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Abstract

To upgrade the positioning accuracy, re-initialization speed, and attitude determination performance of precise point position-
ing (PPP) in dynamic applications, we proposed a multi-sensor fusion system consisting of four global navigation satellite
systems (GNSSs), namely GPS, BDS, Galileo, and GLONASS, several low-cost inertial sensors, and an odometer. The study
shows that the performance of PPP in terms of continuity, reliability, stability, and re-initialization speed improves by such
a multi-sensor fusion system. This manifests itself in a significantly increased accuracy. For position solutions, compared
to un-aided PPP solutions, the improvements achieved using low-cost inertial navigation system (INS) are about 36.4, 38.7,
and 31.3% in the north, east, and vertical components, respectively, and the improvement using odometer are about 1.58,
0.35, and 4.32% relative to the INS-aided PPP solutions. Moreover, using the odometer can provide more than 2.1, 1.4,
and 50.6% attitude improvements for roll, pitch, and heading angles compared to the attitude solutions obtained from the
INS-aided PPP system. Under GNSS outage conditions, the mean position improvements using the odometer are about 2.3,
1.8, and 8.7%, with maximum increases of 74.6, 74.7, and 28.3%, and the average attitude improvements are about 4.7, 5.4,
and 3.3%, with maximum increases of 36.4, 31.7, and 28.9%, respectively. This means that the odometer can enhance the
performance of PPP and PPP/INS integration in challenging dynamic conditions.
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(GNSSs) - Low-cost inertial navigation system (INS)

P4 Maorong Ge Harald Schuh

maor @ gfz-potsdam.de

Zhouzheng Gao
zhouzhenggao @ 126.com

You Li
liyou331@gmail.com
Qijin Chen
chenqijin@whu.edu.cn
Quan Zhang
zhangquan@whu.edu.cn
Xiaoji Niu
xjniu@whu.edu.cn
Hongping Zhang
hpzhang @whu.edu.cn

Wenbin Shen
wbshen @sgg.whu.edu.cn

schuh @ gfz-potsdam.de

School of Land Science and Technology, China University
of Geosciences Beijing, 29 Xueyuan Road, Beijing 100083,
China

Helmholtz-Centre Potsdam, GFZ German Research Centre
for Geosciences, Telegrafenberg, 14473 Potsdam, Germany

GNSS Research Center, Wuhan University, 129 Luoyu Road,
‘Wuhan 430079, China

Department of Geomatics Engineering, University
of Calgary, 2500 University Dr. N.W., Calgary, AB, Canada

School of Geodesy and Geomatics, Wuhan University, 129
Luoyu Road, Wuhan 430079, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10291-018-0725-y&domain=pdf

57 Page2of16

GPS Solutions (2018) 22:57

Introduction

Multi-antenna-based GPS real-time kinematic (RTK) has
been widely applied for precise positioning and attitude
determination. Besides its high cost and complex opera-
tion, the position and attitude accuracies gained with
this technique are sensitive to observation environments
(Scherzinger 2000) and the baseline length of multi-
antenna (Vander Kuylen et al. 2006). To achieve position-
ing solutions of high accuracy at low cost, Zumberge et al.
(1997) proposed the precise point positioning (PPP) mode
based on undifferenced GPS code and phase observations,
which has been proven effective for providing high-accu-
racy positions for a stand-alone receiver, especially after
dramatic improvements in the accuracy of satellite orbits
and clocks (Kouba and Héroux 2001; Kouba 2009) and
significant developments of PPP models (Gao and Shen
2002; Ge et al. 2008; Tu et al. 2013).

However, in addition to the requirement of a mini-
mum number of available satellites for positioning with
global navigation satellite systems (GNSS), Zhang and
Li (2012) showed that additionally continuous signal
tracking is required to prevent re-initialization in GNSS
precise positioning. According to the previous work, the
PPP performance can be improved by using undifferenced
ambiguity resolution (Ge et al. 2008) together with multi-
constellation GNSS, thereby yielding more observations
and smaller position dilution of precision (PDOP) (Li et al.
2015; Lou et al. 2016; Quan et al. 2016; Montenbruck
et al. 2017). Currently, the GNSSs, namely GPS, GLO-
NASS, BDS, and Galileo, can be used (Montenbruck et al.
2017). Nevertheless, neither single- nor multi-GNSS can
be employed when the number of available satellites is
smaller than the minimum required, which, for example,
is four in the case of GPS.

Fortunately, according to Cox (1978), GNSS position-
ing performance can be clearly improved, especially in
challenging environments by integrating GNSS with an
inertial navigation system (INS). In recent years, along
with the significant developments of PPP, its related tech-
nologies and satellite orbit and clock products, PPP/INS
integration has been treated as a promising technique for
precise positioning and attitude determination. Previous
researches have proven that the positioning accuracy, reli-
ability, and re-convergence time of PPP can be discern-
ibly improved by INS. Roesler and Martell (2009) found
that the PPP positioning accuracy can be visibly improved
by using PPP/INS tight integration; this was validated by
using different-grade inertial sensor measurements and
GPS observations with different cutoff angles. Rabbou
and El-Rabbany (2015) confirmed that PPP/INS tight inte-
gration based on inter-satellite single-differenced mode
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can provide higher positioning accuracies than that using
undifferenced observations, which was validated by a set
of GPS and low-cost inertial measurement unit (IMU)
data. Also, Gao et al. (2015) introduced ionospheric delay
constraints and receiver hardware time delay constraint
into the PPP mode, based on which the uncombined and
undifferenced PPP/INS tight integration mode was pro-
posed and validated by an airborne test and a vehicular
test using tactical-grade IMU measurements. However, the
solutions from the low-cost IMU-based GNSS/INS inte-
gration system may diverge rapidly in the case of GNSS
outages because of rapidly time-increasing IMU errors.

