353 0353 033 0353 & 03,

2.2.2 Observation Equation

On the basis of the position difference vector between the MIMU and the UWB
computation values, the observation equation can be derived:

¢n
ov"
Zya (=[] = r}] =033 033 Isxz 033 O3] | o | +[w)]  (6)
8"
Vn

where “I” and “U” denote the observations from MIMU and UWB, “n” represents
the navigation coordinate system, and w! is the measurement noise vector.
Parameters adopted in this paper to determine the position are latitude (), longitude
(L), and height (h), in which case the observation vector can be specific:

A1 — Ay
rj—ry=|Li—Ly (7)
hy — hy

3 Simulation Researches

3.1 Overview

A simulation platform is built (referring to [9]) to evaluate the performance of the
optimal filtering strategy of MIMU/UWB, which contains three modules. The first
is the Trajectory Simulation Module, yielding position, velocity and attitude data
according to the trajectory designed. At the same time, ideal outputs of MIMU and
UWRB are provided, that is to say, no errors are introduced into the raw data. The
second is the SINS Simulation Module, which adds errors to ideal data mentioned
above according to the models in Eqgs. (2) and (3), and then, carries out SINS
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resolving process. The third, also known as the most important segment, is the
Fusion Simulation Module. Information fusion of measurements (with errors) is
completed in this module, yielding results to be compared with the real trajectory
for accuracy evaluation. The Root Mean Square Error (RMSE) is selected as the
evaluation index in our case. Considering that plenty of abnormal cases may occur
except system normally working, such as UWB signal blockage and UWB gross
error occurring, we should verify the effectiveness in several different cases. The
schematic of the proposed simulation platform is shown in Fig. 2.

To reflect different motion states as much as possible, a simulation trajectory is
designed comprising static, uniform, accelerated, turning, climbing and other seg-
ments. The simulation time is 52.7 s and the output frequency is 100 Hz. The 3-D
simulation trajectory is presented in Fig. 3.

Trajectory Simulation Module SINS Simulation Module
i i IMU errors
Ideal IMU Real IMU P A
Reverse signal signal SINS Ns, Aivs
> . —
SINS - resolving
Position I
Velf)mty Estimated L
. Attitude errors Fusion Pivsuws
Trajectory — I
strategy
Position UWRB errors Y
Ideal Real UWB
Range range signal UWB Puyws
. 14 e . >
resolving positioning
Anchor positions UWRB failures

Fusion Simulation Module

Fig. 2 The schematic of the proposed simulation platform

Fig. 3 The 3-D simulation
trajectory

Height / m

100
50
North/ m 20 O East/m
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3.2 Simulation Research of MIMU/UWB Integrated
Positioning

To overall evaluate the performance of the integrated positioning scheme, three
cases are considered as follows:

Case 1: Normal case, in which both MIMU and UWB work normally with errors
in a reasonable scope;
Case 2: Abnormal case, in which UWB suffers from signal blockages for a
certain period of time;
Case 3: Abnormal case, in which a gross error occurs, making UWB position
unreliable instantaneously.

We assume UWB positioning noise with a standard deviation of 1 m in east and
north direction, 3 m in up direction, which is close to practical uses. Sensor errors
are introduced into the MIMU measurements, as presented in Table 1.

3.21 Casel

Through the comparison between the estimated position from the MIMU/UWB
system and the computation values from the INS-only and the UWB-only systems,
as shown in Fig. 4a, it is illustrated that the trajectory of INS coincides with the true
one in a short term but suffers a cumulative error over time, while the UWB-only
and the MIMU/UWB systems track the true trajectory smoothly. The partial
enlargement of Fig. 4a yields Fig. 4b, which gives a further demonstration that the
result of the MIMU/UWB system does not drift a lot compared to the UWB-only
one. In addition, a higher output frequency is provided that reinforces the necessity
of integrating additional sensors to make full use of more information.
Time-varying height outputs from three systems are plotted in Fig. 4c, and the error
amplitude of the integrated system is minimal. Particular focus has been given to
the position errors of the integrated system (Fig. 4d), and the calculated root mean
square (RMS) errors are 0.87, 0.73 and 1.54 m in the east, north and up directions,
respectively, which reveals a better estimation. The RMS errors of the other two
systems are also listed in Table 2 for comparison.

Table 1 Simulation error conditions of the MIMU

Errors of inertial components Bias Bias stability
Gyroscope 1°/h 50°/h
Accelerometer 50 pg 500 pg

Errors of initial alignment East North Up
Attitude 0.5’ 0.5' 20"
Velocity 1 m/s 1 m/s 1 m/s
Position Im 1m 3m




Research on MIMU/UWB Integrated Indoor Positioning 527

a) 60 b : :
( ) O Starting point ( ) o Starting point
------ True trajectory 20 == === True trajectory i
40 INS INS
UWB ——o—— UWB
£ INS/UWB e 10 —— INS/UWB
~ ~
g 20 % N
2 2 O0[f=sy Y . andg——-=
0
-10
-20
-20 0 20 40 60 80 0 20 40 60 80
East/m East/m
(c) 400 @ 4
= s True trajectory North
INS
395 UWB
c INS/UWB
— 390 1S
= ~
2 o
(0]
I 385 <
380
375 -4 . .
0 60 0 20 40 60
t/s t/s

Fig. 4 Positioning performance in Case 1: a comparison among the trajectories in the east and
north directions; b comparison among the trajectories in the east and north directions (partially
enlarged); ¢ comparison among the trajectories in the up direction; d the MIMU/UWB positioning
errors

Table 2 Comparison INS UWB INS/UWB
between different systems P
in terms of RMS errors East (m) 7.73 1.00 0.87
North (m) 73.31 0.83 0.73
Up (m) 2.98 2.97 1.54

The obtained results show that the filter allows to provide better position esti-
mation stably due to its capability of restraining errors. In addition, with the update
rate promoted, the advantage of information fusion is presented.

3.2.2 Case 2

In Case 2, simulation error conditions are set the same as that in Case 1 (Table 1).
An abnormal case, where the UWB signal is blocked from 18 to 23 s, is simulated
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in view of the drawbacks of radio signal. The integrated system works normally at
the very beginning. When the UWB signal is blocked, depending only on the
calculation by MIMU accumulates the position errors with time. Subsequently,
when the signal recovers, the trajectory is dragged back to the right way and
remains relative high accuracy. The position errors in three directions are plotted in
Fig. 5a, where the red dashed box represents the blockage phase.

The trajectories (Fig. 5b, c) reveal that continuous outputs are provided by the
integrated system, even when the UWB signal suffers a blockage. In a short term,
the accuracy does not drift away a lot. Afterwards, corrections can be made along
with signal recovery. The obtained results indicate that the integrated system has
better accuracy and stability than its subsystems.
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Fig. 5 Positioning performance in Case 2: a the MIMU/UWB positioning errors; b comparison
among the trajectories in the east and north directions; ¢ comparison among the trajectories in the
up direction
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Fig. 6 Positioning performance in Case 3: a comparison among the trajectories in the east and
north directions; b comparison among the trajectories in the up direction

3.23 Case3

In Case 3, simulation error conditions are set the same as that in Case 1 (Table 1).
Another abnormal case is simulated for the performance evaluations of the inte-
grated system in presence of gross errors. Simulated gross errors of 10 m in all three
directions were added to the UWB observations at the time of 20 s. As shown in
Fig. 6a, b, clearly, the effects of gross errors, as well as the acute fluctuation due to
directional dependence of the UWB range measurements, have been eliminated or,
at least, alleviated. The height trajectory of the integrated system remains relative
high accuracy and more stable than its subsystems. The obtained results show that
the integrated system has strong robustness which prevents gross errors from dis-
turbing the positioning accuracy to a large extent.

4 Indoor Kinematic Experimental Tests

4.1 Experimental Environment

Field tests were conducted to evaluate the performance of the proposed scheme in
an indoor kinematic environment. The deployment of the test platform is presented
in Fig. 7. For the MIMU inputs, we used the MTi-G-700 from Xsens. The bias
stability of the gyro is 20°h and that of the accelerometer is 2 mg. UWB units
based on the DW1000, providing a ranging accuracy of 20 cm in static and
line-of-sight (LOS) condition, were adopted to obtain UWB range measurements.
The sensors were connected to a laptop to store the observations and fuse them
offline.
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Fig. 7 The deployment of
the test platform

Fig. 8 The approximate
kinematic trajectory

Y. Shi et al.

DW 1000 +
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In Fig. 8, the test scenario is shown, together with the approximate kinematic
trajectory designed previously in two rooms. Ay, A, and A, are the three UWB
anchor nodes for range measuring and positioning. Notice that the two rooms are
separated by a 0.12 m-wide wood wall.

4.2 Test Results

Similar to the simulation researches, the performance of the integrated system was
verified in three cases. Failures were manually introduced in that no abnormal case

occurred in our test.
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4.2.1 Casel

In the normal case (without signal blockages and gross errors), comparison between
the UWB position and the MIMU/UWB position is illustrated in Fig. 9. It is noticed
that the INS position is seriously affected by the cumulative errors and suffers a
large deviation, for which reason INS is not taken into consideration alone. The
accuracies are similar, but the lower amplitude of the integrated trajectory is rec-
ognized as a sign of better estimation. Owing to the lack of definite reference
position, we can’t make a quantitative evaluation of the positioning accuracy.
However, Fig. 9 reveals that the maximum deviation is no more than 2 m.

4.2.2 Case 2

To test the performance of the integrated system when UWB signal is blocked, a
gap of 5 s is manually created at the time of 110 s. The phase described in the red
dashed box demonstrates that the integrated system still yields continuous position
(Fig. 10).
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4.2.3 Case3

To test the performance of the integrated system when UWB gross error occurs,
gross errors of 5 m in all three directions are manually added to the observation at
the time of 170 s. The good shapes of blue trajectories prove that the effect of the
added gross errors are eliminated, hence, the integrated system has the advantage of
strong robustness (Fig. 11).

5 Conclusion

Indoor positioning technology is becoming very attractive in many fields of
applications such as intelligent shopping guidance, emergency handling and rapid
rescue. Combining INS and UWB positioning provides higher accuracy and
robustness. In this paper, a MIMU/UWRB integrated positioning system is presented
by investigating the information fusion strategy. To evaluate the performance of the
system, simulation researches and indoor kinematic experimental tests are con-
ducted. It is noticed that three possible cases which may occur in practical uses are
considered, including normally working, UWB signal blockage and UWB gross
error occurring. The obtained results have shown the system capability of contin-
uously and stably estimating the position within an error of 2 m. Particularly, effects
of UWB signal blockages and gross errors can be alleviated or eliminated.
However, owing to the lack of definite reference position in experimental tests, we
can’t make a quantitative evaluation of the positioning accuracy. Better experi-
mental environment is expected. MIMU/UWB integrated indoor positioning is a
hotspot with desirable value and wide prospect which demands both theoretical and
experimental researches. For higher accuracy and stability, improvements of the
fusion strategy and investigations on tightly-coupled positioning system are con-
sidered as future work.
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Progress on Novel Atomic Magnetometer
and Gyroscope Based on Self-sustaining
of Electron Spins

S.G. Wang, C. Xu, Y.Y. Feng and L.J. Wang

Abstract The gyroscope based on atomic technology has the potential to provide
the end user a high-performance device in a small package with low-power.
Generally, the atomic gyroscope detects the rotation or angular rate of the object by
measuring the Larmor precession frequency of spins. However, the precision is
limited by the shorter coherence time caused by relaxation effects, and since the
nuclear spin precession is often used in detection for atomic gyroscope, longer
polarization time limits its application environment. Presented in this paper is a
self-sustaining gyroscope based on electron spins. By non-destructively measuring
the phase of the Larmor precession and regenerating the coherence via optical
pumping, the Larmor precession can persist indefinitely, and the system can quickly
regain polarization to environmental variations. Magnetic field measurement has
been accomplished by using the self-sustaining technology. The precision of the
magnetometer increases with time following a much faster 7! rule rather than the
traditional t~1/2 rule. The mean sensitivity is close to the shot noise in 300 ms, and
the magnetometer has a quick response to sudden magnetic change. The
self-sustaining technology can hopefully improve the measurement precision and
the response time of the atomic gyroscope.
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1 Introduction

Using coherent superposition of the atomic states, the high-precision and absolute
measurement can be realized. By detecting the Larmor precession of atomic spins,
one can measure the absolute magnetic field and the angular velocity. However, in
most of the coherent quantum measurement, the precision is limited by the coherent
time of atomic states. Recently, we have engaged in developing a novel
self-sustaining technology. By non-destructively measuring the phase of the Larmor
precession and regenerating the coherence via coherent optical pumping, we break
through the limit of the short lifetime of the electron spins, and extend the coherent
time of the electron spins, making the Larmor precession persist definitely. The
self-sustaining technology has the advantage of long coherent time and rapid
polarizing speed. It is expected to realize the high-precision magnetometer and
gyroscope based on the self-sustaining technology.

In this paper, the self-sustaining technology, the progress of the self-sustaining
magnetometer and gyroscope are reported.

2 Self-sustaining Technology
2.1 Theory

In the traditional measurement on the frequency of the Larmor precession, the atom
spins are firstly polarized with a circularly polarized pump light. The direction of
the spins is along the incident direction of the pump light. When the pump light is
turned off, the spins start to precess around the external field B. A damping signal
will be detected after a while since the existence of the decoherence and the average
value of the spins will relax to zero after a certain lifetime 7o. We illustrate the
method using ®°Rb atoms in the experiment. As shown in Fig. 1, setting the z-axis
along the magnetic field, at t = 0 a circularly polarized light along the y-axis pumps
all the atoms into the magnetic sublevel state |F =3, mp = 3), making the

Fig. 1 The diagram of the VA
Larmor precession of atomic A
spins in self-sustaining setup
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direction of the spins along y direction. After the preparation of the polarization, the
spins start to precess along the magnetic field. The probe light is along the x-axis
proportional to the pump light. A damping signal will be detected after a while
since the existence of the decoherence.

At time t = 2n/w;, where wy is the Larmor precession frequency, the popula-
tion will evolve back to the initial |F = 3, mp = 3) state. If the pumping light pulse
is switched on right at this moment again, all atoms in |F = 3, mp = 3) state will
remain unaffected while atoms in all other states due to relaxation will be pumped
back to |F =3, mp =3) state. By coherent pumping, the damping signal is
compensated. In this way, the spin is regenerated by the coherent pumping field and
can maintain a very long lifetime. Since the time is dependent on the past signal of
itself, the technology is called self-sustaining technology.

2.2 Setup

The system is composed of three parts, laser system, atoms with magnetic shielding,
and control electronics. The setup is shown as Fig. 2.

A circularly polarized tunable external diode laser and the linearly polarized
external diode laser are served as the pumping and repumping light, respectively as
shown in Fig. 3. Both of them go through the same AOM (acousto-optic modu-
lator) so that they can be switched on and off simultaneously. The probe laser
propagates through the Glan-Taylor polarizer, the cell, and the Wollaston analyzer
in sequence to form the Faraday rotation measurement [1]. Its beam size is about
2 mm and its frequency is red-detuned by 4 GHz from |F = 3) — |F’) of the D2
line. The three lasers come from three independent diode lasers and they are not
phase locked to each other.

Fig. 2 The schematic Differential
diagram of the experimental detector
facility 7 S
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Fig. 3 The schematic
diagram of the experimental
facility
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Fig. 4 a Spin precession signal of the self-sustaining magnetometer. b Signal observed in a
single-pump free precession setup. The black line is the precession signal, the blue line is the
control signal and the red line is a sine-decay fitting (color figure online)

The Rb cell is cylindrical 20 mm long and 20 mm in diameter. It is a self-made
o-olefin coated cell containing natural abundance rubidium atoms. The cell is
placed inside a five-layer u-metal magnetic shield casing. A pair of Helmholtz coils
controlled by a stable current source generates the uniform magnetic field B. The

experiment is performed at room temperature.



Progress on Novel Atomic Magnetometer and Gyroscope ... 539

2.3 Results

For comparison, the single pump Larmor precession signal and the self-sustaining
signal are both measured. The result is shown in Fig. 4.

For the single pump measurement, the Larmor signal is damped due to the
decoherence, and the sine-decay fitting gives a decay time of 30 ms.

3 Self-sustaining Magnetometer

3.1 Theory

For a standard free precession process, the sensitivity is [2]

1
~ 9-SNR- /T 1o

where SNR is the signal-to-noise-ratio and y is the gyromagnetic ratio. Extending
the lifetime of atoms is the key point to improve the sensitivity of magnetometer.

oB (1)

For a measurement time 7 >> T4, the sensitivity improves as 71/2 due to the
uncorrelated phase in each repeated measurement. In self-sustaining method, the
life time 7 ~ 7, and hence the sensitivity will improve following a much faster 7~
rule, until the accumulating phase error is large enough to destroy the phase
coherence.

3.2 Results

As shown in Fig. 5, the Allan deviation [3] is the same as expected. The sensitivity
is improved following the 7! rule. The ™! rule can extend to about 300 ms. It is
followed by then turning into a t—'/2 rule. The shot noise limit of spin projection is
about 130 fT at t = 1 s, and hence, the sensitivity of the self-sustaining method has
approached the limit of the shot noise.

The sensitivity of the free-precession repeated method is improved following the
traditional 7='/2 rule.

The FFT (fast Fourier transform) spectrum as shown in Fig. 6 also shows the
superior of the self-sustaining method. The average noise level of 1 Hz to 10 Hz is
240 fT/v/Hz, while the noise is 2.6 pT/v/Hz for the free precession repeated
method [4].
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Fig. 5 (i) Allan deviation of
the self-sustaining mode and
(it) the free-precession
repeated mode. The red dash
line represents the spin
projection noise limit (Color
figure online)
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4 Self-sustaining Gyroscope

The gyroscope based on the spins also measures the frequency of the Larmor
frequency. The longer the lifetime of the spins, the higher the precision is. Hence,
the nuclear spins are usually used in the gyroscope [5-7].

