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Fast PPP Ambiguity Resolution Using
a Sparse Regional Reference Network

Yihe Li and Yang Gao

Abstract Precise point positioning real-time kinematic (PPP-RTK) can achieve
fast ambiguity resolution and precise positioning with the satellite fractional cycle
biases (FCBs) and atmospheric correction derived from a dense regional reference
network. However, the interpolated atmospheric corrections based on a sparse
reference network with inter-station distances of more than 100 km are not precise
enough to facilitate reliable PPP ambiguity resolution. In this contribution, a new
method is proposed for fast PPP ambiguity resolution within a sparse regional
reference network. First, code biases, FCBs, biased ionospheric and tropospheric
delays at the reference stations are estimated with known positioning using the
regional sparse reference network data. Then, the biased ionospheric and tropo-
spheric corrections at a user station are generated using a distance-based linear
interpolation of the ionospheric and tropospheric delays available at the reference
stations. To strengthen the observation model, the interpolated ionospheric and
tropospheric delays derived from the sparse network are all considered as pseudo-
observations with a given variance-covariance matrix which will be adaptively
estimated according to the reference network density to describe the level of the
constraint strength. To get a realistic constraint variance, atmospheric constraint
variance is estimated with a certain window length. By a proper tuning of the
variance-covariance matrix applied for the atmospheric pseudo-observations, the
method can adapt any scale of the regional reference network. The ambiguity
fixing performance and the resulted position accuracy are assessed with medium
and large reference networks. The validation confirms that the new strategy can fix
ambiguity within 1 min for a medium network and within 7 min for a larger
network while provide centimeter-level positioning solution ambiguity with 20.8 s
for a medium network and within 71.9 s for a larger network.
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29.1 Introduction

Precise point positioning (PPP) is the technique to derive centimeter-level posi-
tioning accuracy using a single receiver and the precise clock and orbit products from
International GNSS Service (IGS) [1]. It has drawn the increasing research attentions
over the past years and has been applied to various applications, for instance, esti-
mating the tropospheric delays for meteorology, monitoring the earthquakes and
tsunamis, precision agriculture etc. [2–4]. Typically, dual-frequency code and phase
measurements are used to form linear ionosphere-free observations (L3) for
removing the first-order ionosphere effects. Apart from the position coordinates,
ambiguities, receiver clock bias and troposphere zenith wet delay (ZWD) parameters
are also estimated in PPP solution. Integer ambiguity fixing has the potential to
significantly shorten the time-to-fixed- solution (TTFS) and improve the PPP posi-
tioning accuracy when fractional cycle biases (FCBs) are available to recover the
integer feature of integer ambiguities [5–7]. But this approach would still require
approximate 20–30 min to reliably fix the integer ambiguities.

The ionosphere and troposphere are considered as two key dominating error
sources limiting the capability of carrier phase fast ambiguity resolution (AR) and
the positioning precision [8]. Due to lack of precise ionospheric model, the
positioning model is based on the L3 observations in which both wide-lane (WL)
and narrow-lane (NL) ambiguities are to be fixed. The large noise of the range
observations (which are definitely needed for WL ambiguity fixing) and the short
NL wavelength result in a long initialization time for ambiguity-fixing. Besides,
once the tropospheric ZWD parameter is estimated along with coordinate
parameters, the model is seriously ill-conditioned due to its strong correlation with
the height parameter as recognized by Dodson et al. [9]. Thus, it cannot be pre-
cisely solved without long period observation accumulation. In general, the
residual tropospheric delays are typically modeled as a first-order Gauss-Markov
random walk process, and a filtering technique, such as Kalman filtering, is often
used. In a static scenario, the results from Tralli and Lichten [10] suggested that a
few minutes of GPS observations provide sufficient strength to resolve centimeter-
level zenith delay fluctuations.

To reliably resolve the ambiguities, both of the ionospheric and tropospheric
errors have to be kept as small as possible. Shi [11] proposed a troposphere con-
straint method to improve the PPP ambiguity resolution as well as height solution by
using the station-based IGS troposphere ZWD product. This method essentially
specifies the correlation between the RZTD and three position components. How-
ever, the external troposphere corrections are chosen as the station-based IGS
troposphere ZWD product which is probably not the optimal choice in practice.
Ge et al. [12] proposed a network real-time kinematic positioning (NRTK) strategy