In order to overcome IMU drifts during partial and com-
plete GNSS signal outages, we introduced an odometer, which
is a self-contained and largely unsusceptible to interference,
into the uncombined and undifferenced multi-GNSS PPP/INS
tightly coupled integration system. Then, a set of test data from
a land-borne vehicle including four-GNSS observations, low-
cost IMU outputs, and odometer data are analyzed to indicate
the enhancements of the odometer and IMU on positioning
and attitude determination in both open-sky and challenging
environments.

Mathematical model

Currently, PPP as such disposes of a mature technology
(Teunissen and Khodabandeh 2015). PPP models are not
introduced here, and only the model of the INS- and odom-
eter-enhanced four-GNSS PPP using uncombined and undif-
ferenced observations is investigated.

Observational and state functions
According to Mohamed and Schwarz (1999), the extended

Kalman filter (EKF) (Brown and Hwang 1992) can be applied
to our integration system with the measurement function of

Z,=HX, +v,0,~ NO,R,) (D)
and the corresponding state function of
Xy =P Xoy + Moy, My ~ NO, Q) 2)

where Z, is the innovation vector at epoch k; H, represents
the design coefficient matrix for state parameter vector (X,);
@, ,_ denotes the state transition matrix from epoch k—1
to k; v, stands for the observation noise vector with zero
mean and variance R;; n,_, is the state noise vector with
variance Q,_.

INS-aided four-GNSS PPP observational model

The innovation vector Z, of INS tightly aided PPP model
is generated by using the differences between the pseudor-
ange, carrier phase, and Doppler predicted by INS (Oys ;)



GPS Solutions (2018) 22:57

Page3of16 57

and those observed by receiver (Ognss )» Which can be
expressed as

Z; = Onsx — Ognss 3
For the GPS + BDS + Galileo + GLONASS case, we have

T

Ocxssi = | P Gnssg Lonss, DGNSS,;‘] (€]
G PB PE PR T G B E rR T

where Py, = [Pj s pl j] Loxss, = [Lj L’ L Lj] ,
G nB nE pR 1"

and Dgngs; = [Dj D; D; D; ] ; P, L, and D represent

GNSS pseudorange, carrier phase, and Doppler at j fre-
quency, wherein the frequencies used are L, and L, of GPS
(G), By and B, of BDS (B), E, and Ej,, of Galileo (E), and R,
and R, of GLONASS (R), respectively.

Since the GNSS observations in (4) contain errors, the
correction models should be added to the INS-predicted vec-
tor Oy - Which can be written as

Py,
OINS,k = L[NSJ
DINS,/’
Pixs, — P+ TS+ I]Sr +c(t, — 1)+ dr{— d; + AP:J
=| Pws, =PI+ T = [ +ct, =) + 4N; + ALY,
(Ivnsy = VoI +clt, =)/ 4

&)

where piys. and vy, are the position and velocity of the
GNSS receiver calculated by INS mechanization (Shin
2005) in earth-centered and earth-fixed (e) frame; p° and v*
are the satellite position and velocity computed from IGS
precise orbital products; () and | | depict the differential and
the modular operation; ;; and 7; denote slant ionospheric
delay and slant tropospheric delay; ¢, and #* indicate clock
offsets of GNSS receiver and satellite; ¢ is the light velocity
in vacuum; 4; and IVJ represent carrier phase wavelength and
float ambiguity; d, ; and d; are pseudorange hardware delays
on receiver and satellite (Tu et al. 2013), respectively; ALfJ.

and APf,J indicate the sum of corrections of relativity effect,

earth rotation effect, phase center offset, phase center varia-
tion, and phase windup for pseudorange and carrier phase,
respectively (Witchayangkoon 2000).

System offset between GNSS receiver and IMU

To predict carrier phase, pseudorange, and Doppler, the
INS-updated receiver position and velocity are needed,
which can be obtained by processing the error-compensated
IMU data in INS mechanization (Shin 2005; Roesler and
Martell 2009; Gao et al. 2015; Rabbou and El-Rabbany
2015). However, the INS-predicted position and velocity

have reference points different to those of GNSS observa-
tions, which lead to lever-arm system offsets. Therefore, a
correction model should be applied to eliminate such sys-
tem offsets before calculating the innovation vector in (3).
In general, two major methods can be adopted to remove
the impact of lever-arm offsets on GNSS/INS integration.
Tang et al. (2009) proposed a method to parameterize such
offsets as random constants and estimate them together with
other parameters in EKF, obtaining estimate accuracies of
several centimeters in horizontal direction and decimeter in
vertical component. To get precise corrections, the other
method is typically adopted, in which such system offsets
are accurately measured before the test and then corrected
using the measured values in the test data processing. In
the navigation frame (n), the correction applied to the INS-
predicted position and velocity can be written as (Shin 2005;
Gao et al. 2017)

Pis: P D‘lCZlb
’ = + mn mn
[ ViNS s VINS —(@} X)Cy1" - Cb(sz)w;’b ©

where pf . and v} are the receiver position in geodetic

form (latitude, longitude, and height) and receiver veloc-
ity in n-frame at GNSS receiver antenna phase center; and
Pins and vy q are the INS-predicted receiver position and
velocity; Cﬁ is the transition matrix from the body frame ()
to the n-frame; w:'n is the rotation angular rate of n-frame
with respect to inertial frame (i) projected in n-frame;
D' =diag[1/(Ry +h),1/((Ry + h)cos(B)),—1] is the
diagonal matrix to transform the lever-arm values (1°) to
geodetic form. Here, diag refers to diagonal matrix; R,, and
R, are the meridian radius of curvature and the radius of
curvature in the prime vertical; B and 4 denote geodetic lati-
tude and height.