However, it will cost a longer time for the polarization of the nuclear spins,
which limits the application environment. For electron spins, the polarization time
is much less than the nuclear spins, but with a short lifetime. Hence, the
self-sustaining gyroscope has the potential to solve the problems of both the nuclear
spins and electron spins.

For ®Rb atoms, the gyromagnetic ratios of the two ground states are opposite.
Using two cells, one cell is prepared to the upper ground state, and one is prepared
to the other state. Both cells are executed with the self-sustaining method, hence
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Fig. 7 The schematic -—
diagram of the self-sustaining
atomic gyroscopes. The cells
are placed in a magnetic field
shield case, and pumped by

laser I and I, respectively. I ! 8
Laser B and A are probe laser, " * e
respectively

= it b

Rotary table

long coherence time can be accomplished with electron spins. After mixing the
frequencies of the two Larmor frequency, the angular velocity Q is obtained.

ws =yB+Q (2)
wp = =B+ Q (3)

The schematic diagram of the self-sustaining atomic gyroscopes is shown in
Fig. 7.

The self-sustaining gyroscope with electron spins has the advantage of both long
coherence time and rapid polarization time, hence it has a large potential to improve
the performance of the atomic gyroscope.

5 Conclusion

We have introduced a novel self-sustaining method, which largely extends the
lifetime of the electron spins. Using the method, we have realized the
self-sustaining magnetometer, and it has the potential to realize a gyroscope based
on electron spins with high-precision.
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Design of Buoy Array Configuration
in the Autonomous Positioning System
of Underwater Vehicles

Suyang Liu, Chunjie Qiao and Yangyang Wang

Abstract When underwater vehicles are performing operations in the water, an
autonomous positioning system can provide them with their location information in
a convert and flexible way. In Wang et al. Design of autonomous underwater
vehicle positioning system, 2016 [1], an autonomous positioning system for
underwater vehicles is designed. The buoys on the water surface obtain their
location with the help of GPS or Beidou Positioning system, and transmit spread
spectrum acoustic signal to the underwater vehicle. In this system, the buoy array
configuration is a key factor regarding to positioning precision. In this paper, the
influence exerted by buoy array configuration on positioning precision is analyzed;
to design a better configuration, two principles of configuration design are pro-
posed, which are nonsingularity of matrix G and minimal position dilution of
precision (PDOP); and with the limit of maximum working distance of acoustic
transducers, a central radiation configuration with minimum elevation angle is
proposed. Through simulation, the PDOP values of three different configurations
are compared upon the same region. It is concluded that the central radiation
configuration has relatively smaller average PDOP value and no singular matrix G
in the locating region, which is, therefore, a better configuration for practice.

Keywords Underwater vehicle positioning - Buoy array configuration - PDOP -
Central radiation configuration
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1 Introduction

In recent years, underwater vehicles are used in a variety of applications, such as
underwater search and rescue, engineering operations [2, 3], intelligence recon-
naissance, underwater weapons deployment and etc. When performing tasks in the
water, underwater vehicles usually need their location information. The traditional
positioning method is to lay a sonar array on the seabed and measuring the dis-
tances or orientations of the underwater vehicle from base array elements [4].
However, a large-scale sonar array has to be laid and calibrated in this method,
which is demanding and not flexible. In [1], a scheme of autonomous positioning
system for underwater vehicles is proposed. In this method, four buoys are laid on
the sea surface, which acquire their location through GPS or Beidou positioning
signal and transmit spread spectrum acoustic signal to the underwater vehicle in the
meantime. The underwater vehicle measures pseudo-ranges between itself and the
buoys through received signal and obtains its absolute location by coordinate
transformation. A diagram of the system is shown in Fig. 1. However, the buoy
configuration was not discussed in depth in [1].

The buoy configuration plays an important role in the accuracy of positioning
results. In most cases, Dilution of Precision (DOP) is used to represent the mag-
nifying power of measurement error into the final position results. Therefore, DOP
can be used to evaluate buoy configurations [5]. In [6], it was pointed out that when
buoys and the underwater vehicle forms a regular tetrahedron, the DOP can be
minimized. However, in the autonomous positioning system of underwater vehicle,
buoys float above the underwater vehicle, resulting in elevation angles which are
greater than 0. Based on the above research, this paper proposes a design of buoy
configuration, which is called central radiation configuration with minimum ele-
vation angle. The simulation results show that the proposed method can guarantee
better geometric configuration under same conditions, thus ensuring smaller posi-
tioning error.

Fig. 1 A diagram of the Navigation Data
autonomous positioning
system of underwater vehicles GPS Buoy
Base Line
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2 Design of Buoy Array Configuration

2.1 Positioning Precision and Position Dilution of Precision

If there is a clock bias between buoys and the vehicle, it would be necessary to use
four buoys to complete vehicle localization. In this case, the locating equations are

\/(xl—x)2+(y1—y)2+(zl—z)2+tu:p1—sl
\/(xz—x)2+(y2—y)2+(zZ—z)2+tu:pz—sz

2 2 2 (1)
\/(X3—X) T3 =y +(@m—2) +0=p;—e&
V=3 4+ 0 =9+ = 2+ =y —

In the formula, (x;,y;,z;) stands for the three-dimensional position of the ith
buoy, which is included in the locating message transmitted by this buoy. p; stands
for the pseudo-range between the ith buoy and the vehicle, which is acquired by
spread spectrum receiver on the vehicle. (x,y, z) stands for the unknown location of
the vehicle. #, stands for the spatial distance corresponding to the clock difference. ¢
stands for measurement error.

In [5], the following assumptions are made:

1. Measurement error of each buoy obeys the same normal distribution, whose
mean value is zero and variance is aiRE.

2. The measurement error of different buoys is independent.

When the above assumptions are satisfied, the positioning error covariance
matrix can be expressed as

Ax
Ay T\ 1.2 2
Cov Az = (G'G) 0, =Ho, (2)
At,
The coefficient matrix G is
—cosay —cosff; —cosy; 1
G_ | ~cosm —cos B, —cosy, 1 3)
—cosas —cosfl3 —cosy; 1
—cosoy —cosfly, —cosy, 1

where o;, f5;,7; stands for the angle between the ith buoy and the x-axis, y-axis, and
z-axis respectively.

Equation (2) shows that the accuracy of the static positioning precision of the
vehicle is mainly determined by the measurement error and the weight matrix H.
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The measurement error consists of two main part, which are buoy position error and
pseudo-range measurement error. The buoy position error is the error of buoy
location obtained from GPS or Beidou service. The pseudo-range measurement
error is produced during the signal process in the receiver. There are many sources
of pseudo-range measurement error, including bending transmitting path of acoustic
signal, measurement error caused by multipath and background noise in the
ocean [7]. The pseudo-range measurement error is affected by the ocean environ-
ment to a large extent.

While the pseudo-range measurement error is difficult to be controlled, the
weight coefficient matrix H can be designed to minimize the positioning error. It is
often the case to use position dilution of precision (PDOP) to represent amplifying
power of the measurement error into the positioning error, which is defined as [5]

PDOP = \/hy1 + hy + h33 (4)

where hy1, hy, ha; are the first three diagonal elements, which are the amplifying
power of error variance on X axis, y axis, z axis respectively. With the same
measurement error, smaller PDOP value contributes to smaller error in the posi-
tioning results. Actually, PDOP matrix is the Cramer-Rao lower bound on estimates
of position given that the pseudorange errors are Gaussian distributed [8].
Meanwhile, the geometric matrix G is only related to geometric configuration of
buoys and the vehicle. Therefore, the PDOP value can be used as an indicator of
buoy configuration performance.

2.2 Central Radiation Configuration with Minimum
Elevation Angle

In this paper, we mainly consider two aspects when designing the buoy configu-
ration: one is the nonsingularity of the matrix G, which determines whether the
positioning system can work stably in the region of interest; the other one is smaller
PDOP value to minimize the amplifying power of the measurement error into the
positioning error.

1. Singularity of Matrix G

Three types of buoy configurations are shown in Fig. 2, all of which has sin-
gularity points in the locating area. The first one is a square configuration. In the
two vertical planes containing two axes of symmetry [, ,, G is singular [9]. The
second ones is an isosceles trapezoid configuration. In the vertical plane passing its
axis of symmetry /,, G is singular [9]. The last one is a circle configuration. On the
vertical line through the center O, G is singular.

If matrix G is singular, then G'G is also singular. Therefore, there is no inverse
matrix and it is impossible to compute PDOP. In fact, if matrix G is singular, there
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would be more than one solution to the locating equations [6]. Thus, when
designing the buoy configuration, we should avoid presence of singular points in
vehicle working area. Otherwise, the positioning system cannot work stably in the
area.

When four buoys are laid in central radiation configuration, which is one buoy
float above the vehicle while the other three locate on the same circle around the
central buoy, there is no singular points in the working area, ensuring the system
work stably.

2. PDOP Value

In [6], it has been proved that the PDOP value is the smallest when the four
floats constitute the tetrahedron and the vehicle is located in the center of the
tetrahedron. However, the buoys are located on the water surface, thus, elevation
angles are greater than 0. Figiure 3 shows the variation of PDOP at different ele-
vation angles. In order to highlight the difference, the ordinate is the inverse of
PDOP. It can be seen that PDOP is the smallest at —19.48° (the elevation angle
corresponding to tetrahedron), and that as the elevation angle increases from that
point, the PDOP gradually increases. Therefore, in order to maintain a small PDOP,
elevation angle should be reduced as much as possible.
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Fig. 4 Central radiation
configuration with minimum
elevation angle

However, in real-world practice, elevation angles cannot be infinitely close to 0°.
First of all, the vehicle needs to navigate in a certain depth of water in order not to
be exposed. Secondly, due to the limited power of transducers, the working
propagation distance of acoustic wave is limited. The maximal working distance
can be used to represent the propagation distance. It defined as the maximal sound
path distance, which satisfies the pseudo-range measurement precision of spread
spectrum signal when confidence probability and power limit of transducers are
given [7].

These two constraints confine the elevation angle in a certain range [0min, 90°].
The minimum elevation angle is greater than 0, which can be approximately cal-
culated from the navigation depth of the vehicle, and the maximum working dis-
tance of the transducer as follows

Ormin &~ arcsin — (5)
max

Based on the above two design requirements, this paper uses the central radiation
configuration with the minimum elevation angle, as shown in Fig. 4.

3 Comparison of Three Buoy Configurations

In order to evaluate the central radiation configuration with the minimum elevation
angle presented in the previous section, PDOP values of three configurations with
the same minimum elevation angle are calculated and compared in this section. In
the simulation, the depth of underwater vehicle is assumed to be the same, which is
100 m; and the maximum working distance of transducers are assumed to be the
same, which are 400 m. Therefore, the minimum elevation angle of the buoy
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relative to the vehicle is 14.48°. The locating region where vehicle may appear is
D = {(x,y,—100)|x € [-100, 100],y € [—100, 100]}.

3.1 Square Configuration

The coordinates of the four buoys are shown in Fig. 5. The PDOP values in the
locating region are shown in Fig. 6 which is sampled every 5 m along x axis and y
axis. On the two symmetric axes of the square, the matrix G is singular; near the
two axes, especially near the point (0, 0, —100), the matrix G is nearly singular, and
the PDOP is extremely large. The mean value of PDOP over the locating region
except singular points is 885.54.

(-273.9,273.9,0) ,, (273.9,273.9,0)
T T 9

| |
I .
| |
L L

(-273.9,-273.9,0) | (273.9,-273.9,0)

Fig. 5 Coordinates of four buoys in a square configuration

FDOP

100

-100  -100

Fig. 6 PDOP in locating region of the square configuration
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3.2 Diamond Configuration

The coordinates of the four buoys are shown in Fig. 7. The PDOP values in the
locating region are shown in Fig. 8. The shape of PDOP surf is like a ‘saddle’.
The PDOP value decreases as the locating point moves away from the origin to
each side of the x axis; on the contrary, it increases as the locating point moves
away from the origin to each side of the y axis. There is no singular point in the
locating region. And the mean value of PDOP is 5.03.

3.3 Central Radiation Configuration

The coordinates of the four buoys are shown in Fig. 9. The PDOP value in the
locating region is shown in Fig. 10. The PDOP value is lower in the center and

y
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Fig. 7 Coordinates of four buoys in a diamond configuration
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Fig. 8 PDOP in locating region of the diamond configuration
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higher on the edge and has the same gradient at any direction from the origin. There
is no singular point in the locating region. The mean value of PDOP is 2.57, which
is relatively lower than that of diamond configuration.

4 Conclusion

Based on the autonomous positioning system of underwater vehicle, this paper
focuses on the design of buoy configuration for higher positioning precision. In this
paper, the influence of buoy array configuration on the positioning precision is
analyzed, and a central radiation configuration with the minimum elevation angle is
proposed. Through simulation, this paper compared the PDOP value and the sin-
gularity of matrix G of three different configurations in the same locating region.
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Conclusions are drawn as follows: square configuration has singular points and
nearly singular points in the locating region; the diamond configuration and the
central radiation configuration do not have singular points; and the average PDOP
of the central radiation configuration is lower than that of the diamond configura-
tion. Therefore, it is reasonable to consider central radiation configuration with the
minimum elevation angle as a better geometric configuration, which can be
implemented in the autonomous positioning system.
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Hardware In-Loop System for X-ray
Pulsar-Based Navigation and Experiments

Dapeng Zhang, Wei Zheng, Lizhi Sheng, Yidi Wang and Neng Xu

Abstract X-ray pulsar-based navigation uses natural objects, the neutron star, in
space as the navigation signal source. The advantages of the method are navigation
information is complete, and the reliability and autonomy are high. It is a research
hot spot at present both at home and abroad. As a result of the X-ray signal from the
pulsars is very weak, it cannot penetrate the thickset atmosphere. In order to val-
idate the pulsar navigation algorithms closer to the real conditions on ground, the
special Hardware in-Loop System should be used to do the experiments. This paper
adopted the system “Tianshu-II” which is developed by National University of
Defense Technology and Xi’an Institute of Optics and Precision Mechanics
research institute. A series of X-ray pulsar-based navigation experiments are carried
out. Experimental results show that the algorithms are reliable. They are verified to
be effective in the hardware-in-the-loop simulation.

Keywords X-ray pulsar-based navigation - Simulation and verification
Hardware in-loop system - Experiments

1 Introduction

The pulsar is a kind of neutron star rotating quickly. The rotating axis and the
magnetic axis don’t coincide and the two magnetic poles transmit beam. When the
beams sweep on the detector, the detector receives a pulse signal [1]. Since the first
pulsar is discovered, scientists consider the rotating period of the pulsar is so stable
that it could be used as natural clock. X-ray pulsar-based navigation is proposed in
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Fig. 1 Hardware in-loop system for X-ray pulsar-based navigation

1970s. From the end of 20th century to the turn of the century, a whole navigation
scheme is formed gradually [2, 3]. According to energy range of the radiation, the
pulsars can be divided as X-ray pulsar, radio pulsar and gamma-ray pulsar and so
on. In order to reduce the mass and power consumption, the X-ray pulsars are
selected in the navigation [4-6] (Fig. 1).

Hardware in-Loop System for X-ray Pulsar-based Navigation is used for veri-
fying the X-ray pulsar navigation theory, evaluating the performance of the algo-
rithm. Based on the input parameter from users, the system can output the single
photon signal which the flux is controllable, the period is variable and the profile is
settable arbitrarily. The system is competent for static signal processing, dynamic
signal processing, energy spectrum construction, navigation algorithm verification
and performance evaluation of the detectors.

2 Components of “Tianshu I1”

“Tianshu II” is a kind of hardware in-loop system for X-ray pulsar-based navigation
[7]. It is developed by National University of Defense Technology and Xi’an
institute of optics and precision mechanics of CAS. It is consist of central control
equipment cabinet, vacuum environment simulation system, X-ray generator, X-ray
detector, software system and soon (Fig. 2).

2.1 X-ray Generator

The X-ray generator is equipped by the grid-controlled X-ray tube. If fixing the
filament’s current and anode’s voltage, the grid-controlled X-ray tube changes the
output flux of X-ray by changing the voltage of the grid. Transform the pulsar
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Fig. 2 Components of “Tianshu II”

Fig. 3 The X-ray generator
of the system

profile data to the voltage value, and drive the grid-controlled X-ray tube. So the
flux of the X-ray is modulated by the time. The X-ray tube has no window structure,
so the low energy X-ray is reserved (Fig. 3).
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2.2 Vacuum Environment Simulation System

Owing to the energy of most of the photons sent by the X-ray generator is below
2 keV, these low energy photons can only be transmitted in the vacuum environ-
ment in respect that they will decay quickly in the atmosphere or any other medium.
Simultaneity, the open tube in the X-ray generator needs to work in the vacuum
environment too (Fig. 4).

“Tianshu II” system uses high-performance compound molecular pump and
rotary vane mechanical pump to bleed the air. The speed is 600 L/s. It will take one
hour to reach the vacuum degree of 10~ Pa.

2.3 The Time Synchronization System for X-Ray Source
and Detector

The traditional rotating-plate modulation scheme is hard to implement the syn-
chronization between X-ray source and detector. “Tianshu II” uses electronic
modulation method. This method can use the principal computer to trigger the

Fig. 5 High-performance Rb atom clock
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X-ray source and detector synchronously. Furthermore, use the atom clock to
synchronize the interval of seconds (Fig. 5).

3 The Experiments Based on the “Tianshu II” System

3.1 The Dynamic Signal Simulation

When the spacecraft moves as its orbit, the signal received by the detector contains
the Doppler frequency shift. To simulate this kind of signal requires the precision of
the period tracking and the flux controlling is very high.

1. Experiments of dynamic signal for low earth orbit

Select PSR B0531+21 as the observation object. Set the flux is 276.4793 ph/s. The
simulation time interval is 90 min. The orbit is low earth orbit. The six roots are,
[X0, Y0 Zo» Vx0» Vy0s V0] = [0, 6578000, 0, —=7784.3384, 0, 0], the unit of position is
meter and the unit of velocity is meter per second.

Search the periods every 1 min [8] and the period tracking result is shown in
Fig. 6. The recovery profile is shown Fig. 7.