328 Y. Li and Y. Gao



using pre-fit undifferenced observation residuals of the reference network with
linear combination to remove biases and recover the integer feature of the ambi-
guities at user stations. Li et al. [13] retrieved atmospheric delays as corrections
from data derived by a regional dense network to accelerate convergence. However,
both of the above two methods ignore the retrieved atmospheric delay errors and can
be only suitable for networks with short inter-station distances. In order to achieve
fast or instantaneous AR with medium or long inter-station distances, both iono-
spheric and tropospheric errors have to be considered after a priori corrections.
Therefore, the ionosphere-weighted model in which the ionospheric delays are
treated stochastically instead of deterministically [14–19] is introduced into PPP
AR. Its popularity stems from improving the model strength through adding prior
stochastic information of ionospheric delays in term of zero-valued ionospheric
pseudo-observations and stochastic model. Moreover, the relative variation of the
ionosphere delay between consecutive epochs is also taken into account in term of
pseudo-observations. Li [20] improved PPP ambiguity resolution performance
considering the ionospheric characteristics by adding spatial and temporal con-
straints after correcting the slant delay using the IGS Global-Ionospheric-Maps
(GIMs). As a result, the convergence time can be reduced by 30 %.

The accuracy of the interpolated atmospheric corrections at the user station
depends on the density of the regional reference network. For a sparse reference
network with the inter-station distance more than 100 km, the interpolated
atmospheric corrections could be not precise enough to facilitate reliable PPP
ambiguity resolution. The choice of the ionospheric constraint variance should
correspond to the expected statistical behaviour of the noise of the ionospheric
delays. In this contribution, we will propose a new method for fast PPP ambiguity
resolution using the corrections of a sparse regional reference network. To get a
realistic constraint variance, atmospheric constraint variance is adaptively esti-
mated according to the reference network density with a certain window length.
The performance of our proposed method is demonstrated by using both networks
with medium and long inter-station distances. The rest of the paper is organized as
follows. Our new method is presented in Sect. 29.2, two experiments are dem-
onstrated in Sect. 29.3, and conclusions are given out in Sect. 29.4.

29.2 Regional Augmentation PPP with Atmospheric
Constraint

29.2.1 Augmentation Information from Regional Reference
Network

Undifferenced GPS code and phase observations on frequencies L1 and L2 are
denoted as
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P1 ¼ qþ dorb þ c dtr � dtsð Þ þ T þ I þ br
P1
� bs

P1
þ eP1

P2 ¼ qþ dorb þ c dtr � dtsð Þ þ T þ f 2
1

f 2
2

I þ br
P2
� bs

P2
þ eP2

L1 ¼ qþ dorb þ c dtr � dtsð Þ þ T � I � k1N1 þ br
L1
� bs

L1
þ eL1

L2 ¼ qþ dorb þ c dtr � dtsð Þ þ T � f 2
1

f 2
2

I � k2N2 þ br
L2
� bs

L2
þ eL2

8
>>>><

>>>>:

ð29:1Þ

where, i ¼ 1; 2 denotes the L1 and L2 frequencies, Pi and Li are the raw code and
phase measurements (m), q is the geometric distance between receiver and satellite
(m), dorb is the satellite orbit error (m), c is the speed of light in vacuum (m/s); dtr

and dts are the common receiver and satellite clock biases (s), T is the tropospheric
delay (m), I is the first-order ionospheric delay, fi is the frequency (Hz), ki is the
carrier phase wavelength (m), Ni is the integer ambiguity (cycle); br

Pi
and bs

Pi
are the

observable-dependent receiver and satellite code biases (m); br
Li

and bs
Li

are the
observable-dependent receiver and satellite FCB (m); ePi and eLi are the code and
phase observation errors including multipath noises (m).

Since the coordinates of all stations of a regional reference network and precise
satellite orbits are known, the dry component of tropospheric delays can be cor-
rected with a priori model, and the remaining ZWD delay is modeled as piece-wise
constants, the WL and NL ambiguities ðNNL and NWLÞcan be resolved in a few
minutes. Once the WL and NL ambiguities are fixed on the reference stations, the
L1 and L2 integer ambiguities can be easily derived, and the ZWD delay, the
satellite and receiver clock biases ðdts and dtrÞ as well as the FCBs ðbs