lonospheric delay compensation

Due to frequency dependency, the ionospheric delays are
frequency correlated; hence, the ionospheric delay at f, fre-
quency can be expressed by that at f; frequency as

Ly =1y FPIf @)
with a random walk process

Irs,l,k = Irs,l,k—l + @p S Op N(, Gik) (8)
where 0%,( is the priori variance of ionospheric variation
noise, and the satellite elevation angle-dependent model
(Gendt et al. 2003) is utilized to calculate the correspond-
ing values. Also, in order to strengthen the estimability of
ionospheric parameters, the ionospheric information from an
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existing ionospheric model can be introduced as a pseudo-
observation as:

I}, =40.28 - VTEC,,/(f] cos (Z,))
+ u ~ N(0,62)

s
r,l,m"ur,l,m

®

where VTEC,, is vertical total electronic content that can be
computed from an priori ionospheric models (Schaer et al.
1998; Chen and Gao 2005); Z, denotes zenith angle at iono-
spheric pierce point; anrepresents the priori variance which
can be described by Tu et al. (2013)

, o7y/sin’(E),

Om = { <6120 + o, cos (B) cos <%7Z) )/sinz(E), other

15 d8 dF and d®represent receiver clock offsets. Usually, the
hardware time delays on carrier phase are un-calibrated
phase delays (UPDs) (Ge et al. 2008) and those on pseudor-
ange are un-calibrated code delays (UCDs) (Schonemann
et al. 2011). It should be pointed out that UPDs, UCDs, and
receiver clocks of different GNSS systems are not the same
because of the specific signal structures and frequencies,
time and coordinate frame characteristics of the particular
GNSS system. In the uncombined and undifferenced float
PPP model, UPDs can be absorbed by the associated ambi-
guity, whereas UCDs could be compensated by differential

t<8|[20<¢t||B>x/3

10)

where o;, and o | represent the ionospheric model accu-
racy under stationary state and the ionospheric changes error
under non-stationary state.

Hardware time delays of four-GNSS systems

For the GPS +BDS + Galileo + GLONASS case, the pseu-
dorange and carrier phase prediction functions are expressed
as

Ple,;' = PE

[ pinss =P+ T+ 1 + c(t® — 19) + d° — dS + APC.
INS.r r JAS T Iy J Iy

—pBl+ T+ 18 +c(t® —1B) + dP — d® + APP,
Pixs. =PI+ T+ L+ o = 1) +d7 = d7 + AP

—pE|+ T+ IF + c(tF — 1) + d¥, — dF + APE,
IPINS,r pEl Tr Ify (f E) df/ djE APE/
_|PINs,r_PR|+Tr"'l_fr"'c(’f_tR)"‘dfi—d_f+AP§i
(11

LINSJ = IE

[ 1Pins. —PO1+ T, =I5 + el = 19) + A9NT + AL,
PP+ T —I% +c(t® — %) + ABNB + ALE,

INSr — P r FAS r Jo ry
—pEI+ T, = IE + c(tf — 1F) + AENE + ALE,
s ="+ T, = I +c(tf —1%) + APNF + AL,
i Pinss =PRI+ T = I + c(tf = %) + AFNF + ALY,

12)

where d°,d8 d~, and d]R are satellite hardware time delays of

7717
GPS, BDS, Galileo, and GLONASS, dJ, df;, d*,, and d;

> Y Yy

denote the corresponding receiver hardware time delays, and
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code bias (DCB) (Tu et al. 2013). According to Li et al.
(2015), the differences between each the UCDs of two satel-
lite systems can be expressed as

458 dS.

ueo | [-11007] 4
—-1001 ry (13)

dSk d*

DUCD rj

For GLONASS, the UCDs of each satellite are dif-
ferent due to the frequency division multiple
access (FDMA) technique being applied. Hence,

GR  _ [ 4GR GR  __ GR G,R

dpiep = ldpuep.or dpuep.t *** dpuep. Where diyep o and
G,R . .

dDUCD’m are the basic UCD at reference frequency with respect

to GPS and the mth UCD with respect to reference frequency.
The differences between each two receiver clock offsets

G.B G
dss | [-1100]"%
disg = | digy |[=[-1010] & (14)
JGR -1001 | &
ISB r

are called the inter-system biases (ISB).

Currently, the UCDs on ionospheric-free combina-
tion pseudorange of each individual GNSS system will be
absorbed by clock parameters and be defined as zero because
of the current clock determination method. Hence, the UCDs
at different frequency in (13) can be achieved from

G s

&, = ~DCE, L2/ ~F)

with

DCB, ;5 = DCB, |51 + ®pcp,> ®pce, ~ N (0’ O-lz)CB)
(16)
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where DCB, _, is the receiver DCB between pseudoranges
P and P, and 02DCB is the priori variance of receiver DCB.

Odometer-aided PPP/INS integration system

When the vehicle moves on the ground, the velocities in
lateral and vertical components would be close to zero if
no side slipping or jump happens (Sukkarieh 2000). The
forward velocity can be measured by the odometer. Accord-
ingly, the observational vector of odometer can be written as

Voa & [/ (14 S,) 00]" (17)

where vy, is odometer-measured velocity in forward direc-
tion in the vehicle frame (v), which is influenced also by
the scale factor (S,4), and can be modeled as a random walk

information must be transformed to n-frame, which will be
introduced in the following section.