2. Experiments of dynamic signal for high earth orbit

Select PSR B1937+21 as the observation object. Set the flux is 431.5924 ph/s The
simulation time interval is 90 min. The orbit is low earth orbit. The six roots are,
[X0, Yoo Z0» Vx0» Vyo» Va0l = [-5654543.43, 41617618.12, 0, 1526.30, —207.37,
—2667.93], the unit of position is meter and the unit of velocity is meter per second.

Fig. 6 The period tracking
result
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Fig. 8 The period tracking result

Search the periods every 1 min and the period tracking result is shown in Fig. 8.
The recovery profile is shown Fig. 9.

Use standard deviation as the error evaluation criterion, the experiment results
show the precision of period tracking can reach nanosecond level.
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3.2 The Static Signal Simulation

1. Experiments of profile similarity

“Tianshu II” system can simulate arbitrary pulsar’s profile. In this experiment, we
use SDD detector to receive the photon signal. Recover the signal by epoch folding
method. Compare this recovery profile with the standard profile. According to the
Pearson’s linear correlation coefficient, the comparability is obtained.

Pearson’s linear correlation coefficient is shown as following,

YL A -AB-B)
VI (A~ AP/, (B - BY

(1)

where A; and B; are the amplitude of the recovery profile and standard profile. A and
B are the mean value of the amplitude of the standard profile [9] and recovery
profile [10].

Set the anode high voltage of the X-ray source as 25 kV and the filament current
as 2.2A. Select PSR B0531+21’s profile. Use SDD detector to record the photon
arrival information. The experiment time interval is 7200 s. Use epoch folding
method to recover profile, and compute the comparability according Eq. (1)
(Fig. 10).

From the results, the system can simulate the profile and the similarity is high.
When the collection time is 7200 s, the similarity is as high as 99.98%.

2. Detector time delay experiment

Because of the principle of the detector and the transmission of the electronic
circuits, the detector’s response exit time delay. In order to get the calibration
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Fig. 11 Setup of the time delay calibration testbed

parameter, this time delay should be calibrated. The setup of the testbed is shown in
Fig. 11.

Set the output profile as PSR B0531+21, SCD and SDD Detector collect photon
data at one time for one hour. Obtain two profile by epoch folding, as Fig. 12
shows.

By comparison of the two profiles, the time delay of SCD detector is
11.3525 ms.
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Table 1 Test resulFs of Character energy (keV) FWHM (eV)
single energy experiments
1.49 148
451 190
5.41 166
6.40 158
8.05 187
9.89 178
15.77 192

3.3 Energy Spectrum Experiment

1. Single energy X-ray experiment

Set the anode high voltage of the X-ray source as 25 kV and the filament current as
2.2A and the grid as 0 V. Use SDD Detector to collect photons. Get the energy
spectrum, character energy (Ko) and FWHM by the data processing software
(Table 1).

2. Complex energy X-ray experiment

Set the anode high voltage of the X-ray source as 25 kV and the filament current as
2.2A and the grid as 0 V. Use Mo target to generate X-ray. The working time of the
system is one hour.

The complex energy spectrum of Mo target is shown in Fig. 13. By comparison
with the PSR B0531+21°’s energy spectrum curve, the complex energy spectrum is
similar to it. Therefore, the complex energy spectrum can support the research of
energy spectrum construction of pulsars, test of detector’s energy resolution and so on.
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Fig. 13 Simulation of pulsar’s energy spectrum. a Energy spectrum of PSR B0531+21. b The
simulation energy spectrum

4 Conclusions

At present, X-ray Pulsar-based Navigation is on the step of technology verification.
It is very expensive to use the spacecraft to verify. However, the software simu-
lation cannot reflect the device response accurately. Use the hardware in-loop
system can play to their strengths. This paper use “Tianshu II” developed by
National University of Defense Technology and Xi’an institute of optics and pre-
cision mechanics of CAS to do part experiments. The experiments test the dynamic
signal and static signal simulation, calibration of X-ray detector and energy spec-
trum simulation. The results show that the simulation precision of “Tianshu II”
system is high, the system can support the research of X-ray Pulsar-based
Navigation technology.
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Magnetic Field Based Indoor Pedestrian
Positioning Using Self-contained Sensors

Xiang Mu, Jiuchao Qian, Changqing Xu,
Ling Pei, Peilin Liu and Wenxian Yu

Abstract The geomagnetic field exists everywhere and has been demonstrated to
be local disturbed and stable over time. In this paper, we present an approach for
indoor positioning which does not rely upon any additional support equipment,
using magnetic fingerprint collected by magnetic field sensors in smartphone and
walking information of user measured by self-contained inertial sensors. In order to
improve the practicability of our positioning method, we choose the Z-axis mag-
netic of world coordinate system as feature information, which can reach no restrain
of phone’s gesture and orientation when pedestrians walk. Moreover, to improve
the discernibility of geomagnetic information, we measure the geomagnetic signals
as a sequence, and we match the geomagnetic signals with the established finger-
print using dynamic time warping (DTW) algorithm. Meanwhile, a hidden Markov
model (HMM) based positioning process is adopted to strengthen the robustness of
the algorithm. Extensive field tests have been conducted in an office building to
verify the performance of proposed algorithm. Test results show that the proposed
algorithm can achieve less than 1.11 ms of mean error and 2.13 ms of 95th per-
centile error.

Keywords Indoor pedestrian positioning - Magnetic fingerprint - Hidden markov
model - Self-contained sensors

1 Introduction

With rapid development of Global Navigation Satellite System (GNSS), Location-
Based Services (LBS) has been widely applied in outdoor environment. However,
GNSS signals are degraded or denied in indoor areas [1]. In recent years positioning

X. Mu - J. Qian (Xl) - C. Xu - L. Pei - P. Liu - W. Yu

Shanghai Key Laboratory of Navigation and Location-Based Services,
School of Electronic Information and Electrical Engineering, Shanghai
Jiao Tong University, Shanghai 200240, China

e-mail: jeqian@sjtu.edu.cn

© Springer Nature Singapore Pte Ltd. 2017 565
J. Sun et al. (eds.), China Satellite Navigation Conference (CSNC) 2017

Proceedings: Volume II, Lecture Notes in Electrical Engineering 438,

DOI 10.1007/978-981-10-4591-2_46



566 X. Mu et al.

in indoor environment has become an essential requirement for LBS applications,
such as emergency rescue, health care and commercial information push services
etc. Therefore, the research on positioning systems for indoor environment has been
one of the most important research hotspots.

Recently indoor position techniques based on wireless signals such as WIFI [2],
UWB [3], ZigBee [4] and Frequency Modulation (FM) [S5] have been investigated.
But when the ambient signals are subject to occasional change, especially in
emergency rescue missions where electric power is failed these approaches will run
out. Therefore, an indoor positioning method that is infrastructure free is demanded.
As we know, the geomagnetic field exists everywhere and has been demonstrated to
be stable over time [6]. Stable feature of geomagnetic field and the geomagnetic
information can be used to provide accurate indoor positioning without depending
on any equipment.

In this paper, we propose an approach for indoor positioning which does not rely
upon any additional support equipment, using magnetic fingerprint collected by
self-contained magnetic sensors.

To ameliorate the accuracy of positioning, we adopted a sequence measured by
magnetic sensor to match with established fingerprint rather than single measure-
ment vectors [7, 8]. The positioning process can be considered as a hidden Markov
process, and at the same time matching the sequences with the constructed fin-
gerprint enables to get more precise transition probabilities in HMM, which
improves accuracy of positioning.

For purpose of verifying the high performance of our proposed methods, we
carried out a series of field tests in our office building. Upon the test results, we
found that our indoor positioning system has high performance without any extra
infrastructure, and it is convenient to deploy the system on building at relatively
high speed.

2 Positioning Method

In this work, we provide a positioning method using smartphones in indoor envi-
ronments. The positioning method has two phases: offline phase and online phase.
In the offline phase, we collect the geomagnetic data to construct the fingerprint
database. In the online phase, we match the geomagnetic sequence measured by
smartphone online with the geomagnetic fingerprint database to locate the user’s
position.

2.1 In the Offline Phase

Many researches have demonstrated the fact that the geomagnetic field is stable in
indoor environments [9, 10], but single geomagnetic information provides low
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discernible information for positioning. Hence, we choose the sequence of geo-
magnetic as positioning information, rather than acquire the information of single
point, which improves discernible for effective positioning.

The magnetometer in smartphone can obtain three-axis data of the raw geo-
magnetic signal m,,m, and m, in the smartphone’s coordinate system, which is
represented by the {x,y,z}, thus the intensity of raw geomagnetic signal measured
by smartphone in three axis related with the gesture and orientation of the smart-
phone. However, the orientation of smartphone should not be added with any
restriction when pedestrian walks naturally in daily life. Therefore, it is significant
to estimate the direction of the smartphone and realize the transformation from the
raw geomagnetic signal sourced from the magnetometer to the world’s coordinate
system, which represented by the {X,Y,Z}, where the X axis is pointing to the
geomagnetic north pole, the Z axis is pointing to the opposite direction of gravity
and the Y axis is orthogonal to both the X axis and the Z axis.

In practice, the gesture information of the smartphone including the roll, pitch,
and yaw angles of the body frame with respect to the navigation frame are unre-
liable, due to the user’s motion and the quickly diverging errors in the low cost
inertial sensors of smartphone [11, 12]. In indoor area it is hard to estimate the north
reliably by the magnetic sensors, since this process needs the measurement of
undistorted geomagnetic information. However, the three-axis accelerometer is
reliable to figure out the direction of gravity [13, 14], then having known the
direction of gravity we can calculate the intensity of geomagnetic on the Z axis of
the world reference through a transform formula as [15]:

mz =mO (-g/lg|) (1)

where © is the vector inner produce operation, my is the geomagnetic intensity of
the Z axis of world coordinate system. The measurements of geomagnetic along the
Z axis are independent of user’s heading.

To demonstrate the stability of my, we collected the geomagnetic information
along a path in our office building at different time shown as Fig. 1. Although, the
magnitudes of three curves are different, they have similar variation trend. Hence
we adopt the Z axis geomagnetic as the feature of positioning.

For the purpose of constructing the database, we divide the path of office room
into segments by the cross of path net. We walked straight along every segment at a
constant speed with a smartphone held on hand. In order to establish more accurate
database of geomagnetic field, we collected the geomagnetic information in one
path dozens of times.

Magnetometers in different smartphones, even one magnetometer of the same
device in different time also leads to different offsets. To reduce the influence of
these offsets, we calculate the mean of each geomagnetic sequence independently
and deduct the mean from points in each sequence.

In the online phase, we deduct the mean of geomagnetic sequence in each point
as well, thus sequences measurements from the magnetometer all have zero mean.
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Fig. 1 The geomagnetic intensity of Z-axis measured in different time

Due to we subtract the mean value from the collected geomagnetic intensity online,
the uniqueness of geomagnetic information is reduced.

After getting sequences information of geomagnetic, which is read from mag-
netometer and transformed along Z axis of the world, removing the mean of the
sequence as well, for one segment, we divide this sequence into smaller segment
averagely by the counts of steps on this path, then we save the geomagnetic signal
as DT = {Dy,Ds,...,D,}, where w is the number of total paths in the office room,
and D; = {dy,dy,...,dy} i=1,2,...,w, where M is the number of dataset in one
path and the dy is one sequence in D;, d; = {d;,ds,...,d,}, where d is the
sequence of one step of ith path. Constant speed is designed in the process of
geomagnetic signal collection, so that we can obtain the position of every small
sequence of geomagnetic.

2.2 In the Online Phase

In the online phase, we can detect pedestrian steps using accelerometer at first, and
then calculate the time interval between two neighboring steps. In the time interval,
smartphone will get the sequence of geomagnetic by recording the data of mag-
netometer. The sequence can be compared with the collected data which were saved
in the database. As the existence of imparity in step length and speed of different
people, we use the dynamic time warping (DTW) algorithm for comparing the
database with online gained data.

Since the vertical acceleration fluctuates periodically due to the human motion,
we use the detection algorithm [16] to detect the walking steps. Moreover, as the
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positioning process has an observed state and a hidden state. The observed state is
the observation of geomagnetic intensity. The hidden state is the position of the
geomagnetic. Hence, we can consider the positioning process as hidden Markov
model (HMM).

In the tracking phase, the mathematical model of HMM can be represented as
/. ={L,R,A, B}, with the following variables.

1. L={li,l,...,1;...} is the set of hidden states, where the [; = (x;,y;) responds
the true position of the ith point.

2. O0;={0i-N+1,0i-N+2,--.,0;} is the set of observations, where o; is the
sequence of geomagnetic signal on the ith point, and N is the length of
observations.

3. A={ai1,a;2,...a;n} is the set of transition probabilities from state g; to state
gj where the a;j=P(q; = l;j|gi-1 = li_1), g; is the ith hidden state of HMM, N is
the total number of possible positions of /;.

4. B={bj1,bip,...,biy} is the set of emission probabilities of /;, where the b;; is
the emission probabilities of o;; at [;;.

2.2.1 Online Matching Using DTW

As the step length and speed of the pedestrian are different in different time, the
measurement of distance needs to be defined between the database and online
reading. The measured distance should be invariant to different sequence time shifts
and time scales.

The algorithm of dynamic time warping is to compress or stretch the time axis of
sequences to achieve a better alignment. In general, the geomagnetic sequence of
online reading for one segment oy = {ml,,ml,,...m}} and the geomagnetic
sequence of database for one segment dy = {myz1,mz,...mz} have different
length.

The warping path can be represented as w = w(1), w(2), .. .w(n), where w(n) =
[m;, mz] is the set of matched samples, where i and j is the corresponding point of
time axis of two geomagnetic sequences. The function of warping is to minimize
the overall cost, the function given by

N
Dis(miy(n),mz(n)) = _ 6(w(n)) )

n=1

where 0(w(n)) is the squared distance between the sample points given by

o(w(n)) = (m(n) — mz(n)) 3)
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By the dynamic time warping algorithm, we can calculate the distance between
the recent geomagnetic sequence read from magnetometer with the sequence of
geomagnetic in the database [17].

2.2.2 Positioning Using HMM

The process of positioning contains two procedures, the first one is to estimate the
path that a pedestrian is walking on when the pedestrian starts walking or she (or
he) turns the orientation, and the other one is to calculate the point she is standing
at. Hence, in the first procedure, the question transform to estimate the geomagnetic
sequence with the sequence in the database which has the best matching.

D; = arg max P(O;|D,) (4)

i

By the Bayes formula, in Eq. 4 P(O;|D;) = P(O;,D;), where D; is the geo-
magnetic sequence for ith path built in the geomagnetic database. As the steps of
pedestrian can be considered as consecutive, we can calculate the P(O;, D;) using
the principle of HMM that is defined as:

N N
P(0;,D;) = P(dy) [ [ P(djld;—1) [ ] Plojld)) (5)
j=2

j=1

where d; is the geomagnetic sequence of jth step of the ith path in the database, and
o; is the reading of magnetometer for the jth step. Taking the logarithm for Eq. 5,
we can rewrite Eq. 4 as:

_ N N
D; = arg max log(P(d1)) + > P(djldj-1) + > P(oj|d)) (6)
; =2 =1

For the consecutive steps, we assume the transition probabilities P(d;|d;—;)=1,
and the observation probabilities are the DTW distance between observed geo-
magnetic sequence o; and the geomagnetic sequence d; in the database. Therefore,
the emission probabilities are given by:

P(0j|dj) = NOR x eXp(—DiAS'(Oj7dj)) (7)

where NOR is a normalized constant. Then the D; can be calculated by using the
Viterbi algorithm, where we set a trellis including all possible states of the path. We
calculate the DTW distance of the ith step and the database with all possible states,
record the possibility value and the position of best matching sequence in database
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of every step. Then we find the most possible sequence of steps, and the position of
the steps sequence.
In order to acquire more accurate position, when the position of path has been
determined, we use the neighbor steps sequence to localize the pedestrian.
Assuming the /; is the position of the ith step, for each /;, we match the geo-
magnetic sequence in the database with the observation sequence to compute the
emission probabilities by:

bij = p(oilli, d;) (®)

= NOR x exp(—Dis(0;,d))

To gain the transition probability a;;, we compute the transition probability of
the position of (i — 1)th step to the ith step.

1 if D(l;,li_y) < thrs
0 otherwise

i) = { ©)

where D(I;,[;) is the Euclidean distance of the ith step and the jth step. And tran-
sition probability, a;; can be calculated by weighting b;; and the probability
P(|li-1)

aiJ-:biJ- XP(lj|l,',1) (10)
Then the position of ith step can be calculated as:

l; = maxarg(l,, x a;;) (11)
l,’_j

3 Experiment and Result

In this section, we will provide details in the experimental realization. The
deployment of experimental system would be stated and the positioning perfor-
mance of our system would be demonstrated in different conditions.

In order to demonstrate the accuracy and robustness of our positioning method,
we conduct experiments in two different paths set up in our office room. We can
verify that the method is able to provide accurate results on the long distance
condition by walking on the circular path. To validate this method is adapted to the
complex condition, we perform experiments in a zigzag path. The robustness of the
method was demonstrated by walking on two different paths with swinging the
smartphone casually. As Figs. 2 and 3 show, route in Fig. 2 is a circle path round
the office room, and route in Fig. 3 is a zigzag path in the office room.
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Fig. 2 The route of circular path round the office room, and the arrow is orientation of the
pedestrian in testing
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Fig. 3 The zigzag path round the office room, and the arrow is orientation of the pedestrian in
testing

Then we compared geomagnetic based positioning method with Pedestrian Dead
Reckoning (PDR) [18], which is another positioning method basing on
self-contained sensor [19, 20].

In addition, all experiments were conducted in a typical office building. We
developed an android application to measure the geomagnetic intensity in 3-axis
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and recorded the measurements on the smartphone. The smartphone we used is
Huawei Honor 8 with Android 6.0 operating system.

3.1 Geomagnetic Database Construction

In the construction process of geomagnetic database, we divided the path of the
office room into small segments firstly, as Fig. 4 shows the segment of each path is
about 4 m.