Linearization and parameter adjustment
According to the models above, the innovation vector for

tightly coupled integration of odometer, INS, and GNSS
PPP can be described as

Pins; — Ponss,
Liys; — Lonss,
Z, = | Diys;j — Dgnss, (19)
IS —IS
h
CZ INS

with the corresponding linearization functions of

g;} u*C(6ps + (Cl1PX)50) + b1 —m, 5T, + K*6DCB; — 161,

azf) _ "SC1(5P¥1;15 + (CPx)30) + c6t° — m, 6T, + /1 5st s515 20)

oz ‘[c,D 5pINS-l|7-H950 + Ch (5"ms + Cb(sz)amib)] + camsls

oz, Voa6Soa — C) (Co6Vi s — Co(vi X)30 — (12, x)6B, — (17 )@, 58,

after considering

process. By applying (17), the observability of velocity is .
increased, which can enhance the estimation of velocity and { (czp Clgp llgs +(C, éex);g) H.50 + C" (%60
IMU sensor errors according to Shin (2005, pp. 74-75). =G Piys ( Vins ~ Hy00 + b(l X) mib)

However, the v-frame cannot be completely aligned with 2D

the b-frame. Thus, a rotation matrix based on misalignment
angles between b-frame and v-frame should be calculated
before applying (17). Then, the innovation equation (Z _,)
for the odometer-aided PPP/INS integration model can be
obtained as

W/ (14 S5) vgvs

Zyy =V CVVINS ~| Vins
D 18
0 VINS (%)

+ .1~ N@©,0,)

where CZ denotes the rotation matrix from b-frame to
v-frame; F, R, and D indicate forward-right—down direc-
tion; n is the noise of odometer innovation function with
the priori variance of Gﬁ 4+ In addition, there are also system
offsets between odometer and IMU center. Therefore, we
measured such offsets in the b-frame before the test and the
corresponding correction method described in Shin (2005,
pp- 74-75) was applied. As mentioned above, the INS solu-
tions are in the n-frame and GNSS observations and prod-
ucts are in the e-frame. To make sure all of this information
from different frames can be used in the same frame, the

where s refers to GNSS system and § means the correction of
the parameters following closely; p{ and v{ are position and
velocity at receiver antenna phase center in the e-frame; u is
the direction cosine matrix; pINg, INq’ and 6 denote position,

velocity, and attitude at IMU center, respectively; H, is the
attitude coefficient that can be found in Gao et al. (2017); C,
is the matrix to transform position corrections in geodetic
form to e-frame and projected in n -frame, and C, is derived
from 5(Ce Vins) (Gao et al. 2017); 1 oq 18 the lever-arm between
IMU center and odometer center measured in the b-frame;

éwfb denotes gyroscope errors including biases 6B, and scale
factors 65 o (Niu et al. 2006, pp. 766—771). Also, biases and
scale factor of accelerometers 6B, and 65, should also be
parameterized here.

Theoretically, the position prediction errors would also
affect the accuracy of velocity estimation by forming the
satellite-user unit vector in Doppler function. Hence, we
added

0Zpy+ = (v; —v* —u'Dins ;4;) Cy (s +60) / (P° _pf)(zz)

to the Doppler functions in (20).
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Table 1 State models adopted
to describe the dynamic

Models

Mathematic expression

Parameters

behavior of parameters Random walk i = @, ét,,6t.,6DCB,, 6T,, ., 61,
Random constant X =0 6N,, 6N,
First Gauss-Markov X, = x,_, /7 + w,_; 6B\s, 681ns» 0S0q
- n i
PSI-angle error mode Sillg = ! X 6p7 + OV P> Ving» 60

sv . =f" X0+ Cpof’ — (20, + @

X v\ + 6"

)

en

6=—(a] +")x0-Cis0)

From (20) and (21), the parameter vector of odometer-
and INS-aided four-GNSS uncombined and undifferenced
PPP can be obtained as

X, = [5p;‘NS, SVins 60, 6B,, 0B . 68,88, 68,4, 6,
]T

Then, the designed matrix H can be obtained from (20) to
(22), and finally, the parameter can be estimated by the EKF

(Brown and Hwang 1992) as
{ P =(- Kk)(‘l’k,k_ll’k_l‘l’{k_l +0, )(I —K)T+ KR
(24)

where L is unit matrix. The elements in @, ;_, are determined
strictly by the models in Table 1.

. S (23)
6DCB,, 6t,,8T,,,,5N,,5N,, 8,

W

X, =@, X, +K,(Z, - Hk¢k,k—1Xk—1)

Algorithm implementation

According to these mathematical models, the multi-sensor-
augmented multi-GNSS PPP using uncombined and undif-
ferenced observations can be implemented as depicted in
Fig. 1. First, the INS mechanization is run based on the
compensated velocity and angular increments from accel-
erometer and gyroscope after initialization. Then, the cor-
responding state parameter variance is calculated within the
EKEF time update. Afterward, time synchronization between
INS and GNSS is started to match the high-rate IMU data
with the low-rate GNSS observations. If no GNSS data
are available at the current IMU epoch, the system checks
whether there is odometer information. If there is, it runs
the odometer-aided INS mode; otherwise, it goes to the next
IMU epoch. When there are GNSS data, the INS tightly

Fig. 1 Implementation of odom-
eter- and INS-augmented four-
GNSS PPP using uncombined

/IMU Sensors",

Start and
initialization

GNSS

‘ GNSS observations ‘4—- "

ccelerometer
and undifferenced observations Gyroscope In(.:rements of ‘ GPS
\\ y P /, velocity and angular GNSS observation B[_)S
S + errors compensation Galileo
e - ’m‘ GLONASS
' A compensation l
|INS Mechanization Q GNSS PPP -
1] resolution -
0' ‘ Kalman time update
%, No _| Precise orbit and
E‘ clock products
) :
%W‘ availabilit
3 aided INS Y
e hecking
o
Q
u lonospheric | |
Multi-GNSS PPP/INS \J models
ulti-
Odometer | » Velocities observation model
sensor ) i
: v No GNSS, INS
: Odometer Kalman odometer, data,
- aided -1measurement update ——— > | Stop
PPP/INS of INS aided PPP
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Fig.2 Trajectory of the land-borne vehicle experiment

aided multi-GNSS PPP using uncombined and undifferenced
observations will work. Similarly, odometer availability
checking is also necessary before the close-loop feedback
operation. Finally, the state parameters are fed to the IMU
data in the next IMU epoch to restrain the divergence of the
INS.

Evaluation and discussion

A test with a land-borne vehicle equipped with Trimble
BD982, micro-electro-mechanical system (MEMS) IMU
STIM300, and encoder/odometer SICK DFS60E, was
arranged around Wuhan city, China, on October 19, 2016,
as shown in Fig. 2, to evaluate the performance of multi-
sensor-augmented four-GNSS PPP using uncombined and
undifferenced observations. In this test, the sampling rates
of the GNSS observations, INS measurements, and forward
velocity of the platform were 1, 125, and 125 Hz, respec-
tively. During the motion, the velocity in horizontal and ver-
tical components was within+ 12 and + 0.5 m/s. Because
the vehicle moves almost along west—east and north—south
directions on a flat road, the pitch and roll angles were
within +2°, and heading angles were around 90°, 180°,
270°, 360° or 0°.

Data processing schemes

In the data processing phase, three schemes, namely (a) PPP,
(b) INS tightly aided PPP (PPP/INS), and (c) odometer-
and INS-aided PPP (PPP/INS/odometer), were employed
whereby uncombined and undifferenced GNSS observations
were used in all cases. In the analysis phase, the smoothed
solutions from RTK/INS tight integration were employed as
reference values for the positions and attitudes calculated by
our methods (a, b, and c). To further evaluate the impacts of
odometer and INS on the accuracy of positioning and atti-
tude determination, ten partial and complete satellite signal

Latitude [°]

Galileo

GLONASS

~l30 0 30 60 90 120 150 180
Longitude [°]

Fig.3 Sky plot of observed GPS, BDS, Galileo, and GLONASS sat-
ellites in the kinematic test performed around the pink pentagram

outages were generated to simulate the frequent losses of
GNSS signals in challenging dynamic environments.

GNSS availability

Satellite availability is one of the most important factors in
GNSS precise positioning. Shown in Fig. 3 is the sky-plot
distribution of the available GPS, BDS, Galileo, and GLO-
NASS satellites. Significantly, unlike the almost uniform
coverage of GPS and GLONASS, both BDS and Galileo
suffer from irregularities due to the specific satellite constel-
lation structure and the incomplete satellite constellation at
present.

Figure 4 shows the GNSS observabilities in terms of the
number of available satellites and PDOP. Statistics show
that the root-mean-square (RMS) of the number of avail-
able satellites of GPS, BDS, Galileo, and GLONASS is 7.4,
6.9, 3.3, and 5.1, respectively, and the PDOP of GPS, BDS,
GLONASS is 2.7, 6.6, and 20.2, respectively. There is no
PDOP for Galileo, because the number of tracked Galileo
satellites was smaller than the minimal number for posi-
tioning during most of the experiment time. According to
the works from Yang et al. (2011) and Quan et al. (2016),
combinations of different GNSS systems can raise the num-
ber of available satellites and strengthen the user-satellite
spatial geometry significantly. The availability and conti-
nuity of combined GNSS are presented in Fig. 4 (bottom)
where G, R, B, and E stand for GPS, GLONASS, BDS, and
Galileo, respectively. Compared to single-GNSS, the num-
ber of available satellites of G+R, G+B, G+E, G+B+R,
G+E+R,and G+B+E+Ris 12.4,14.2,10.7, 19.2, 15.8,
and 22.5, respectively, and the corresponding PDOP is 1.9,
2.2,2.4,1.7,1.8, and 1.6, respectively. Clearly, 1.5-3.0 times
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12

— GLONASS —— GPS — BDS

Galileo
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Observing Time [minute]

Satellite Number

PDOP

Satellite Number
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Fig.4 Number of available satellites and the corresponding PDOP of
single-GNSS (top) and multi-GNSS (bottom)

more available satellites can be observed while adopting the
G +B+E+R combination compared to GPS-only.

INS-enhanced PPP positioning solutions

For comparison, the PPP solutions based on different GNSS
data were also calculated as plotted in Fig. 5. The corre-
sponding position RMSs are listed in Table 2, confirming
visible enhancements from multi-GNSS as already shown
in previous works (Li et al. 2015; Lou et al. 2016; Gao et al.
2017). GPS PPP solutions compared to those from com-
bined GNSS PPP illustrate that the benefits from BDS and
GLONASS manifest themselves mainly in the north and
the vertical components, whereas all three components can
be enhanced by Galileo. These differences are potentially
caused by the specific spatial structure of each individual
system.