We trained the database on the path segments marked on Fig. 4. The geomag-
netic signal of every path segment had been measured 30 times, and saved in the
database with the tags that are marked beside the path.

As for the ground truth, we set up many landmarks on the floor, and acquired their
true position in advance. We recorded the true position when pedestrian walk passing
the landmark. Therefore, the error can be defined as the Euclidean distance between
the result of location based on geomagnetic positioning and the ground truth.

3.2 Positioning Performance

On the circular route, we walked around the circular route three times, and total
length of the trajectory is about 150 m. On the zigzag route, total length of the
trajectory is about 48 m.
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Fig. 4 All of paths are divided into 21 segments, and every segment has its own tag. In the train
phase, the user holds the smartphone to measure the geomagnetic signal repeatedly
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When we walked holding the smartphone stably, the results of positioning by
two different methods are shown in Figs. 5 and 6.

The red lines represent pedestrian’s trajectory and blue points represent ground
truth that is demarcated by using laser rangefinder.
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Fig. 5 The result of positioning for the route of circular path round the office room
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Fig. 6 The result of positioning for the zigzag path in the office room
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In the circle path, start point and the end point are at the same point, denoted by a
blue diamond. In the zigzag path, red diamond and blue diamond denote start point
and end point respectively.

The result indicates that the positioning of our algorithm is reliable and accurate.

For the verification of the stability of our positioning method without orientation
restraint of smartphone, we walked with swinging the smartphone casually.

As shown in Fig. 7, the user was swinging the smartphone when he walked on
the path.

Fig. 7 The swinging gesture during walking
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Fig. 8 The result of positioning for the circular path round the office room with swinging the
smartphone continuously
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Comparing with PDR, we made a series of experiments with swinging the
smartphone. We used the geomagnetic positioning method and PDR method
respectively on the two paths at the same time. In order to demonstrate the dif-
ference of performance between geomagnetic based positioning method and PDR
method, the circular route is changed to one circle, as the positioning result shown
in Figs. 8 and 9.

The red lines indicate the estimated trajectory using the PDR algorithm. The blue
lines represent pedestrian’s trajectory estimated by the geomagnetic based posi-
tioning method, and red points represent ground truth that is demarcated by using
laser rangefinder.

From Figs. 8 and 9, we can see that method by geomagnetic made a much better
performance than PDR. As the geomagnetic based positioning can update the
position, which relies on the stable geomagnetic information, the geomagnetic
based positioning method is able to provide accurate and stable positioning, while
the PDR method accumulates errors leading to failed positioning.

The uniqueness of geomagnetic information is reduced due to the online sub-
traction of the mean value from the collected geomagnetic intensity. Hence, in
neighboring steps, the geomagnetic information exists similarity, which causes the
mismatching. But when the pedestrian walks through a path, the positioning
method will judge the next path by matching the geomagnetic information with the
neighbor path. Hence, the positioning can be amended.

The detailed positioning results are listed in Table 1. From the results, we can
find that the mean error is no more than 1.1 m, and the 95th percentile error is less
than 2.13 m. In Table 1, we also draw a conclusion that the error of positioning is
not related to swinging smartphone when the pedestrian walking.

25
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15]
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Fig. 9 The result of positioning for the zigzag path in the office room using two different
positioning methods
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Table 1 The positioning error of proposed method

Scenario Mean error (m) 95th percentile error (m)
Hold the smartphone stably on circular route 091 2.13

Hold the smartphone stably on zigzag route 1.06 1.90

Swinging smartphone casually on circular route | 0.99 2.13

Swinging smartphone casually on zigzag route 1.10 1.96

4 Conclusion

In this paper, we present an indoor positioning algorithm based on the geomagnetic
trajectory matching methods. It leverages the stable geomagnetic information
without deploying any additional infrastructure. Experiments in two different
indoor conditions, including a circular route and a zigzag route, demonstrate that
the proposed self-positioning algorithm can give high-accuracy positioning
performance.
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3D Indoor Layered Localization
of Multi-information Fusion Via
Intelligent Terminal

Leinan He and Hu Lu

Abstract Aiming at the problem that that pedestrian can only get low accuracy and
plane coordinate of current indoor localization from intelligent terminal, a layered
indoor 3D positioning technology based on WiFi positioning, pedestrian dead
reckoning (PDR) and architecture information is proposed. In order to estimate
height changes of pedestrian, the two pedestrian behavior patterns of horizontal
walking and up-down stairs can be distinguished by detecting the pitch-rate
mutation. Height changes are got by using the effective steps and stairs information.
The equations of the two different behavior patterns are constructed and
three-dimensional PDR is realized. A particle filter algorithm combining multi
navigation information is proposed to eliminate the cumulative errors of PDR.
Fusing the architecture information and behavior patterns into the weight calcula-
tion and the sampling of the particle, the localization precision is effectively
improved. The results show that the average error of the horizontal location is 2.1 m
and the average error of the height estimation is 0.8 m. The accuracy could satisfy
the demand of pedestrian location service using individual intelligent terminal.

Keywords 3D indoor localization - 3D PDR - WiFi . Pitch rate - Particle filter

1 Introduction

Intelligent terminal has become an indispensable tool in people’s daily life and
travelling. The location technology of mobile terminal plays a key role in
location-based services [1]. At present, the researches and implementations of
intelligent terminal location are mostly focused on two-dimensional plane.
However, in the indoor environment, applications such as equipment management,
fire detection, logistics management, store location of large-scale shopping malls
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often need to know the horizontal position and the knowledge about the location of
the floor information, so the positioning results have meaning.

There are a large number of positioning technologies on the intelligent terminals
which can be divided into three categories: the GPS navigation as the representative
of the satellite positioning technology, dead reckoning (DR) based on
self-contained sensor and wireless local area network (WLAN) positioning tech-
nology. In the indoor environment, GPS only has 4.5% of the time to obtain a
reliable GPS signals because of the building block [2]. It can’t be applied to indoor
positioning scene. WLAN-based positioning technology is the research hotspot of
indoor positioning at present, because the WLAN access point is widely deployed.
It achieved good positioning effects in the two-dimensional positioning. It can be
divided into distance-dependent positioning technology (based on RSSI, TOA and
AOA) and distance-independent (such as centroid algorithm, DV-Hop algorithm
positioning technology) [3]. Researchers further proposed indoor three-dimensional
positioning technology based on the mature two-dimensional positioning tech-
nologies. However, the inherent characteristic of WLAN localization is not sensi-
tive to the three-dimensional position information [4, 5], which can’t meet the
requirements of the application. In view of this, some scholars put forward
three-dimensional positioning method based on UWB, signal receiving phase and
vision [6-8], and achieved high positioning accuracy. However, these methods
need to increase the corresponding intelligent terminal hardware, and also bring an
additional burden to the wireless network and higher cost. PDR positioning tech-
nology refers to the use of intelligent terminals embedded micro-electro-mechanical
(MEMS) sensors (usually including inertial sensors, magnetic compass, barometer,
etc.). Through off-line training, stride detection, filtering and determine direction,
one can achieve the basic pedestrian location calculation, with high accuracy in a
short time and the advantage of a continuous track. But due to the error drifts of the
sensor, the accumulated errors will result in the persistence of the positioning result.
It needs to be corrected by other positioning techniques [9], and traditional PDR can
only achieve two-dimensional level of positioning. Currently the researches of
three-dimensional PDR is relatively limited. In [10], based on the two-dimensional
PDR, three-dimensional position estimation is achieved using altitude conversion
relationship between pressure and the height. But the indoor atmospheric pressure is
unstable, the temperature and the environment have a greater impact on it.
Collected data at the same location and different moments may be very different. In
[11], a three-axis MARG sensor equipped with a smart phone is used to filter the
sensor data and reduce the estimation error to detect pedestrian frequency, finally,
the three-dimensional track estimation and location is achieved based on the EKF,
but the height estimation error is large. Zheng et al. [12] used low-power MEMS
device to achieve a three-dimensional pedestrian walking three-dimensional posi-
tioning system based on KF, requiring the sensor in accordance with the human
ankle. In [13], the EKF fusion barometric altimeter and accelerometer information
are used to improve the accuracy of altitude estimation, but it is susceptible to
environmental and cumulative errors. In [14], the UKF-based WiFi/PDR localiza-
tion algorithm is proposed to achieve high-precision two-dimensional localization
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for 3D PDR error accumulation. 2D positioning results are displayed using a visual
platform which has been inputted with three-dimensional geographic information,
achieving visual three-dimensional positioning in the same floor, but it can’t per-
ceive the floor changes. Banerjee et al. [15] analyse the principle of the
three-dimensional positioning based on the WiFi of the smartphone, and point out
that the existing method has higher level precision and lower vertical precision and
the three-dimensional positioning of fusing barometric altimeter and WiFi can
improve the positioning accuracy of 25%. The performance is relatively limited.

In this paper, we use pitch angle velocity detection method to distinguish the
level of walking, walking up and down stairs 2 types of movement patterns, and
extract the different types of effective step. Based on Each effectively step of the
different walking motion patterns, solving PDR three-dimensional positioning.
A WiFi/PDR localization algorithm based on particle filter is proposed, which using
the absolute position information of the WiFi positioning to eliminate error of the
PDR. The indoor three-dimensional positioning can meet the needs of building
floors to distinguish on intelligent terminals. Finally, the experiment is carried out
in the WiFi network environment.

2 3D PDR Based on Pitch Rate Detection

The traditional PDR used the peak detection method, zero velocity update, Stand
Phase detection method and other methods of acceleration signal detection, identify
the step frequency and step size, combined with the heading outputted by sensor to
calculate pedestrian location, and achieved a good two-dimensional plane posi-
tioning effect. However, only a single two-dimensional horizontal motion pattern is
usually studied, and it is not possible to estimate the height change effectively. This
paper we present a three-dimensional localization method of PDR based on pitch
angle velocity detection, use the acceleration peak value to detect the effective step,
detect the change of the pitch angular velocity to distinguish the pedestrian behavior
pattern during the duration of the effective pitch, determine the relative elevation via
the geometric information of building stairs.

2.1 Pitch Rate Detection to Distinguish
Two Behavior Pattern

First, an effective step is detected by the peak detection algorithm [11], and then
judged the continuous effective steps whether or not occur during the floor shift. It’s
the up and down stairs mode when satisfying the above-mentioned, otherwise it
belongs to the horizontal movement mode. It is proposed to distinguish the
beginning and the end of pedestrian stairs based on pitch angle velocity detection.
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As the pedestrian walking gait may have an impact on the pitch angular velocity,
three successive valid steps are selected to identify the motion pattern when taking
into account that the number of steps between the floors. If a sudden change in the
pitch angle of the three successively effective steps is detected, the mode is regarded
as a staircase. The pitch angle speeds of pedestrian in different patterns show as
Fig. 1.

The pitch angular velocity detection method can be expressed as: If the pitch
angular velocity satisfies:

|(Pk‘2¢7 k:1a2a3 (1)

where ¢, is pitch rate, k is effective step, ¢ is pitch rate threshold according to the
geometric information of the stairs. It means that three consecutive effective steps
occur in the up and down stairs. There are two essential conditions, first, the
detection of a single effective step pitch angle velocity is greater than the threshold,
second, the effective step must be a one of continuous three, otherwise it will
immediately switch to horizontal walking mode. Finally, determine the upstairs or
downstairs according to the detection of the mutation of the pitch angular velocity
of the first detection peak, it is upstairs if the first detection peak is positive,
otherwise it’s downstairs.

2.2 Solution of Pedestrian 3D Position

In this paper, a three-dimensional PDR localization based on pitch-angle velocity
detection is proposed. After the detection of pitch angle velocity is completed,
different types of behavior patterns can be distinguished. According to the char-
acteristics of each mode, the pedestrian three-dimensional position estimation is
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carried out for each detected effective step. When the behavior pattern is determined
to be horizontal, the height remains unchanged and only the horizontal position is
estimated. When it is determined to up and down stairs, the horizontal step length
takes the width of staircase, and the vertical step length takes the height of staircase.
The gyro and magnetic compass are used to estimate the current heading [11] and
finally the three-dimensional indoor positioning is completed. Figure 2 shows the
updated trajectory.

Unfirming the behavior of horizontal walking and up and down stairs to a
projected equation, the three-dimensional coordinates are calculated as follows:

x(k — 1) +mH,, cos 0(k) + (1 — m)L cos 0(k)
y(k) = y(k — 1) + mH,, sin 0(k) + (1 — m)L sin 0(k) (2)
z(k) = z(k — 1) + mnH,

where 0(k) is current heading angle, L is step length, H,,, H; are width and height
of staircase, m is sign of behavior pattern, horizontal walking is denoted as “0”, and
the up and down stairs is denoted as “1”, n is sign of up and down floor, it is “1”
when the pitch angular velocity detection peak is greater than 0, and “—1” when the
peak is less than 0.

In this paper, when pedestrian horizontal walking, the use of PDR calculate the
location coordinates, the vertical coordinates remain unchanged. When up and
down mode, we don’t directly use the pitch angle and pitch rate to calculation
height changes. We use it as a basis for judging the behavior pattern and the
location information is calculated by staircase information and effective steps. This
kind of reckoning method makes use of the law of pedestrian movement. It reduces
the influence of the accumulated errors of the sensor and improves the positioning
accuracy effectively.

Fig. 2 Dead reckoning 7 A
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3 Particle Filter Fusion WiFi Localization and 3D PDR

PDR positioning algorithm will produce cumulative error due to inertial device error
drift and step frequency error detection, and it can only provide the relative position.
For the PDR error accumulation problem, we provide absolute location information
through WiFi positioning, and then combining with building information and
pedestrian movement mode to fix the positioning results. Considering that the com-
binatorial system belongs to the nonlinear non-Gaussian filter system, the conven-
tional linear filtering algorithm can’t get a good filtering effect, and the particle filter
algorithm is adopted to fusion [16]. Particle filter is a recursive Bayesian filter tech-
nique based on Monte Carlo sampling method. Through the evolution and propaga-
tion of a set of weighted particles to recursively approximate the posterior probability
density function of the approximated states, it obtain other statistic on the state.

In this paper, the refinement algorithm that literature [4] proposed is used in
WiFi positioning, and the result of coordinate estimation is (iwgﬁ, Vwifis Zwiﬁ). In the
traditional PDR algorithm of building information fusion based on particle filter, the
weight of the particle is set to zero when it is detected that the sample particle
passes through the recording obstacle of the map information during the kth step,
and it will be replaced by high weight particles in next time sampling. We further
integrate the WiFi positioning results and pedestrian movement mode information
in the calculation of the weight of the particles in the basis of particle filter algo-
rithm based on the integration of building information. If a horizontal walking is
detected in the kth step, the height state of the particle filter is reset to the floor
height. The influence of the WiFi positioning error on the height estimation is
reduced and the filtering performance is improved. The particle filter algorithm
designed in this paper is described as follows:

1. Initialization. For the initial gait cycle k = 0, N particles are generated according
to the initial probability density p(Xy), the weight of each particle is taken as

)VE,") = 1/N, Where the Gauss distribution is used top(Xy), The mean is the
initial position of the target, which is noted by the WiFi location signed as
(xwiﬁ.m Ywifi,o; Zwiﬁ,o) .
2. Prediction. According to the prediction Eq. (2.2), predicting the target location
_ (i)
of next step X, .
3. Weight calculation. In [16], the reciprocal of the RSSI of WiFi or GSM network
is used as the weight of the particle. The algorithm is simple but the precision is
not high. We take the building map information and the deviation of sampling
particle from WiFi location results as weight. Calculate as:

0 ( collision occurred
) _ . Z_x ()
A= p (Zk ‘X,(:)) = 5= €Xp (_ |Xk2;* |) No collision occurred ()
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where Xf denotes a position information amount measurement, it’s coordinates
is obtained from WiFi 3D refinement algorithm X} = (i, Jwis> Zwifi) X,((l)
represents the position information of the ith particle at the time, ¢ represents the
standard deviation of measurement noise, according to different environments
RSSI time-domain floating selection. The weighting method in this paper means
that the weight of the particle is closer to the coordinate of the WiFi centroid
location.
4. Weighted normalization. The weights of sampled particles are normalized:

N
W =103 4)
j=1

5. State estimation. The filtered state estimates and the state probability distribu-
tions can be expressed as:

o (i) N ()< ()
X :Z)% Xy (5)

N . R
P(Xk‘zlzk> = Z j.]il)/é (Xk — XIEZ)) (6)

i=1

6. Reset the height estimation. If the horizontal walking is detected, we can get that
the current particle is not predicted by the previous particle from Eq. (2.2). The
sampled particle remains unchanged. Resetting the height state estimation by
resetting the height state to the altitude of current floor:

2 = round ﬁﬁ} -F (7)

where, Z is the height of the results, F is the floor height, round|:] represents
rounding to the nearest floor.

7. Resampling. Particle filter will produce degenerate linear after a few iterative
calculations, so resampling is an effective way to limit the degradation of the
importance weight. When the number of valid samples is less than the threshold,
resampling N new particles according to the probability density and eliminating
low weight particles. The average distribution of particle weights is 1/N,
thereby limiting the degradation phenomenon.
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4 Experiment Analysis

4.1 Experimental Preparation

In this paper, Huawei P9 mobile phone is regarded as a smart terminal location of
the test equipment. This device incorporates the LSM-330 3-axis acceleration/gyro
sensor module and the BCM-4355-XKUB WiFi controller module. Experimental
site is in two and third floors of the experimental building. Ardon WiFi access
points are deployed in each of the two floors (Fig. 3), for a total of 64 and using
high precision GPS receivers calibrate the exact location to construct WiFi location
networks. The gateway is connected to the PC via Ethernet, and the PC serves as
the server for positioning. The wireless sensor networks use the time division
multiplexing mechanism in the communication process. The gateway, mobile
phone and WiFi nodes are operating in the 2.4 GHz bands. The mobile phone
transmits the MEMS sensor measurement data together with the RSSI information
and the beacon’s ID to the gateway, and the gateway transmits the data to the PC
The positioning function of the pedestrian is realized by the PC.