The position differences of the low-cost INS tightly aided
uncombined and undifferenced PPP are shown in Fig. 6.
They are significantly improved in terms of stability, con-
tinuity, and accuracy compared to the PPP-only solutions
in Fig. 5, especially for the solutions based on GLONASS
and BDS. From the results in Table 3 and Fig. 7, the aver-
age position improvements obtained from low-cost INS are

@ Springer
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Down [m] East [m] North [m]

Down [m] East [m] North [m]

Observing Time [minute]

Fig.5 Position offsets of uncombined and undifferenced PPP mode
using single-GNSS data (top), two-GNSS data (middle), and three-
and four-GNSS data (bottom)

about 36.4, 38.7, and 31.3%, with maximum improvement
of 65.9, 62.8, and 55.5%, respectively, in the north, east, and
vertical components. The poorest GLONASS PPP solutions
are improved from 1.4, 1.8, and 5.4 to 0.6, 0.8, and 3.9 m,
and the best G+ B + E + R PPP solutions are improved from
4.4,25.8, and 19.8 to 2.8, 9.6, and 9.9. Such improvements
are mainly due to the tight constraint of INS and the rigorous
state dynamic function models (Table 1) adopted in the PPP/
INS integration model (Gao et al. 2015, 2017). However, the
influences of multi-GNSS on position accuracy of PPP/INS
are similar to those on PPP.
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Table 2 RMSs of position

errors of uncombined and R B GE GR GB GBR GER GBER

undifferenced PPP (unit: m) North 1373 0315 0489  0.173 0268  0.192 0076 0205  0.044
East 1,780 0385 0450 0257 0432 0431 0400 0271 0258
Down 5399 2075 0371 0420 0294 0382 0292 0293  0.198

Down [m] East [m] North [m]

Observing Time [minute]

—R~—B—G—GE—GR GB — GBR — GER GBER

Fig.6 Position differences of INS-aided PPP using different GNSS
data

The differences between the solutions of PPP and those
of INS-aided PPP are plotted in Fig. 8. Visibly, the results
of the two modes are close to each other, while PPP can pro-
vide good solutions. Otherwise, there are large differences.
These are due to (1) the absolute positioning accuracy of
INS-aided PPP is mainly dependent on PPP; (2) INS can
provide high-accuracy solutions during short-term GNSS

60 | PPP p‘osition‘ improJementé from Ir‘nw-cos‘t INS

-20 [ mean(North) = 36.43% mean(Down) = 31.27%7
. . s s

[ PPPIINS position improvements from Odometer ' ! !

10l Il North East [l Down :
5 I I i
0 m

-5 I mean(North) = 1.58% mean(Down) = 4.32%
L L L L L

R B G GE GR GB GBR GER GBER
GNSS Combinations

Improvements' Percentages [%]

Fig.7 PPP improvements from INS and odometer

signal losses; and (3) INS helps position-correlated param-
eters to be estimated more accurately, which can accelerate
ambiguity re-convergence after signal losses.

Odometer-upgraded PPP/INS positioning solutions

However, the performance of INS-aided PPP would be
degraded with increasing GNSS outage time due to the time-
increasing IMU drifts. Hence, the odometer is introduced into
the INS-aided PPP to reduce such drifts. Figure 9 depicts the
position differences of odometer-aided PPP/INS tight integra-
tion with respect to the reference solution. According to the
position RMS in Table 4, the odometer can further improve
the positioning accuracy of the PPP/INS tight integration.
The enhancements from the odometer are shown in Fig. 10.
Maximum improvements of about 25-50 cm in horizontal and
125 cm in vertical components occur in the solutions based on
GLONASS and BDS, whereas very small position enhance-
ments of about 0.5-1.0 cm in horizontal components and about
1.0-3.0 cm in altitude can be found when there are abundant
GNSS observations. The latter is due to the fact that in such
good GNSS conditions, the INS-updated velocity would be
highly accurate leading Z 4 in (18) to be close to zero; conse-
quently, almost no position corrections can be obtained from
the odometer. This matches the statistics results in Fig. 7 that
the average position improvements from the odometer are only
about 1.58, 0.35, and 4.32% in north, east, and vertical compo-
nents. Somewhat surprisingly, the performance of land-borne
PPP/INS tight integration can be further improved by using
odometer in challenging environments.

PPP/INS attitude solutions enhanced by odometer

In Fig. 11, the attitude differences from INS-aided PPP and
odometer-aided PPP/INS tight integration using data of differ-
ent GNSSs are shown. According to Table 5, the average atti-
tude RMSs of INS-aided PPP are 0.024°, 0.051°, and 0.191°
in roll, pitch, and heading components. Compared to attitude
solutions from the multi-antenna RTK attitude system with

Table 3 RMSs of position

. . R B GE GR GB GBR GER GBER
errors of INS-aided PPP (unit:
m) North 0.610 0.255 0.250 0.139 0.116 0.175 0.063 0.070 0.028
East 0.786 0.489 0.310 0.109 0.307 0.204 0.213 0.165 0.096
Down 3.965 1.699 0.266 0.487 0.188 0.206 0.184 0.130 0.099
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Fig. 8 Position differences between PPP and INS-aided PPP using
single-GNSS data (top), two-GNSS data (middle), and three- and
four-GNSS data (bottom)

3-m baselines (Vander Kuylen et al. 2006), INS-aided PPP
can provide more precise roll and pitch angles, but is worse in
heading components. Besides, due to the weak observability of
gyroscope in the vertical direction, the attitude accuracy in the
heading component is significantly worse than the other two
directions. Meanwhile, the application of data using different
GNSS combinations may also affect the attitude accuracy. In
general, under open-sky conditions, RMS of attitude differ-
ences amounts to not more than 0.006°, 0.006°, and 0.023°
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Fig.9 Position differences of odometer-augmented PPP/INS tight
integration using data of different GNSS combinations

in roll, pitch, and heading. In challenging environments (e.g.,
GLONASS-based solutions) in contrast, such differences
amount to up to 27, 31, and 23% (0.008°, 0.021°, and 0.052°).
These results illustrate that the low-cost INS-aided uncom-
bined and undifferenced PPP can provide users attitudes with
high accuracy.

Attitude solutions from the odometer-enhanced uncom-
bined and undifferenced PPP/INS mode are shown in Fig. 11
(bottom). The average attitude RMS values in Table 6 are
0.024°, 0.050°, and 0.094° for the three components. While
the accuracies of roll and pitch angle are close to those from
the multi-antenna RTK attitude system with 10-m baselines in
Vander Kuylen et al. (2006), the heading solutions are close to
those from the multi-antenna RTK attitude system with 3-m
baselines, but of slightly poorer quality than those with 10-m
baselines. Similarly, there are about 15, 12, and 9% differences
in the RMS of roll, pitch, and heading, respectively, in the
application of different GNSS combinations under open-sky
conditions and about 17-29% differences in challenging envi-
ronments. Besides, noticeable heading improvements appear
after 21 and after 51 min, which is caused by abrupt changes
of GNSS availability (as shown in Fig. 4).

Figure 12 shows a further contribution of the odometer
on improving attitude accuracy. According to the statistics in
Fig. 12, about 2.1, 1.4, and 50.6% average improvements in
roll, pitch, and heading are obtained by using an odometer.
In the meantime, the attitude enhancements of using GLO-
NASS data have become slightly larger (3.1%) than those
of other GNSS systems in pitch and heading angles. This
means that an odometer would perform even more effective
in weak GNSS availability environments. The absolute atti-
tude differences of INS-aided uncombined and undifferenced
PPP with and without odometer support are calculated and
plotted in Fig. 13. Clearly, noticeable humps emerge, which
are mainly due to the use of the odometer and can improve
the observability of the vertical gyroscope. Statistically,
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Table 4 RMSs of position R B GE GR GB GBR GER GBER
differences of odometer-
augmented PPP/INS tight North 0548 0260 0247  0.144  0.114 0174 0062 0069  0.028
integration with respect o the East 0742 0494 0310 0109 0307 0204 0214  0.165  0.096
reference solutions (unit: m)

Down  3.455 1456 0256 0508  0.180  0.199 0176 0133  0.097
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Fig. 10 Improvements in the positions of INS-aided PPP from the
odometer
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Fig. 11 Attitude differences of INS-aided PPP mode (top) and odom-
eter-aided PPP/INS mode (bottom) using uncombined and undiffer-
enced observations from different GNSS system combinations. Shifts
of —0.08°, —0.06°, —0.04°, —0.02°, 0.02°, 0.04°, 0.06°, and 0.08°
for roll/pitch, and shifts of —0.20°, —0.15°, —0.10°, —0.05°, 0.05°,
0.10°, 0.15°, and 0.20° for heading are added to the solutions using R,
B,G,G+E,G+R,G+B,G+B+R, and G+E+R

maximum attitude improvements of 0.01-0.06° in roll/pitch
and 0.1-0.6° in heading are observed by using the odometer.
It is evidently possible to use odometer and INS to enhance
multi-GNSS uncombined and undifferenced PPP to provide
high-accuracy attitudes in land-borne applications.

INS solutions improved by odometer

To validate the capacity of odometer enhancements on PPP/
INS tight integration during time periods of non-availability
of GNSS satellites (only INS can be used), ten simulated
complete GNSS outages, each lasting 30 s, were included
with a 300-s step size in the calculations on original GNSS
observations. The corresponding solutions of INS-only and
odometer-aided INS mode are shown in Fig. 14. According
to the statistics, the average RMSs are reduced from 2.24,
2.13, and 0.60 m for the position and 0.044°, 0.082°, and
0.038° for the attitude of INS mode to 0.57, 0.54, and 0.43 m
and 0.028°, 0.056°, and 0.027° of the odometer-aided INS
mode, respectively. This indicates that odometer-aided INS
can discernibly enhance the performance of INS in cases of
short-term GNSS outages because the major error in odom-
eter measurements is due to the scale factor of the odom-
eter sensor that varies slowly with time. This scale factor
can be estimated accurately under open-sky GNSS condi-
tions. When suffering from GNSS outages, the estimated
scale factor would be highly precise for short-term periods,
which would degrade the accuracy of the corrected odometer
measurements insignificantly. Thus, by using such odometer
information, the solutions from INS can be improved.

Re-initialization of odometer-aided PPP/INS tight
integration

Another important issue for dynamic PPP under GNSS out-
age conditions is the requirement of re-initialization after
the recapture of satellite signals. To validate the impact of
odometer on PPP/INS tight integration after a complete or
partial GNSS outage (0—4 available satellites), the data with
simulated GNSS outages are also processed in the three data
processing schemes described above.

Figures 15, 16, and 17 show position solutions applying
the three data processing schemes with simulated com-
plete outages, while Figs. 18 and 19 illustrate those solu-
tions with simulated partial outages. Significantly, both
INS and odometer can shorten the re-initialization time
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Table 5 RMS (°) of attitude R B G GE GR GB GBR GER GBER
differences of the INS-aided
PPP using uncombined and Roll 0029 0028 002 0025 0023 0023 0021 0023 002l
undifferenced observations Pitch 0067 0057 0051 0050 0048 0048 0046 0043  0.046
Heading 0.229 0.180 0.198 0.200 0.189 0.181 0.177 0.189 0.178
Table 6 RMS (°) of the attitude R B G GE GR GB GBR GER GBER
differences of the odometer-
aided PPP/INS tight integration Roll 0.028 0028 0025 0024 0023 0022 0021 0022 0021
Pitch 0.064 0.056 0.051 0.050 0.048 0.048 0.046 0.047 0.045
Heading 0.107 0.087 0.098 0.098 0.094 0.090 0.089 0.094 0.090
6 — pitch Wl Heading moan(Rel) = 207% obtained frqm INS, odometer, and part'ially availab'le
alk ’ ) GNSS satellites (as compared to uncombined and undif-
mean(Heading) = 50.65% ferenced PPP solutions) amount to 37.8, 31.6, and 46.9%