The experimental design of the routes shows in Fig. 3. The solid line indicates
the third floor route, and the dotted line indicates the second floor. In the process of
moving, the total number of steps is 483. Two experimental programs are designed
for comparative study:

1. 3D PDR positioning
2. 3D localization of WiFi/PDR based on particle filter

A

Fig. 3 Experiment design and environment
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4.2 Analysis of Results

Respectively, positioning experiments are implied according to the design pro-
grams. In order to compare the accuracy of the two positioning schemes, the
horizontal coordinate and the height are separately represented.

Figure 4 shows the horizontal positioning results of the two schemes. In the indoor
environment, 3D PDR achieves the trajectory of the pedestrian tracking, and the
average error of positioning is 4.7 m. In the absence of absolute position information
correction, the positioning will be more and more deviated from the true track, due to
the PDR inherent susceptibility to the cumulative error of the characteristics. After the
turn, the locating trajectory deviation is more significant, which is manifested as the
parallel spacing of different distances. From the experimental results of the 3D
localization of WiFi/PDR based on particle filter, it can be seen that the accuracy of the
multi-source fusion scheme is further improved that compared to PDR with an
average error of 2.1 m. This is because the WiFi/PDR location algorithm based on
particle filter can correct the accumulated error of PDR with the result of WiFi centroid
location, and use the building information and behavior patterns to guide the sample
particles to move to the real position.

Figure 5 shows the comparison of the height estimation results of the two
schemes. Solid line indicates the height of the second and third floors relative to the

Fig. 4 Horizontal coordinate 10
estimation s True Trajectory
Fusion Position 'o.
® 3DPDR o o
5 1! H
£ (XY L'i“ 3 :
v
~ h:be ike ©
0 il °
®
°
°
'8
09 o0 00 0°% 0% ¢ 0o e o0
5 f . . . . . )
-5 0 5 10 15 20 25 30 35
X/m
Fig. 5 Height estimation 9r
8
7
£
E‘) 6 MM
Q ¥ %%
= 5 ¥
5t * m True Trajectory
4 Fusion Position
* 3D PDR
3 1 1 1 1

0 50 100 150 200 250 300 350 400 450 500
Period



588 L. He and H. Lu
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first floor, and dots indicate the height of the anchor point during walking.
“Triangle” symbol is the height estimation result of 3D PDR location, and the
height errors accumulated over times. Long-term use will not be able to make
accurate tracking. “Asterisk” is the height estimation result of WiFi/PDR combi-
nation based on particle filter. The height changes only in up and down stairs and it
is ladder-like. It is because of the using of pitch angle detection and floor infor-
mation to estimate height, and the height is modified only when the behavior pattern
of up and down stairs is detected. After the end of the upstairs or downstairs, the
height will be set to floor height, and until up and down behaviors are detected
again. Positioning error only occurred in the period of up and down stairs, and the
average positioning error is 0.8 m which means it can effectively distinguish the
floor information.

Figure 6 shows the comparison of the Cumulative Distribution Function
(CDF) between the proposed scheme and the EKF-based three-axis MARG sensor
PDR localization of the smartphone in the literature [11]. It can be found that the
median error of the proposed technique is 2.9 m and the maximum error is 6.7 m.
The median error of 3D PDR is 6.0 m. The positioning accuracy of the proposed
technique is superior to that scheme, and the performance of positioning can be
improved significantly by merging two positioning techniques which are mutually
different but applied complementary.

5 Conclusion

Aiming at the problem that the existing indoor 3D positioning accuracy is low, this
paper puts forward the multi-source fusion indoor layered positioning technology
based on WiFi/PDR. Horizontal walking and up and down stairs movement patterns
is distinguished using pitch rate detection method. The three-dimensional local-
ization of the PDR is carried out for each effective walking step of the different
walking motion patterns. A WiFi/PDR location algorithm based on particle filter is
proposed to eliminate the accumulated error of PDR by using the absolute location
information of WiFi location. The experimental results show that the
three-dimensional positioning can be realized continuously. The average error of



3D Indoor Layered Localization of Multi-information Fusion ... 589

the horizontal positioning is 2.2 m, the average estimation error is 0.8 m, and it can
distinguish the floor and satisfy the needs of indoor high-precision positioning.
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Efficient and Robust Convex Relaxation
Methods for Hybrid TOA/AOA Indoor
Localization

Enwen Hu, Zhong-liang Deng, Lu Yin,
Di Zhu, Jun Lu and Yanping Zhao

Abstract In this chapter, we proposed a hybrid positioning method based on
convex relaxation with time of arrival (TOA) and angle of arrival
(AOA) measurements. Traditional maximum likelihood (ML) formulation for
indoor localization is a nonconvex optimization problem. We exploit the relaxation
methods to provide efficient convex solution. Besides, we apply this method to
localization with hybrid TOA/AOA measurements firstly and the linear
Cramer-Rao Bounds in the scenarios of error-free and erroneous location of sensor
nodes are deduced, respectively. Simulations based on TC-OFDM signal system
show that the proposed method is efficient and more robust as compared to the
existing ML estimation and TOA or AOA based convex relaxation with or without
error of sensor nodes location.

Keywords Convex relaxation .- Hybrid - TOA - AOA - Indoor location -
TC-OFDM

1 Introduction

In recent years, Location based services (LBSs) are a significant permissive tech-
nology and becoming a vital part of life. Today, more than 80-90% of people’s
time is spent indoors (Strategy Analytics). The global indoor location market is
expected to grow from $935.05 million in 2014 to $4.42 billion by 2019, at an
estimated Compound Annual Growth Rate (CAGR) of 36.5% from 2014 to 2019
(Research and Markets) with strong demand in healthcare, retail, hospitality, travel
and other sectors. For localization in an outdoor environment, global navigation
satellite systems (GNSS) such as GPS and BeiDou have been widely used in variety
of applications. However, the main disadvantage of the GNSS approach is that
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precise location is not possible, when there is no Line-Of-Sight (LOS) connection to
at least four satellites, thus most applications function poorly in dense urban areas,
indoors, underwater or underground with GNSS. Recently, various techniques have
been proposed for indoor positioning system such as infrared (IR) [1], ultrasound
[2], radio-frequency identification (RFID) [3], WiFi [4], Bluetooth [5], sensor
networks [6], ultra-wideband (UWB) [7], geomagnetic [8], vision analysis [9] and
Pseudolite [10]. Based on these fundamental technologies, many IPSs have been
developed by companies, research institutes and universities. Each system takes
advantage of a particular positioning technology or integrating some of these
technologies. They make tradeoff between the performance and complexity of the
IPSs.

With the increasing demand of high accuracy positioning, hybrid signal based
localization is a good choice. Some nonlinear estimators including ML and non-
linear least squares (NLS) are investigated in the literature. Generally speaking, the
corresponding cost functions are multi-model, so global optimization cannot be
guaranteed. Convex optimization, particularly the semi-definite program
(SDP) relaxation method, is a more recent positioning approach which strikes a
balance between nonlinear and linear methods, namely, high accuracy and global
convergence. Nonconvex optimization problem such as NLS and ML can be
transformed into either a convex second-order cone program (SOCP), or a
semidefinite program (SDP) by relaxation [11].

The rest of this paper is organized as follows. Section 2 states the problem
formulation and the conventional ML solution of the problem. The SDP relaxation
for hybrid TOA/AOA Measurements is discussed in Sect. 3 and localization with
sensor location errors is presented in Sect. 4. Section 5 analyze the Linear
Cramer-Rao Bound (LCRB) with and without error of sensor nodes locations. The
proposed localization method is compared to an existing approach as well as the
LCRB in Sect. 6. Conclusions are drawn in Sect. 7.

2 Problem Formulation

We consider a target localization problem using hybrid TOA/AOA measurements
in 2-dimensional space. There are L non-collinear sensor nodes arbitrarily deployed
at surveillance region, whose positions are known as x; = [x;, yi]T, (x; € R?),
i=1,...,N, and a target node which has unknown coordinates i.e.u = [x,y]T,
(u € R?). We assume that all sensor nodes’ clocks are ideally synchronized and all
sensor nodes receive signal with line of sight in this paper. Each sensor node can
measure the TOA and AOA of the signal transmitted from the target. Let ; and 6;
be the signal propagation delay from the target to the ith sensor node and angle
measurement, respectively, which are modeled as:
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i =1u—x||+1+es
0; = arctan 2= + eg;

(1)

Y
—

where c is the signal propagation speed, ||e|| denotes the Euclidean norm, #; is the
local time at the sensors when the signal leaves the target, and e;,eq; is the
unknown measurement error. Then the x and y coordinates of target node are given
by
{X—xi—i—dicos@i @)
Yy =yi+d;sin0;

where d; = ¢ * t; denotes the measured distance between the ith sensor node and
target node, ey;,e,; are the errors of x and y coordinates corresponding to the
measurements e, and eg, given by ey = fii(eq, eq;) and ey = f;(es, ep;). Thus,
Eq. (2) can be written in matrix form as [11]:

b=Au+e, (3)

1 0 . . .
where A = | V1 Ny — [ y]7, e, € R2V!, and e, is the noise vector with
Oyxi Iy

zero mean vector and known covariance £ (eueZ) = Q with ~' and E and 7 being
the inverse, expectation and transpose operators, respectively. b can be written as:

[ x; +d;cos0 T

XN +dN COS HN
V1 +d1 sin 91

L YN +dNSiHON_

Consequently, the maximum likelihood formulation of the target localization
problem can be directly formulated as:

minimize (b — A)" Q(b — At (5)

u

where b, A and Q are given as before, respectively.



594 E. Hu et al.

3 SDP Relaxation for Joint TOA/AOA Measurements

For ML target localization (5), the function is a nonconvex function of the unknown
u. The ML solution of the localization problem, which is a non-convex optimiza-
tion problem is presented above and it cannot achieve global optimization. Convex
optimization, particularly the semi-definite program (SDP) relaxation method, is a
more recent positioning approach which strikes a balance between nonlinear and
linear methods, namely, high accuracy and global optimal convergence. One of the
main contributions of this paper is the relaxation of the ML solution to a convex
optimal problem, which can be efficiently solved by existing toolboxes in the
literature. The main novelty in devising the new SDP relaxation formulation is to
include the noise error as variables in the ML cost function. Equation (2) can be
rewritten as:

5c:xi+d,~0050i =X+ ey
y=yi+disin0; =y+e,

(6)

where e,; and e,; represent the error of x and y of ith sensor, respectively, which are

nonlinear function of e; and ey; in Eq. (1).
Then the positioning error of u = [x, y]T can be written as:

) (x; 4 d; cos 0; — x)?

2 = i i i 7
% ¥ & |:+(Yi+di51n9i_)’)2 )
Then we obtain

e =ey+ey=d +|u— xi||3 — 2di{(x — x;) cos 0; + (y — y;) sin 0]~ (8)

where the auxiliary variable 31'2 = e)za. + efl. is introduced. The target localization can
be written as

N
minimizeZe?
b i=1
subject 1o €2 = d* + ||u — x;||* — 2d;[(x — x;) cos 0; + (y — ;) sin 0]
i=1,2,..,N

©)

Each nonlinear constraint in (4) can be converted to a linear one by spreading
u — x;]|*, we can obtain

u—x;|I°=uTu — 2xTu +x'x, (10)
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and
2d;[(x — x;) cos 0; + (v — yi) sin 0;] = 2d;(u — x;)"9;,9; = [cos 0;, sin 0;]"

The constraints in (9) can be given by
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(11)

dlz + XITXi —+ ZdiXi = Z(X, —+ dﬂ?,’)Tll — R —+ €l~2 (12)
where R = u”u. As a result, we can rewrite 4) as
N
minimize i
subject to y = A{ (13)
gi=e,i=12..,N
R=1u"u
where
y=A(
d% + X{Xl + 2d1X1
dy +x3x, +2d
y— 5 X2X.2 2Xo (14>
d]2V + X;,XN + 2dNXN
2x +dy¥9)" -1 1 0 0
2 9 T —1 0 1 0
oo | 2y 09
2xy +dydy) -1 0 0 - 1
~ T
{=[uR,q] (16)
withq=[e} €3 -+ € ]. Note that the optimization problem described in (13)

is still nonconvex as the constraints is nonconvex. Hence, it is still difficult to obtain
the solution. The semidefinite relaxation is employed such that these two equalities
can be relaxed into convex inequalities, g; > e? and R>u"u. Adopting the relax-
ation approach, we now have transformed the ML problem into a convex opti-

mization problem:
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minimize E qi
¢ .

subject toy = Al (17)
q,_l7 i=12,..,N
Rzu u

The global optimal solution to the unknown source position can be derived by
interior point methods such as SeDuMi [12].

4 Localization with Sensor Location Errors

In the previous sections, we assume that the sensors locations are known exactly;
that is, Xx; is accurately known. However, the sensors locations may not be known
perfectly because of imperfections in sensor nodes in sensor deployment, posi-
tioning, and delay of position updating. We are interested in making source
localization robust with the sensor location errors. In this section, we take the sensor
location uncertainty into account and present a robust target localization method.
The erroneous sensor locations can be modeled as:

Zxi = Xi + Xei
{ Zxj = Xi + Xeji (18)

where x,.; and y,; are the zero-mean disturbances in the /th sensor location and

Zej = [xe,i,yevi]rﬂ N(02x1,0;) and o; is the covariance matrix for z,; which is
assumed known. The maximum likelihood estimation of the target location in the
presence of sensor location errors is conducted with the function in the similar form
to (9) given by

minimize E e + E zetcl ze,
e, 0Z,,;

i=1
subject to
=t = ()

—2d;[(x = (2wi — Xe,i)) €08 0; + (y = (24 — Ye,1) ) sin 0;]
i=1.2,...N



Efficient and Robust Convex Relaxation Methods ... 597
And the constrains can be expressed by

& +ulu—2u"z — 27z, — 2d;(u — 2,)"0; = & +2(d9i +u —2)) 7, + zl 2.

l

(20)
Let
Xl = I:Ze,lvze,27 s -7ZeANj|
=dith+u—z,dy+u—1;,...,dyOy+u — zy] (21)
Y =X1X
R, = zeTlizg_’i
Thus
rmmrmze Zq, Zze o ze,
subjecttoy = A
j y 2( (22)
%2657 i= 1727"'aN
R, >u'u
I~€2 ZZZZe
where
y=[d} —dz+2dizl0 - df— hay +2dnhon]"
A = Iy, ly, — 1y, 2diag (z] — d19y,...,z5 — dyVy)] (23)
{ = [q', diag(Y), Ry,u"]
Zo= [Zet, . Zen]

5 Linear Cramer-Rao Lower Bound (LCRB)
for Joint TOA/AOA Measurements

5.1 Linear Cramer-Rao Bound with Known
Sensor Locations

CRB as the optimal performance indicator for unbiased estimator is widely applied
in the localization and positioning system. In this section, the error bounds of the
localization will be analyzed by using the joint TOA/AOA measurements based on

Fisher Information Matrix (FIM). Let x; = [%;, j)i]T be the estimate of the ith location
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x; = [x;, yi]T obtained from the joint TOA f and AOA 60 measurements. Covariance
matrix is calculated by

2 o
Var(X)=E[(X — E(%))(x — E}))"]= { % "’g} (24)

O3x O';,
where X = [X;,Xa,...,Xy], 67 and O’% are the Mean Square Errors (MSE) of
[X1,%2, ..., %] and [y1,32,..., ], 03 and gy; are the covariance between x and y,

and between y and x, respectively. For simplicity, we assume that e; and eyp; in
Eq. (1) follow the Gaussian distribution with the mean zero and variance ¢; and o,
respectively, and the joint TOA/AOA measurements follow the bivariate normal
distribution. Thus the PDF of the TOA/AOA measurements with respect to u is

fu(roa/aon) =T ! exp <—2( o1 ) (25)

2
1 2no1004/1 — p3, 1—p})
z2 z2 P
where p,, is the correlation coefficient of #; and 0;, @, = % + % —2p15 ;—:i—z and
1 2
based on (1), we have
v 1
Si=ti—llu—xi|+1%
. v (26)
¢ = 0; — arctan ="

If 4; is calculated from the unbiased estimate of the joint TOA/AOA measure-
ments at the ith location u. Then, the CRB tells us that

Var(a) > [I"'(u)] (27)
where I(u) is the Fisher Information Matrix:

_ &I f,(TOA/AOA)
Ou?

I(u)= (28)

where f,(TOA/AOA) is the Probability Distribution Function (PDF) of u with
respect to t; and ;. Let

(29)
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where

Le(u) = E(&Hgé( )>, Ly(u) = — (M)

0
I.(u) = —E (azlanixj;(u)> . L) =-E (821272(5 (30)

Thus the maximum accuracy of the two dimensional localization can be given by
the LCRB [12]

Var(i) > L (w) + 1y ()

—  det[I(u)]

where det[I(u)] = I (u)L,y(u) — I, (u)?, and

(31)

1 9¢, 9*é, &, 9%,
L (u) = —m Ala— +A2W —|—A38— +A 50
1 ¢ 9*é, 652 9%,
I =—————|B B B B
Y(u) 2(1 _p%2) | | Ox + 2a ay +B3— + 48 8y (32)
1 o¢ oS 5’5 0*¢
Iyy(u)—_m C1—1+C2 5y21 -|-C3 2 C4W22
I)UC( ) Ixy(u)
and
A _ 204 2p10% A _ 28 26
! o} Ox 0107 Ox’ 2 o7 0102 (33)
A _ 2084 2p1 06, A _ 28 206
3 03 Ox 0107 Ox’ 4 a3 0102
g 205 2005 2 2put
! 61 0y 0102 Oy’ 2 a? 010, (34)
205 2p0h 25 2ud
63 0y 0102 Oy’ 4 73 0102

C:=B;, i=12734 (35)
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5.2 Linear Cramer-Rao Bound with Sensor Location Errors

The location information of sensor nodes are usually not exactly known. We would
like to analyze the effect of node location error on the performance limit of source
localization. In the preceding development of the LCRB with known sensor loca-
tions, we have obtained the closed-form of LCRB when the sensor locations are
exactly known. Similar to the previous analyzation, the &; and &, in (26) are
changed to

V—2y,i (36)

X—2xi

{5'1 =t —tu—z|+1

&, = 0; — arctan

As is known, the LCRB with the sensor location errors are developed with
functions in the similar form to (31-35). But the errors of sensor locations will have
the effect on the performance limit of source localization.