Improvement percentages [%]

B G

GE GR GB GBR GER GBER
GNSS combinations

Fig. 12 Improvements in attitude of PPP/INS tight integration from
the odometer
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Fig. 13 Attitude differences between the solutions of INS-aided PPP
and those of odometer-aided PPP/INS tight integration using different
GNSS combinations

and improve the positioning accuracy after a complete or
partial GNSS outage. Actually, faster re-initialization of
PPP leads to higher positioning accuracy, which means
that the positioning accuracy can be indirectly indicative
of the re-initialization performance. According to the sta-
tistics depicted in Fig. 20, the total position enhancements

@ Springer

in north, east, and down directions, respectively. At this,
the impacts of INS account for 33.7, 26.9, and 41.6%,
the effects of odometer for 2.3, 1.8, and 8.7%, and the
influences of partially available GNSS for 6.4, 6.8, and
1.9%, respectively. The average position RMS of the three
components is improved from 0.45, 0.32, and 1.32 m in
the PPP mode to 0.28, 0.19, and 0.64 m in the odometer-
augmented PPP/INS tight integration mode throughout the
complete outage test. Further improvements, amounting
to about 0.03, 0.02, and 0.02 m, can be obtained by using
partially available satellites. Also, obvious rapid re-initial-
ization procedures are being achieved when using odom-
eter and INS in both complete and partial GNSS outage
tests. These solutions indicate that the proposed fusion
system has the potential for much stronger performance
than current multi-GNSS PPP and PPP/INS tight integra-
tion approaches in land-borne dynamic applications.

Odometer-aided attitude determination
under frequent GNSS outages

In order to analyze the impact of the odometer on attitude
accuracy during GNSS outages, comparisons between attitude
solutions containing no, partial, or complete outages were
made. In Fig. 21, it can be summarized that (1) less attitude
accuracy is lost when an odometer is used to aid the PPP/
INS tight integration under both complete and partial outage
situations (top-subfigure); (2) attitude accuracy losses can be
further decreased when a small number of satellites are avail-
able, even if these satellites cannot be used for GNSS PPP cal-
culation (bottom-subfigure). In general, the attitude accuracy
losses due to complete GNSS outages amount on average for
14.4, 13.5, and 3.5% in INS-aided PPP mode and for about
5.8, 4.8, and 5.1% in odometer-aided PPP/INS tight integra-
tion mode. Using partially available GNSS data, accuracy
losses further drop to 5.3, 6.2, and 3.3% in INS-aided PPP
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Fig. 14 RMSs of the drifts

of position (left) and attitude
(right) from INS-only mode and
odometer-augmented INS mode
with GNSS outages on different
scales
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Fig. 15 Position differences of the uncombined and undifferenced
PPP for data with 30-s complete GNSS outages at a step size of 300 s
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Fig. 17 Position differences of the odometer-aided PPP/INS tight
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Fig. 16 Position differences of the INS-aided uncombined and undif-

ferenced PPP for data with 30-s complete GNSS outages at a step size

of 300 s
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Fig. 18 Position differences of the INS-aided uncombined and undif-

ferenced PPP for data with 30-s partial outages at a step size of 300 s
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Fig. 19 Position differences of the odometer-aided PPP/INS tight
integration for data with 30-s partial outages at a step size of 300 s
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Fig.20 Improvements in the PPP position with the aid of various
combinations of INS, odometer, and partially available GNSS satel-
lites during the outages, which are marked as “INS,” “O” and “SN,”
respectively

mode and to 4.1, 4.5, and 3.2% in odometer-aided PPP/INS
tight integration mode. This means that the attitude accuracy
can be significantly improved under challenging environments
by applying odometer and partially available satellites.

Conclusions

A fusion system integrating multi-GNSS PPP using uncom-
bined and undifferenced observations, low-cost IMU, and
odometer is introduced in order to achieve positions and
attitudes of better accuracy in dynamic land-borne applica-
tions. Our study yields the following conclusions.

1. With the aid of INS, i.e., PPP/INS tight integration, the

position accuracy can be upgraded on average by more
than 36.4, 38.7, and 31.3% in the north, east, and down
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Fig. 21 Attitude accuracy losses in INS-aided PPP mode and odom-
eter-aided PPP/INS tight integration mode in complete (top) and par-
tial (bottom) GNSS outage tests

components, respectively. Further position improve-
ments can be obtained by introducing an odometer into
the PPP/INS tight integration system, especially under
conditions of poor satellite availability.

2. Attitude improvements of about 2.1, 1.4, and 50.6%
can be obtained in roll, pitch, and heading directions,
respectively, by using an odometer in the PPP/INS tight
integration system.

3. During short-term GNSS outages, low-cost INS can
retain accurate positions and attitudes, and the accuracy
can be further improved by adding an odometer. Also,
a limited number of available satellites in environments
of frequent GNSS outages can be utilized to improve the
accuracy of position and attitude.

4. By introducing odometer into the PPP/INS tight inte-
gration mode, the re-initialization time of PPP can be
significantly shortened, especially under challenging
GNSS conditions.

In conclusion, according to our research, the performance
of multi-GNSS PPP using uncombined and undifferenced
observations can be considerably improved by introducing
an odometer and low-cost inertial sensors. The multi-sensor
fusion system shows a great potential for precise positioning
and attitude determination. Our future work will, therefore,
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focus on developing the fusion system into a real-time sys-
tem with still more cost-effective inertial sensors.
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