6 Simulation Results

In this section, simulations are conducted to evaluate the performance of the pro-
posed methods. We exploit the wireless insite software based on ray tracing to
generate the TOA and AOA measurements including 25 paths in the scenario
shown in Fig. 1 where 7 sensor nodes in red circle are configured. The MATLAB
toolbox SeDuMi [13] is utilized for the algorithm realization where the solver
SDPT3 [14] is employed. We compare the performance of the proposed methods
with the existing state-of-the-art algorithms. We mainly compare the root mean
square errors (RMSEs), average positioning errors and the effect of the number of
sensor nodes in the scenarios of error-free and erroneous location of sensor nodes,
respectively.

In Fig. 2, we selected 15 test points (TPs) in black rectangle to evaluated the
performance of proposed method by Monte Carlo simulations according to (17) and
(22) in the scenarios with and without error of sensor nodes location. (Ex;, Ey,),
(Ex,, Ey,), Er; and Er, represent the coordinate estimation errors and location
errors in the error-free and erroneous sensor nodes location scenarios, respectively.
The simulation results listed in Table 1 show that the positioning accuracy with
unknown sensor nodes is larger than other scenario which the locations of all
sensors are exactly known. And the TPs (e.g. #11, #12, #13, #14, #15) lie outside
the convex hull of the sensor nodes, the positioning error is larger than others,
which is the manifestation of the convex hull problem [15].

We investigate the performance of the proposed method for hybrid
TOA/AOA-based localization with SDP relaxation in the scenario where the
locations of all the sensor nodes are exactly known. Comparisons with LCRB,
traditional ML [12], and TOA based location [15] with SDP are also made. We
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Fig. 1 Simulation scenario and sensor nodes distribution (color figure online)

consider the root mean square error (RMSE) versus the variances of TOA and AOA
measurements represented by oy and o, respectively. From Fig. 3, we can know
that the proposed method outperforms the traditional ML and TOA based location
and match with the optimal performance predicted by LCRB in Sect. 5.1. Figure 4
shows the RMSE of TOA based, traditional ML and proposed method when the
locations of sensor nodes is uncertainty and we know that the proposed method is
more robust than other methods, but closely follows the LCRB and is worse than
the scenario without error of sensor nodes.

The simulations in Figs. 5 and 6 are conducted in the scenario where all the TPs
lie outside the convex hull and the variances of TOA and AOA are the same as in
Figs. 3 and 4. We note that the RMSE performance in Figs. 5 and 6 are now worse
compared to Figs. 3 and 4, respectively. As shown in Table 1, when the TPs
outside the convex hull of sensor nodes, Eqgs. (17) and (22) will suffer from a
convex hull problem and the performance will be degraded and mismatch with the
LCRB.
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Fig. 2 Test points distribution

Table 1 RMSE of location

TP Ex; Ey; Er; Ex, Ey, Er,

1 0.57 0.87 1.04 1.36 1.97 2.39
2 0.76 0.49 0.90 1.28 1.04 1.65
3 0.64 1.24 1.40 1.25 1.36 1.85
4 1.06 1.52 1.85 1.45 1.21 1.89
5 1.2 0.78 1.43 1.67 1.43 2.20
6 1.47 0.48 1.55 1.75 2.01 2.67
7 0.94 1.25 1.56 0.81 1.05 1.33
8 0.87 1.23 1.51 1.14 1.27 1.71
9 0.91 1.31 1.60 1.89 1.21 2.24
10 1.04 1.25 1.63 1.76 0.98 2.01
11 1.56 1.87 2.44 2.54 2.06 3.27
12 1.02 2.46 2.66 2.01 1.92 2.78
13 2.79 1.87 3.36 2.69 2.04 3.38
14 2.11 1.98 2.89 2.93 1.98 3.54
15 1.82 1.41 2.30 2.19 1.91 291
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7 Conclusions

In this paper, SDP relaxation-based hybrid TOA/AOA positioning method is firstly
proposed and conformed efficient and more robust than TOA based location
method. The SDP relaxations for both the error-free and erroneous locations of
sensor nodes are given and LCRB are induced in the different scenarios. Simulation
results show that the relaxation methods can provide superior performance and
matching with the performance predicted by LCRB. The extension of this work to
sensor node selection deserves further investigation for higher accuracy and more
robustness.
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Hyperbola Positioning Scheme Based
on Continuous Entangled Light and Bell
State Direct Measurement

Guan Fang, Chunyan Yang, Yang Bai,
Xianglin Wang, Xiang Li and Kun Chen

Abstract Limited by signal power or bandwidth, traditional navigation measures
have ceiling hard to reach so that there are some problems of lacking navigation
precision, susceptible to interference, insufficient measure distance and so on. With
the rapid development of quantum mechanics as well as quantum information
theory and the advance of relevant theory and technology, quantum’s characteristics
of squeezing effect and entanglement are applied to modern navigation and posi-
tioning system, which can greatly improve the precision and confidentiality to break
the limitation of positioning precision due to restricted radio power and bandwidth.
In this way, quantum positioning can be realized with advantages of ultra-precision,
long range and strong anti-interference as well as noise resistance. According to
that, a hyperbola positioning scheme based on continuous entangled light and Bell
state direct measurement is proposed. Based on theory of hyperbola positioning,
continuous entangled light is used as transmitting signals and in target receiving
terminal Bell state direct measurement system is used to check two ways of con-
tinuous entangled light and delay one of them. Then, coherent processing is con-
ducted, and the delay time of the maximum correlation value is the time difference
between the two ways of continuous entangled light. According to the time dif-
ference, the distance difference can be calculated to obtain a group of hyperbola. In
this way, another two base points are chosen to repeat the process above to get the
second hyperbola so as to conducting the positioning. By theoretical analysis and
parameter estimation, the theoretical positioning precision and error range in given
conditions can be achieved.
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1 Introduction

As for traditional navigation systems, restricted by the elements like the transmit-
ting power and band width of classical radio signals, their positioning precision
faces the technological limitation that cannot be broken. Hyperbolic positioning is a
simple and actionable one of traditional navigation methods, but its precision is not
high so that it increasingly cannot meet people’s needs for high-precision posi-
tioning. With the development of quantum theory and technology, quantum
entanglement and squeezing effect can be used for precision measurement to
improve navigation precision by breaking through shot noise limit (SNL) and even
approaching Heisenberg limit (HL). In 2001, the team of Dr. Vittorio Giovannetti
from MIT [1-3], firstly came up with the Quantum Positioning System (QPS) based
on quantum mechanics and quantum information theory. In 2004, Dr. Thomas B.
Bahder explained in detail the method of adopting entangled bi-photon and baseline
interferometry to realize precision quantum positioning [4]. Then, Professor Yang
Chunyan and others analyzed error factors on the basis and made deep analysis of
the measuring method of multi-structural grouping entanglement [5, 6]. But the
entangled photons used in this method belonged to separating variable entangle-
ment of low generation efficiency, and the detection by non-ideal detector of rel-
atively low efficiency was difficult to be applied. Comparably, continuous-variable
(CV) entangled state was certain entanglement of high generation efficiency, and it
was quite easy to realize detection of high quantum efficiency by using the pho-
toelectric converter to detect continuous entangled light. In 2012, Zhu Jun and
others from Shanghai Jiao Tong University (SJTU) [7], realized the cm-level
measuring accuracy by measuring the second-order correlation characteristic of
light field, and then realized hundred-micrometer measurement by utilizing HBT
interferometer. In 2016, Wang Xi and others proposed the ranging scheme [8] based
on continuous entangled light and balanced homodyne detection [9], which theo-
retically solved the low efficiency of separating variable entanglement and limited
measuring range. However, the experiment of balanced homodyne detection was in
need of respectively measuring the local light and the reference light, and the
measurement of quadrature amplitude and quadrature phase was not conducted
simultaneously, therefore, it was in need of changing relative phases of light and
there were several phases to be locked, which made the experiment difficult to
implement and had higher requirements for system stability. Zhang Jing and others
from the Institute of Optoelectronics of Shanxi University [10] proposed the
Bell-state direct detection method that could extract directly and simultaneously
two groups of quadrature components without local light, and was merely in need
of locking phase once, which made the experiment easier to conduct.

In view of the problems and shortcomings existing in classical radio navigation
and quantum ranging method, a kind of hyperbolic ranging difference positioning
method based on two-mode squeezed light [11] and bell-state direct state is pro-
posed in this paper: it adopts hyperbolic positioning theory and uses two-mode
squeezed lights as measuring signals which are transmitted form two base stations
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precisely located to overcome the problem of the low generation and detection
efficiency of separating variable entanglement. The two beams of entangled lights
reach the target waiting for measuring via different routes. When reaching the
receiving end of target, the two light beams can be processed with adjustable delay
and their relative phases can be adjusted, and then Bell-state direct detection system
is used to simultaneously detect two groups of quadrature components of measuring
signal lights and extract their quadrature components to make sum and difference.
The delay time of the least amplitude and phase difference is the time difference of
arrival so as to measure the optical path difference between the two beams of light
and hyperbolic positioning can further be realized.

2 Theoretical Model

2.1 Two-Mode Squeezed Light

Quantum entanglement can be divided into continuous variables entanglement and
separating variable entanglement [12, 13], according to Hilbert space dimension of
quantum state. The one whose eigenvalue is discrete spectrum is separating variable
entanglement, while the one of continuous-spectrum eigenvalue is continuous
variable entanglement. And the quadrature component of light field is a typical kind
of continuous variable entanglement.

X and Y respectively represent the quadrature amplitude component and
quadrature phase component of single-mode light field. As for any light field states,

the product of X and ¥ quantum mean square fluctuation satisfies the Heisenberg

uncertainty relations:
(%)) ((a1)) =1 (1)

Here ((AX)") = (X = (X)), ((AF)) = ((¥ = (¥))") when equality
holds <(AY)2> = <(Af’)2> = 1 and the state of light field is minimum uncertainty

state, namely, the coherent state. The quantum fluctuation with the value of 1 is
called as shot noise limit (SNL). The fluctuation of classical light quadrature
component is always equal or greater than SNL, while the optical squeezed state
[10] is non-classical state and squeezed light means one of its quadrature compo-

nent fluctuations is squeezed to the one less than SNL. When <(AX )2> <1, it is the

squeezed state of amplitude component. When <(Af/ )2> <1, it is the squeezed

state of phase component. The coherent state and the squeezed state in phase space
are shown as Figs. 1 and 2.
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Fig. 1 The expression of the A
coherent state in phase space Y AX =1
aY=1
>
X
Fig. 2 The expression of the A
squeezed state in phase space AX > 1

> AY <1

v

As for two-mode light field, X;, ¥; and X,, V> respectively represents its
quadrature components. Its amplitude sum and phase difference or amplitude dif-
ference and phase sum could be commuting. In such a state, the measurement of
quadrature component of one light field can determine the corresponding quadra-
ture component of the other, which introduces the entanglement into two-mode
light field. The entanglement state where quadrature amplitudes are positively
associated, while quadrature phases are reflexively associated, can be expressed as:

(A -%))") =0, ((A(h+1))") =0 2)

The entanglement state where quadrature amplitudes are reflexively associated,
while quadrature phases are positively associated, can be expressed as:
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Fig. 3 Diagram of positively X A y A
associated quadrature phases

and reflexively associated
quadrature amplitudes

(A +%))") =0, (A1 -12))") =0 (3)

As Fig. 3 shows.
In such a two-mode light field, joint variable noise is squeezed. Thus, the
entanglement of two groups of quadrature components is two-mode squeezed state.

3 Production of Two-Mode Squeezed Light

The conversion in nonlinear optical parameters is a typical method to produce the
squeezed state [14, 15]. A continuous beam of light with higher frequency is
injected as injection light into Nondegenerate Optical Parametric Amplifier
(NOPA), and two beams of continuously entangled light with lower frequency are
output. Such two beams of light are highly associated so as to show the quantum
squeezing characteristic. As Fig. 4 shows.

The a and b are used as annihilation operators of two light field modes:

1
X=—(a+a" +b+b" 4
ot ) @
—i
P=—(@—a"+b-0b" 5
i ) )
Fig. 4 Diagram of I
parametric down-conversion pump

== -
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t

Fig. 5 Quadrature component fluctuations of signals of two beams

They satisfy [X, P] = 2i, so AXAP > 1 is achieved and relative phases can be
locked as ¢ = 0 by phase locking technology. In this way, two beams of squeezed
light where quadrature amplitudes are reflexively associated, while quadrature
phases are positively associated are produced.

The quadrature amplitude components, X, and X,, of two beams of entangled
light, a and b, is taken as an example. In ideal conditions, once squeezing is strong
enough to determine the value of Xa, Xb can be calculated, and Xb’s uncertain
region, AXp, is quite small. The quadrature amplitude fluctuations of two beams of
entangled light are associated to far higher degree than classical association. They
can be seen as two truly random signals that are almost the same with each other.
As Fig. 5 shows.

Noticeably, the two beams of entangled light are produced simultaneously in the
same space. Therefore, when entangled light is applied into navigation as trans-
mitting signal, it can be ensured that its time is totally synchronized in generation
end, which is decided by quantum entangle properties. It eliminates the error caused
by desynchronized time in traditional radio transmission and positioning precision
is further improved.

4 Plan Design

4.1 Positioning Theory

The plan uses two-mode squeezed light as the measurement signal based on the
hyperbola locating theory and sets a entanglement source in the geometric midpoint
of two base stations. The two generating quadrature phases are positive correlation.
The Quadrature amplitude is inverse correlation and the constant entanglement light
a, b are transmitted to the terminal A and B respectively and reach the target M to
be measured through different path. We delay transaction the first reached beam of
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Fig. 6 Schematic diagram of

hyperbolic positioning Y MCx, y) Cle, w)

—

~-{EPR Source}-
aa B(x,y)

light (assume beam of light b reach first). Then enter the Bell detection system to
extract the quadrature component, differ the quadrature phases component and
collaborate quadrature amplitude modulation. In an ideal compression strength,
when the two beam of lights don not have the light equation, the two corresponding
quadrature component is full quantum correlation and the results of the differ and
collaborate the quadrature component is infinitely tend to 0. When the optical path
difference is greater than some value of number, the two corresponding quadrature
components don not have connections, adjusting the delay of beam of light b until
the results of the differ and collaborate of two quadrature components have the
minimum value. The delayed time of b is the cost time of beam of light b than beam
of light a for the optical path difference, which can be obtained by AL = ¢ x At,
then we can ensure the double hyperbolic positioning, and choose another two base
stations, we can ensure another double hyperbolic positioning. The cross of the
hyperbolic positioning can ensure the location of the target. The positioning prin-
ciple is as Fig. 6.

If the base stations A, B, C are known, which are (xi, y1), (X2, y2), (X3, ¥3), the
coordination of the target to be measured is (x, y), and we can get the distance
difference Ad;, Ad, by the corresponding positioning equation:

Vi =02+ 01 =32 = (2 — %7+ 02 — ) = Ady (6)

\/(Xs - x)2 + (s — y)2 - \/(xz - x)z + (2 — )’)2 = Ad, (7)

4.2 The Detection Process

When the transmit signal two-mode squeezed light reaches the target, we measure it
by the Bell detection system and achieve the extraction of quadrature component by
transferring the beam of light to the light current. The Bell is essentially makes use
of the coherent measurement of interferometer Mach-Zehnder. The experimental
scheme of making use of unbalanced interferometer Mach-Zehnder to detect the
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Fig. 7 Schematic diagram of
the detection process

pulse squeezed light phase light is put forward by O. Glockl, U. Andersen and so on
in 2004. In 2000, Zhang Jing of ShanXi Photoelectric Institute put forward the
direct detection method of Bell. Compared to the balanced homophone detection,
this method does not need local light and can get the noise of the quadrature
amplitude modulation and quadrature phase. The detection process is as Fig. 7.
In the plan, by using the annihilation operator the two-model squeezed light a

and b can be expressed as:
a(t) = o+ oa (8)
I;(t) = o+ b 9)

The two beam of lights are transmitted from different base stations, and by
different path to reach the target to be measured, the Bell detection system is

responsible for the detection, firstly before the beam of lights a and b entering the
50:50 beam splitters, they must undergo the phase adjustment, control the phase
difference of the light beam is 7/2 (the adjustment is periodical and the adjustment
scope is known, the error of optical path difference can be compensated at last),
because the entanglement light generated by OPA is orthogonal polarization, we
need to use the half glass sheet to make the polarized direction the same, assume
light beam b reaches first, and make an adjustable delay process which is At, the
optical path difference of the two beam light when transmitting is AL, and input the
light field of the beam splitter can be expressed as:

1,(1) = o+ da(r) (10)

Iy(t) = b(t — 1)e™? = in+i0b(t — T+ Ar) (11)

The two optical output fields of the light splitter are:
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(1) = % (1) + ()]
1 o+ io da (12)
= 5 lla+ )+ (3al0)
+i0b(t — T+ Ar))]
ar) = \% ,(0) — 1b(0)]
_ 1 o — io a (13)
= 5 l(a— i)+ (0a()

— i0b(t — 1+ Ar))]

After two detectors, the two light fields are transmitted to two light current,
which can be expressed as:

b= ot (elt) = o2 + %oc[&Xa(t)

(14)
V(1 — T+ AT)+ (1) + Xy (1 — 7+ A)]
b= dt () = o2 + %oc[éXa(t)
(15)

+0Y,(t — 1+ Ar) — 6Y,(2)
+ 0Xp(t — 1+ Ar)]

0X = da™t +da and 8Y = i(6at — da) are the noise component of the cross
polarization and quadrature phase. Then the two light currents are sent to the radio
frequency beam splitter and are divided into two parts. Different from the beam
splitting, the light current splitters do not have additional noise and by the minus of
the corresponding light current can get two electric signal:

1 (16)
l'+ :ﬁ(lc—’—ld)
VAl \%a[axa(t) +0Xp(t — T+ A1)
1
1 = _(lc - ld)
V2
1 (17)
= J5oA0Yu(1) = o¥y(t — 7+ )

The connecting parts of the electric signal are the photoelectric current fluctu-
ation of two quadrature components light current:
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1
—
V2

diy = [0X,(2) + 60X, (t — T+ At)] (18)

di_ = %a[éYa(l‘) — 0Yp(t — T+ Ar)] (19)

So far, we can extract the amplitude and the phase difference of two quadrature
component at the same time. Owing to the quadrature component of the constant
entanglement lights a, b are highly related, they can be seen as the almost same
signal. We can see that when the delayed time At is the same as the time of optical
path difference of two light path 7, the quadrature phase of two light fields are full
quantum positive correlation and the quadrature amplitude is negative correlation.
The noise of quadrature phase difference and the quadrature amplitude sum are both
less than SNL. In an ideal squeezed intensity, the two values infinitely tend to O:

5y = \%a[axa(t) Xy — T+ AN =0, Ar—rt (20)
5i = aloYa(t) — oYyt — 4+ A =0, A=t (21)

V2

We can make use of one of the two quadrature components to get the time
difference of arrival. The Bell state direct detection used in the plan can simulta-
neously get the measuring results of two quadrature components. By the compar-
ison of two results, the accountability and accuracy of measuring results can be
further enhanced.

5 Performance Analysis

5.1 Estimation of Detection Performance Parameters

Compared to the problem existing in balanced homodyne detection that local light
is stronger than signal light so that local light can lead to detector saturation, the two
compressed beams in this scheme are used as signal light and their light intensity is
almost same, so the result of difference calculation is effective. And the result of
Bell state direct detection is the quantum noise of the two sets of quadrature
components. So using associated noise to do parameters analysis [16, 17] in this
scheme is more straight and more effective. The correlation noise variance of the
two-mode compressed light can be expressed by the compressive strength r:
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(3*(Xa+Xp)) = (8 (Yu— 1p)) =27 (22)
(0*(Xa — Xp)) = (S (Yu+ 1p)) =2 (23)

The higher the compressive strength, the smaller the associated noise variance is.
When 7 — oo, (6*(X,+X3)) = (8*(Y, — ¥)) — 0, When the two compressed
light is near synchronization in time, it is significantly smaller than the SNL trough,
as shown in Fig. 8.

When the correlation noise is less than SNL, the detection precision meets the
requirements. And then use the range in which the correlation noise is less than the
SNL as the detection error range Ar. The experiment results show that the corre-
lation of the two entanglement signals will disappear completely when the delay
time exceeds 27 ns [18], so the delay time error range At has to be within 27 ns to
meet the effective measurement requirement. As for measuring the least error,
analog-digital converter (ADC) should be adopted in practical experiment or sim-
ulation experiment to collect correlated noises and they are input into computer for
processing to within 27 ns, choose the time interval t,,;, of two sampling points
where minimum values are the closest, and it is the minimum error value of
measuring delay time. Therefore, when estimating the minimum error, its precision
is limited by AD converter’s sampling frequency. The higher its frequency is, the
less the minimum error range of measuring delay time will be and the higher
precision will be. Currently, the highest sampling frequency of AD converter can be
over 2GSPS, so in ideal condition, the minimum error of measuring delay time 7,,,;,,
can be up to picosecond and the measuring accuracy of corresponding optical path
difference is up to millimeter.

Fig. 8 Schematic diagram of A
correlation noise

measurement results change

with the delay time <52()?‘, +)?,,)>

SNL

\




618 G. Fang et al.

5.2 Positioning Accuracy Estimation

By estimating the detection error range of the delay time, the optical path difference
of the two beams can be estimated, according to the formula:

AL = ¢ x At (24)

Due to the limited application of AD converter of ultrahigh sampling frequency
and it cannot be popularly used in most fields, we estimate positioning precision
when assuming that the sampling frequency of the detector is 500 MHz. In such
conditions, the error range of the time difference of the arrival time is Az = 2 ns. In
this case, the error range of the optical path difference of the two measuring light is
0.6 m. According to the hyperbola positioning principle, the error range of the
positioning is estimated.

As shown in Fig. 9, it is assumed that the straight-line distance between the two
base points A, B is known and the optical path difference has been measured and
the y-coordinate y of the target point M (X, y) has been determined by another pair
of positioning hyperbolas The abscissa x of the target point can be estimated
according to the geometric properties of the hyperbola. The standard hyperbolic
equation is:

S —m——=1 (25)

Optical path difference Al = I} — I, = 2a after introducing the optical path dif-
ference measurement error, it is rewritten as follows:

Fig. 9 Positioning principle
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2y

=1 26
(a+o0) - (a+a)? (26)
At this point the abscissa can be expressed as:
/ y2

Then the error range of the abscissa is:

Ax=x —x

:(a+a)ﬂ1+#§+w]_a\/{l+£} (28)

In practical navigation positioning, the precision is affected by many factors like
geometrical relationships among base stations, the length of baseline, the range of
detection and so on. So, we need to analyze positioning precision under some given
conditions. Assuming that the angle between two baselines is about 90° and the
straight-line distance between A and B is 1000 m, which means 2c = 1000, the
optical path difference Al = 600 = 2a. Assuming y = 400 m, then Ax can be set by
formula (28) to about 0.849 m. Under the assumption of the same conditions, it is
estimated that the error range of ordinates y is Ay = 0.849 m. Therefore, the
positioning range of this scheme can be roughly determined within the rectangular
range where the horizontal and vertical coordinate errors are 0.849 x 0.849 m?. As
shown in Fig. 10.

Fig. 10 Estimated
positioning range Y
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6 Conclusion

A quantum location scheme based on continuous variable entanglement and Bell
state direct detection is proposed. According to theoretical research, under certain
conditions, the precision of measurement is directly proportional to the compressive
strength of the entangled light. Based on the hyperbolic positioning principle and
the existing experimental data, this program gives the theoretically estimated value
of positioning accuracy and positioning error range under some given conditions.
By optimizing the parameter estimation algorithm and other improvement mea-
sures, there is still much room for improvement in this area. Compared with the
positioning method of the discrete-variable entangled state, this scheme has the
advantages of high efficiency and high detection efficiency. At the same time,
compared with the balanced zero-beat detection, the direct detection method of Bell
states is easier to implement and the detection process is simpler and more direct.
Furthermore, the proposed method is suitable for two beams with the same inten-
sity, which is beneficial to improve the effectiveness. The next step will be simu-
lation experiments, further investigate the impact of various parameters on the
positioning accuracy and then analyze. The preliminary theoretical analysis shows
that the scheme has some feasibility and can provide a new idea and reference for
the application of continuous variable entangled states and quantum navigation and
positioning methods.
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Application of the Multipath Hemispheric
Model in Monitoring Receiver

Tianxiang Su, Yuanlan Wen, Wei Feng, Guangming Liu, Hao Lan,
Jiangwei Ma, Yun Zhang and Xu Zhang

Abstract Multipath effect is the primary factor affecting the quality of GNSS
observation data, and thus affects the measurement accuracy of monitoring recei-
vers. Giving the characteristics of the monitoring receiver, the application of the
multipath hemispherical model is used to the three types of satellites of the BeiDou
system and the model precision is analyzed in this paper. The experimental indi-
cates that the multipath hemispherical model has a good effect on the multipath
improvement of monitoring receiver.

Keywords Multipath - Hemispherical model - Monitoring receiver

1 Introduction

With the rapid development of GNSS, errors such as satellite ephemeris error, clock
error, ionospheric error, and tropospheric error can be further reduced by modeling.
But for the multipath error, it is mitigated difficultly owing its own particularity, has
become a major error affecting GNSS precise positioning. There are three main
methods to reduce multipath: receiver antenna design, receiver baseband signal
processing and data post-processing methods. It has an obvious effect that reducing
the selection of receiver antenna type and the proper installation environment. The
receiver baseband signal processing can also suppress the multipath effect by using
narrow correlation and other processing techniques. However, after adopting these
two techniques, multipath effects are not completely eliminated, and multipath
errors still exist in the observation data [1, 2]. The method of the data post-
processing can be applied to estimate the multipath error by modeling and filtering
online or offline, so as to further weaken the multipath effect.

In recent years, more and more attention has been compensated to the method of
further reducing the multipath effect at the data processing level, and scholars at
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home and abroad have conducted extensive research on the analysis of multipath
error. Feng Xiaochao et al. made a relative experiment on the multipath effect of the
pseudorange measurement of GNSS receiver, and carried on the experimental
analysis of the related factors which influence the multipath effect [3]. Zhang Liyun,
Li Guowei studied the modeling of the pseudorange multipath error of GPS system
by using spherical function and trigonometric series respectively, and comparing
and analysing the error accuracy of multipath model fitting [4, 5]. Wu Xiaoli et al.
proposed CNMC algorithm to mitigate multipath of GEO satellite of BeiDou
system, improving the pseudo-range positioning accuracy [6]. Axelrad et al. pro-
posed a SNR-based weighting algorithm to reduce the multipath effect [7]. Azarbad
et al. modeled multipath signals by using wavelet analysis and Vondrak filters to
reduce multipath errors [8, 9]. Larson et al. established the ARTA adaptive filter by
analyzing the time series of the positioning error for GPS system satellites, and the
multipath errors were removed [10]. Zhongping et al. proposed a Sidereal filter
based on the observed data to make a good estimate of the multipath error [11]. Ye
Shirong et al. studied the Carrier Phase Multipath of the BeiDou GEO, IGSO, MEO
and other satellites, and achieved very good results [12]. Guo Jinyun, Song Le, Shi
Qiang et al. had established a multipath hemispherical model for non-difference,
single-difference and double-difference observations respectively, and achieved
good results [13—15].

In this paper, the mechanism of multipath generation is described firstly. And
then the characteristics of multipath effects is analysed. Finally, the hemispherical
multipath model is used to mitigate multipath error on the monitor receiver, and
further experiments verify the hemispheric multipath model reliability and predic-
tion accuracy.

2 Multipath Effect Analysis

2.1 Multipath Effect

Multipath is the measurement error caused by the receiver receiving the direct
signal transmitted by the satellite while also receiving other indirect reflected sig-
nals, interference of the indirect transmitted signal to the direct signal, resulting in
distortion of the received signal. The principle of multipath is shown in Fig. 1.

2.2 Repeatability Analysis of Satellite

BeiDou satellite navigation system is composed of GEO satellite, IGSO satellite
and MEO satellite, the orbital period also has a significant difference. The calcu-
lation method of the orbit overlap period is given [10]:
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Fig. 1 The principle of multipath signal
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T =4n/n (2.2)

The orbital overlap period of GEO and IGSO satellites is about one day, while
that of MEO is about 7 days [12, 15].

2.3 Analysis of Monitoring Multipath Receiver

Monitoring receiver is used for ground monitoring stations to collect the original
data of the navigation satellite, is the major equipment of ground control system for
data acquisition, which data is foundation for satellite orbit determination, ephe-
meris generation, differential correction and various model parameter calculation,
has an irreplaceable position. The precision of the monitoring receiver is high, and
its higher performance required for continuity, stability and reliability [16].

Due to the limitation of the location requirements of the monitor station [17], the
monitoring receiver environment is relatively fixed, which will not change in the
short term, and monitoring receivers are static receivers, thus the relative envi-
ronment of the receiver is relatively unchanged, which benefits for the multipath
modeling of receiver.

As the multipath effect leading the phase distortion and amplitude distortion only
relates to the elevation and azimuth, but not relating the satellite, the multipath
effect of the monitoring receiver is equal when the different satellites cross the same
location. The multi-path effect has the same space-time invariance, the size of the



626 T. Su et al.

multipath effect of the same altitude and azimuth is the same for different satellites,
and does not change with time and specific satellite [13].

In this paper, the pseudo-range carrier combination method is used to calculate
the multipath error value [6]. Suppose that MP1, M2 are B1, B2 multipath, p, p,
and @, @, are B1, B2 pseudorange measurements and carrier phase measurements
respectively, A, 4, are B1, B2 wavelengths. The multipath error calculation for-
mula is as follows:

1+o 2
MPi=p,+ —— @, -l ——— @, - 2.
=t e 0 A (2.3)
20 1+o
MPy=py+ —— @, - A ——— @, - 2.4
2=p T Pk (2.4)
_
Where,ocfflz.

Taking GEO-5, IGSO-3 and MEO-1 as examples, the multipath errors are shown
in Figs. 2, 3 and 4 respectively.

It can be seen from Figs. 2, 3 and 4 that the trend of multipath effect of GEO-5,
IGSO-3 and MEO-1 is basically the same on 27th and 28th. Figure 4 illustrates the
MEO-1 satellite’s early entry in a week, mainly because its orbital overlap is not an
entire week.
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Fig. 2 The multipath error of GEO-5
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3 Multipath Hemispherical Model

The receiver multipath effect is only related to the elevation and azimuth of the
satellite. Therefore, the multipath model can be established by dividing the multi-
path into elevation and azimuth.

The multipath hemispherical model is the statistical average of the multipath,
which is means of the multipath of all the satellites passing through the same
position. Because of the different orbital heights of the three types of satellites, the
changes of the elevation and azimuth are different, so the meshing can be treated
differently according to different types of satellites.

3.1 Multipath Triangular Series Modeling

There are many methods of modeling Multipath, such as the polynomials, the
spherical harmonics and trigonometric series at el. The trigonometric model is
applied in this paper. 6 is the elevation and ¢ is the azimuth. The trigonometric
series of the multipath can be expressed as follows:

MP(0, ) = ap + [a; cos(i0) + b; sin(i0) + c; cos(id) + d; sin(ip)]  (3.1)

N
i=1

where, N is the order, a;, b;, ¢;,d; is the undetermined parameter.

3.2 Fitting Algorithm

In this paper, the least squares algorithm is used to solve the unknown parameters,

MP,

MP
Pl o AX e (3.2)

MP,,
where A is the matrix of coefficients, m is the number of observations, determined
by the sampling frequency, X is the parameter to be solved, the dimension of X is

determined by the order of triangular series, namely (4N + 1) x 1 dimension,
N(0,0,) is Gaussian white noise, and o, is the range error.

X = (ATA)"'AT . MP (3.3)
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Since the elevation and angle of elevation change slowly between neighboring
observations, the correlation matrix A is strong, which leads to a serious
ill-condition in the process of solving, and the method of ridge estimation is
used [18].

X=(ATA+K-1)"'AT . mP (3.4)

where, K ridge parameter is le—10, which is a unit matrix.

3.3 The Prediction of Hemispherical Map Model

After the parameters are calculated from Sect. 3.2, the receiver multipath is pre-
dicted according to the 0.1 x 0.1° grid.

MP=B - X (3.5)

where MP is the predicted value of multipath, B is the coefficient matrix which
contains the sine and cosine functions of elevation and azimuth, and X is the
estimated parameter.

4 Multipath Effect Analysis

In this paper, BeiDou monitoring receiver is adopted. The data acquisition location
is located in Guangdong Province from May 27th to June 3rd, 2016, sampling
frequency is 1 s and elevation cut-off is 15°. The multipath error is analyzed for
GEO-5, IGSO-3 and MEO-1 in this paper.

The celestial projection of multipath error for GEO-5, IGSO-3 and MEO-1 on
monitoring receiver is respectively shown in Figs. 5, 6 and 7. In the figure, the
value corresponding to the color is the value of the multipath error.

Since GEO satellites are stationary relative to the earth, the changes in elevation
and azimuth are small, as shown in Fig. 5. While the IGSO satellite and MEO
satellite are movable relative to the earth, the elevation and azimuth change faster
than GEO satellite. Theoretically, the higher the elevation angle at which the
receiver receives the satellite signal, the smaller the multipath error should be. The
IGSO-3 satellites have different multipath effects on the east and west sides. When
the IGSO-3 satellite is on the east side of the receiver, the IGSO-3 satellite can
basically meet the trend of higher elevation angle and smaller multipath. However,
when IGSO-3 satellites are located on the west side, the multipath effect decreases
and then increases with the rising elevation angle, and then becomes smaller, which
is not consistent with the conventional trend.
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Fig. 6 The sky map of
IGSO-3 multipath error

Fig. 7 The sky map of
MEO-1 multipath error

In Fig. 7, this abnormal trend is more obvious for MEO satellites. When MEO-1
arrives, the elevation angle is very small, thus the multipath is very large. As the
elevation angle becomes larger, the multipath decreases, but when the MEO
satellites are at a high elevation angle in the west of the monitoring receiver,
multipath does not decrease but becomes larger. As MEO satellite gradually exits,
the elevation angle is low, multipath effect gradually becomes larger.
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In general, it is believed that the higher the elevation angle, the smaller the
multipath error. This situation is based on the concept which the receiver is in the
ideal environment. That is, the environment of the receiver in the horizontal
direction is substantially symmetrical. The multipath curves in Figs. 6 and 7 show
that the multipath error is also related to the azimuth angle. Therefore, in the process
of multipath modeling, elevation angle and azimuth angle as two important
parameters, the number is equal, which is different from the trigonometric series
modeling [5]. Several pools on the west side of the monitoring receiver are likely to
cause larger multipath of the IGSO-3 and MEO-1 at high elevation.

It can be seen from Fig. 8§ that the hemispheric multipath fitting curve can reflect
the multi-path trend, while the forecast model only in a few obvious changes in the
place of the forecast is better, other parts of the forecast did not achieve the desired
effect. The trend is basically consistent with the multi-path trend. Figures 9 and 10
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also indicate that the prediction of the hemispheric multipath of GEO-5 is not very
satisfactory. The main reason is that the elevation and azimuth change is too small,
leading to the strong correlation between the observed data, thus resulted that the
model parameter calculation does not reflect the trend of change, but at several
important inflection point forecast model is better.

It can be seen from Figs. 11, 12 and 13 that the hemispheric multipath model has
a good fitting effect on IGSO-3 satellite, and the model forecast can reflect the
multi-path trend. It can be seen from Fig. 12 that the effect of hemispherical
multipath model fitting is good. While in Fig. 13, although the trend of multipath
effect is reflected in the whole model forecasting process, but the prediction error

Fig. 10 The prediction error The fitting error of hemispheric multipath of GEO-5
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Fig. 12 The fitting error The fitting error of hemispheric multipath model of IGSO-3
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behaves that the first half is larger, the latter half is smaller, there is a systematic
bias. This may be related to the adjustment of satellite position on that day
(Fig. 14).

Figures 15, 16 and 17, it can be seen that the application of the hemispherical
multipath model in MEO-1 is better; the trend of the multipath is reflected in both
the fitting curve and the forecast curve.

As can be seen from Table 1, the effect of the hemispherical multipath model is
not the same for the three types of satellites, the applicability for the IGSO and
MEQO satellite is better than GEO satellite in general. Due to the high orbit of GEO
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Fig. 17 The prediction error The prediction error of hemispheric multipath model in MEO-1
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Table 1. The .applicabi.lity of  Satellite Fitting accuracy Prediction accuracy
the hemispherical multipath
GEO-5 0.2076 0.2437
model to three types of
satellites IGSO-3 0.0622 0.1654
MEO-1 0.0911 0.1248

satellites, the elevation and azimuth change slowly, leading to the strong correlation
of the data. However, there is a weak correlation with the observation data of the
IGSO and MEO satellites, because the changes of the elevation and azimuth are
quicker than GEO.

In addition, the order of trigonometric series is not directly proportional to the
accuracy of multipath prediction, but when the order is more than certain degree,
the accuracy of model prediction will decrease gradually.

5 Conclusions

This paper preliminary discusses the application of the hemispherical multipath
model in non-difference data of the BeiDou monitoring receiver. The multipath
errors of code-reduced carrier are analyzed for GEO, IGSO and MEO, and the
multipath errors are predicted according to the model. The experiment shows that
the hemispherical multipath model has some feasibility in non-difference data of the
monitoring receiver. However, the base data of the parameter estimation only takes
1 day, and the accuracy of the monitoring receiver angle can only reach 0.1°, and
the change of elevation angle and azimuth angle are small, especially for the GEO
satellite, resulting that the change of multipath can’t be reflected though the cal-
culated parameters. The next step is to continue to optimize the order of the
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trigonometric series and to explore different multipath modeling methods for the
three types of satellites to further refine the model parameters and to more accu-
rately model the multipath errors.
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The Test and Analysis on Pulse Signal
Detection Abilities of the X-ray
Detector MCP for Pulsar Navigation

Qingyong Zhou, Lizhi Sheng, Ziqing Wei, Siwei Liu, Kun Jiang,
Chun Chen, Jianfeng Ji, Hongfei Ren and Gaofeng Ma

Abstract The Micro-Channel Plate detector (MCP) is an X-ray detecting system
with a mature technology, which is suitable for space observation and navigation
application of X-ray pulsar. For analyzing the X-ray pulse signal observation
capability of MCP detector, a long-time experiment of MCP detector with different
radiation flux and different background noise were carried out by the ground testing
system. Meanwhile, a set of evaluation methods of the pulse observation capability
of X-ray detector was established, those expressions of the signal-to-noise ratio
(SNR), the correlation of pulse profile (R), the accuracy of pulse time of arrival
(o704), the minimum detectable power (Pp,) are derived from the photon counting
model of the ground testing system. In the whole testing experiment which took
almost a week, 8 groups of 10000 s X-ray photon TOAs dataset were received by
the 20 cm®> MCP detectors, the best periods were searched and gained, the
observable pulse profiles were replicated, those characteristic parameters of pulse
profile were estimated. The result of this experiment shows that the MCP detector
has a good capability of X-ray pulse signal observation and reconstruction, the
SNR, R, o7ps of the observed pulse profile at the low pulse signal flux
(f,, :0.0Sph/cmz/s) are (35.73, 88.38%, 51.53 ps) and are (35.73, 88.38%,
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51.53 ps) at strong background noise (B = 16), so, the MCP detector has a good
observation ability of a certain faint X ray pulsar. The result also has revealed that
the minimum detectable power (Pp;,) of MCP detector is closely related to the
power intensity of the X-ray pulsar simulator, is less correlation with the intensity
of background noise. The Py, has the minimal value which is also called the
minimum detectable cutoff power. When the X-ray pulse signal received by MCP
detector is weak, Pmi, is close to its minimal value (1 x 10714 W).

Keywords Micro-channel plate (MCP) detector « Ground testing system - X-ray
pulsar simulator

1 Introduction

The pulsar is a type of neutron star with high-speed rotation and strong
magnetic-filed, whose periodic pulse signal is extremely stable and time charac-
teristics is clear, just like the “Lighthouse” in the universe. So, by using X-ray
millisecond pulsar as a natural and permanent super stable signal source, the
autonomous navigation of spacecraft in deep space can be achieved for long time.
The X-ray pulsar navigation is such a process that the photons from pulsar are
received by X-ray detectors and then the pulse times of arrive are estimated, the
orbit and clock errors of spacecraft are determined by fusing with the orbit dynamic
information. In general, X-ray pulsar navigation system always includes the X-ray
detector, the pulsar parameter database, satellite clock, auto-navigation software
and other components, especially, the X-ray detector is a key component of the
pulsar navigation system, whose sensitivity of detection directly affects X-ray signal
detection ability, thus affects the space observation ability and navigation appli-
cation performance for X-ray pulsar.

The MCP detector is a kind of detector for X-ray pulsar space observation or
navigation application. It has the advantages of high time measurement accuracy
and large-scale integration. At present, a large number of performance tests of the
MCEP detector has been carried out. The relevant test results show that the signal of
X-ray photon can be acquired well and read out accurately by the MCP detector.
Because the radiation flux of the X-ray millisecond pulsar used in space navigation
is weak, and the space particle background noise is strong, so testing and evaluating
the pulse detection ability of MCP detector for X-ray pulsar in weak pulse signal or
strong background noise environment is very important. For analyzing the X-ray
pulse signal observation capability of MCP detector, a long-time experiment of
MCP detectors under different radiation flux and different background noise were
carried out by the ground testing system which is described in reference [1]. This
paper just reports the result of this testing experiment of MCP detector.
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2 The Ground Testing System and Evaluation Method

2.1 MCP Detector and Ground Test System

Micro-channel plate (MCP) is a two-dimensional array with a small channel
composed of electronic multiplication devices, with millions of parallel electron
multiplication micro-channel. Two MCP can achieve 10°-10° times the electron
gain. The working principle of MCP detector is shown in Fig. 1, When the X-ray
photons pass through a collimator, and will produce photoelectrons with photo-
cathode in photoelectric effect, and then repeat collisions with the inner wall of the
passage, the final output of the large number of electrons are received by the anode.
The electric pulse is formed by the fast current sensitive amplification, constant
ratio timing CFD (Constant Fraction Discriminator) and time digital conversion
circuit TDC (Time-to-Digital Converter) to obtain the time of arrive of photons.

The experiments on the pulse signal detection abilities of the X-ray detector
MCP are carried out on X ray detector ground testing system. The schematic figure
of X ray detector ground testing system is shown in Fig. 2, the X-ray ground testing
system mainly includes two parts: X-ray pulse signal modulation and generation
part and X-ray photon receiving and processing part. X-ray pulse signal modulation
and generation part produces the discrete X ray photon beam which can recover the
same profile by X-ray pulsar simulation source (grid controlled X ray tube here)
with pulse signal. The X-ray photon receiving and processing part receives X-ray
photons by MCP detector, and deals with those data.

The generation and reception of the whole X-ray photons are in the vacuum
pipeline of the ground testing system, the length of vacuum pipeline is 1.2 m, and
the test environment temperature is 20 °C. The time-frequency stability of system is
about 107'°. The more information of X ray pulsar simulation source and ground
test system please refers to reference [2, 3].
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X-ray Data Processing
photon E_, Fa CFD TDC and Pulse
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Fig. 1 Schematic of photon detecting and readout for MCP detector”
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Fig. 2 The sketch map of X-ray detector ground testing system

2.2 The Evaluation Method

The X-ray pulsar simulation source can control the radiation power of the grid
controlled X-ray tube and modulate the X-ray photons with controllable flow and
period by loading the pulse contour template on the host computer. The simulated
X-ray pulsar for testing is a typical navigation pulsar Crab, whose profile template
is obtained by dealing with RXTE satellite spatial observation data and whose
modulation pulse period is 33.4 ms. Figure 4 shows the normalized standard profile
of Crab pulsar, the part above red line is considered as pulse photon counts, Np;,
X-ray photons from the pulsar, the other part below red line is considered as
non-pulse photon count N,,,—pus., generally from the pulsar cloud or other space
background radiation. Define the background noise intensity B = Nyon—puise/ Npuises
indicating the intensity of the background noise.

The MCP detector receives discrete the X-ray photons and records its arrival
time. Ideally, we can recover the best observation pulse profile by using modulated
pulse periods. The reconstruction of accurate pulse profile is very sensitive to the
precision of period value. However, due to the effect of the self-noise of MCP
detector, photon limited and other unknown factors, the pulsar rotation period will
change a little, so the value of pulse period need to be researched for obtaining the
best pulse period, then the high-SNR pulse profile is replicated. The periodic search
algorithm adopts the quantity > evaluation method.

The pulse detection capability of MCP detector can be evaluated by the quality
of observing pulse signal and the minimum detectable power. The former includes
the similarity of observation pulse, signal to noise ratio (SNR) and TOA accuracy,
the latter describes the minimum detection ability of MCP detector. Those equa-
tions can be derived from the photon counting model.
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According to the working principle of the ground testing system, the photon
counts of MCP detector output mainly includes three parts: (1) X-ray pulse photon
counts Npyge, (2) X-ray non-pulse photon counts N,,,—pyise, always are considered
as radiation from the nebula of pulsar and space particle background (3) back-
ground counts N, from MCP detector itself. The counting statistics caused by the
latter two kinds of photon are both random white noise.

N = Npulse + Nnoanulse + Nb (1)

Assuming that the geometric effective area of the MCP detector is A and the
effective observation time is . Three kinds of photon flux density can be estimated
below:

fPulse = NPulse/t/A
fnoanulse = noanulse/t/A (2)
Jo = Np/t/A

where A =20cm?, t = 10000s. The SNR of the observation signal is usually
expressed as the ratio of the pulse photon counts of source to the observation error
Onoise Of the signal.

SNR = NPulse _ NPulse

Onoise \/(Nb + Nnoanulse) + Npulse

fPulse \/‘“
= VA - t| 4=20
\/(fb +ﬁzon—Pulse) +fPulse

3)

The SNR of observational pulse signal received by MCP detector in the pulse
mode also can be analyzed with time changes by Eq. (3).

The minimum detectable power P.,;, of MCP detector, also called the noise
equivalent power (NEP), is defined as the incident X-ray power when SNR of pulse
signal gained by per unit area (1 cm?) X-ray detector in per unit time (1 s) is 1. The
minimum detectable power is related to the incident X ray photon energy. In the
experiments, the characteristic energy spectrum is at 4.5 keV.

Puin = P(t =1 s)|SNR:1,A:lcm2 = hv 'fPuIse/n (4>
=4.5 % 10° x 1.602 x 10" fp. /1

where h = 6.63 x 1073*Js is the Planck constant, v is the frequency of X ray
photon, 7.2 x 107'°J is the corresponding energy of the Ti target spectrum
4.5 keV, n is the detection efficiency. The detection efficiency of the MCP detector
at the 4.5 keV energy is about 9.15%. Inserting SNR =1 into Eq. (3), and the
reasonable term is maintained:
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foe = 1+/1+ 4((1;b FFronpuse)) 5

Combination Egs. (4) and (5), the new formula can be simplified below:

Pmin ~ 4 x 10715(1 + \/1 +4 . (fb +fm)n—PulSe))W (6)

where W is the power unit watts. It is thus clear that MCP detector at 4.5 keV
energy has the minimum detectable power. When there is no noise, the minimum
detectable power Ppin ~ 8 x 10713 W. The background noise of X ray detector is
closely related to the operating environment temperature and the output voltage
threshold. The background noise of MCP detector is strong, its background flow
density is f, ~ 0.3 ph/cm? /s, 50 Ppin ~ 1 x 10~* W. Equations (3) and (6) are the
calculation formulas of the pulse signal SNR and the minimum detectable power of
the MCP detector respectively.

The formulation for calculating correlation between the observation pulse profile
and the loaded standard pulse profile:

R = max{R(7)|7} (7)

___rEpt)-steodt
where (1) = Pt 20
f(¢) is observational pulse profile.
The precision of Pulse time of arrive (TOA) can be estimated by pulse profile
characteristic, which represents the resolution of pulse arrival time based on single
observation:

I p(t) is the standard pulse profile, see in Fig. 3,

OT0A — FWHM/SNR (8)
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Fig. 3 The united standard profile of Crab pulsar
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where, FWHM is the half bandwidth of the observational pulse profile, and the
FWHM of Crab pulsar accounts for about 9.1% of the whole period.

3 Experimental Results and Analysis

Two types of MCP detectors have been tested by ground testing system to evaluate
the ability of X ray pulse signal acquisition and recovery of MCP detector with
different radiation flow and background noise intensity. The first kind of tests fixed
the background noise intensity B = 1, adjusted the X ray radiation intensity by
changing the current of X-ray tube, five groups of different radiation flux experi-
ments, in which the corresponding I were 65, 50, 25, 5, 1 A, have been carried out.
The second kind of tests fixed radiation flux (I = 25 A), changed the background
noise intensity B by loading different pulse profile template, three sets of experi-
ments were conducted in which the background noise intensity B were 4, 8, 16. The
observation time of each experiment is 10000 s, The normalized pulse profile
loaded by the pulsar simulation source is Crab.

The MCP detector was placed at 80 cm from the X ray pulsar simulation source,
the vacuum chamber vacuum degree remains at 107 Pa, the test environment
temperature is 20 °C.

In the experiment, the MCP detector can receive the data about the time of
arrival of each photon under different radiation flux and different background noise
intensity. The method to evaluate pulse signal in Sect. 2.2 was adopt. For each
datasets of observation, the pulse period was searched, and the observable pulse
profile was estimated by the estimated value, seen in Fig. 3. The pulse flux and
non-pulse flux were calculated, the SNR of observation pulse, the pulse correlation
R, o704 were estimated, the minimum detectable power of the MCP detector was
analyzed, the related results are shown in Table 1.

From Table 1 and Fig. 4, The MCP detector has a good X-ray pulse signal
ability of acquisition and procession, can recover observed pulse profile under weak
pulse photon flux and high background noise intensity, the main conclusions are
summarized as follows:

(1) The observable pulse profile at the weakest radiation flux 0.05 ph/cm?/s can be
recovered by MCP detector with area of 20 cm? in 10000 s, seen in Fig. Se. the
SNR of pulse profile is up to 35.73, R is 88.38%, o704 is 51.53 ps. For high
background noise, MCP detector also has good pulse signal detection ability.
When the B = 16, in other words, the background noise intensity is 16 times
than the pulse flux, the observable pulse profile also can be recovered, the SNR,
R, o704 of observable pulse profile are 64.89, 89.72%, 29.24 ps respectively.
So, the MCP detector can realize the space observation of Crab, PSR B1509
and other typical pulsar for navigation. If the area of MCP detector can be
enlarged and the observation time can be prolonged, the detection ability of
pulse signal can be improved.
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(2) The SNR of observable pulse profile raises with the increase of current intensity
I of X-ray simulation source, decreases with the increase of the background
noise intensity B, both relationship are nonlinear. The minimum detectable
power P, of MCP detector is closely related to the current intensity I, which is
independent of the background noise intensity B. When the flux of pulse signal
received by the MCP detector (e.g. I =1 A) is low, the Pp, of the MCP
detector approaches its extreme value 1 x 1074 W. the SNR of observable
pulse profile basically raises with the increase of I, and decreases with the
increase of B. although with strong pulse flux and weak background noise, the
pulse correlation R of observable pulse profile is better than 90%. However,
when with weak pulse flux (I = 1 pA) and strong background noise (B = 16),
both R of two observable pulse profile is less than 90%. The precision of pulse
time of arrive ag7ps, Which is used to describe the accuracy of observational
pulse profile, is inversely proportional to the SNR of pulse profile. The oo
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Fig. 4 (continued)

improves with the increase of current I of X-ray simulation source, and
decreases with the increase of the background noise intensity B. The o794 of
the observable pulse profile which is received by 20 cm* MCP detector in
10000 s is better than 100 ps in low pulse flux (I = 1 A) or strong background
noise (B = 16), this result also means that the MCP detector can be applied for
pulsar navigation.

4 Summary and Discussion

Through a long-time test of MCP detector in different X-ray radiation flux and
different background noise intensity, MCP detector has good X-ray pulse signal
observation and recovery capability, can obtain the pulse profile with high SNR and
R. Both of two observable pulse profile which received by 20 cm® MCP detector
with low flux (f, = 0.05 ph/ cm?/s) or high noise (B = 16) are recovered in this
test, whose characteristic parameters of pulse profile SNR, R, TOA are (35.73,



The Test and Analysis on Pulse Signal Detection Abilities ... 647

88.38%, 51.53 ps), (64.89, 89.72%, 29.24 ns) respectively, those results proved
that the MCP detector has a faint X ray pulsar observation ability. In the real space
environment detection, pulsar radiation flow is very weak, even the strongest Crab
pulsar is only 1.54 ph/cmzls, and the flux of other pulsar is usually below
1072 ph/cm?/s. Due to the influence of celestial motion, solar activity and geo-
magnetic field disturbance, the space environment of spacecraft is very compli-
cated, and there are many kinds of background radiation particles which changes
with time. The volatility of the spatial dispersion of X-ray background may have a
great influence on the pulsar navigation. The tests in this paper only consider a
constant space background noise. In further, we can construct a radiation model
based on the real space environment data, and assess the impact of MCP detector
from space X-ray background with the mathematic simulation method.
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