L3
and br

L3
Þ

and code biases (bs
P3

and br
P3

) can be computed accurately using L3 and P3
observation equations as follows

P3 ¼ qþ dorb þ cdtr þ br
P3

� �
� dts þ bs

P3

� �
þ T þ eP3

L3 ¼ qþ dorb þ cdtr þ br
L3

� �
� dts þ bs

L3

� �
þ T � k3 17NNL þ 60NWLð Þ þ eL3

ð29:2Þ

The FCBs and code biases w.r.t L3 observation are as follows,

bs
L3
¼ f 2

1

f 2
1 � f 2

2

bs
L1
� f 2

2

f 2
1 � f 2

2

bs
L2
; br

L3
¼ f 2

1

f 2
1 � f 2

2

br
L1
� f 2

2

f 2
1 � f 2

2

br
L2

bs
P3
¼ f 2

1

f 2
1 � f 2

2

bs
P1
� f 2

2

f 2
1 � f 2

2

bs
P2
; br

P3
¼ f 2

1

f 2
1 � f 2

2

br
P1
� f 2

2

f 2
1 � f 2

2

br
P2

ð29:3Þ
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Therefore, the undifferenced observation equation shown in Eq. (29.1) corrected
by code biases and FCBs shown in Eq. (29.3) is expressed as

P1 � br
P3
þ bs

P3
¼ qþ dorb þ c dtr � dtsð Þ þ T þ I þ br

P1
� bs

P1
� br

P3
þ bs

P3
þ eP1

P2 � br
P3
þ bs

P3
¼ qþ dorb þ c dtr � dtsð Þ þ T þ f 2

1

f 2
2

I þ br
P2
� bs

P2
� br

P3
þ bs

P3
þ eP2

L1 � br
L3
þ bs

L3
¼ qþ dorb þ c dtr � dtsð Þ þ T � I � k1N1 þ br

L1
� bs

L1
� br

L3
þ bs

L3
þ eL1

L2 � br
L3
þ bs

L3
¼ qþ dorb þ c dtr � dtsð Þ þ T � f 2

1

f 2
2

I � k2N2 þ br
L2
� bs

L2
� br

L3
þ bs

L3
þ eL2

8
>>>>>><

>>>>>>:

ð29:4Þ

Moving all known quantities in Eq. (29.4) to the right of equation, the term
including the ionospheric delay and combination of FCBs and code biases are then
derived straightforwardly as follows

I þ f 2
2

f 2
1�f 2

2
bs

P1
� bs

P2
� br

P1
þ br

P2

� �
¼ P1 � q� c dtr � dtsð Þ � T � br

P3
þ bs

P3
þ eP1

f 2
1

f 2
2

I þ f 2
2

f 2
1�f 2

2
bs

P1
� bs

P2
� br

P1
þ br

P2

� �� �
¼ P2 � q� c dtr � dtsð Þ � T � br

P3
þ bs

P3
þ eP2

I � f 2
2

f 2
1�f 2

2
bs

L1
� bs

L2
� br

L1
þ br

L2

� �
¼ qþ c dtr � dtsð Þ þ T � k1N1 � L1 þ br

L3
� bs

L3
þ eL1

f 2
1

f 2
2

I � f 2
2

f 2
1�f 2

2
bs

L1
� bs

L2
� br

L1
þ br

L2

� �� �
¼ qþ c dtr � dtsð Þ þ T � k2N2 � L2 þ br

L3
� bs

L3
þ eL2

8
>>>>>>>><

>>>>>>>>:

ð29:5Þ

For simplification, we call the term including the ionospheric delay and combi-
nation of phase and code biases code and phase biased ionospheric delays Ib

P and Ib
L

which are derived from the either P1 or P2 code and L1 or L2 phase observations
and can be written as

Ib
P ¼ I þ f 2

2

f 2
1�f 2

2
bs

P1
� bs

P2
� br

P1
þ br

P2

� �

Ib
L ¼ I � f 2

2

f 2
1�f 2

2
bs

L1
� bs

L2
� br

L1
þ br

L2

� �

8
<

:
ð29:6Þ

In practice, the Ib
P derived from P1 or P2 observations are respectively used for

correcting the P1 or P2 observations at user station. The Ib
L derived from L1 or L2

observations are respectively used for correcting the L1 or L2 observations at user
station.

As a summary, the augmentation information provided by reference stations are
biased ionospheric delays, tropospheric ZWD, the satellite clock, as well as and
code biases and FCB corrections, which will be used by user station for carrying
out PPP solution.
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29.2.2 Interpolation of Ionospheric and Tropospheric
Corrections

The reference-station-specific slant ionospheric and tropospheric corrections are
used to generate the correction at user station, which are usually interpolated by
using distance-based linear interpolation [21],

Tu;k ¼
Pi¼n

i¼1
1
Di

Ti;k
Pi¼n

i¼1
1
Di

ð29:7Þ

where, Ti,k and Tu,k are the tropospheric correction for epoch k, reference station
i and user station u, Di is the distance from reference station i to user station. The
biased ionospheric correction derived from code and phase observations for epoch
k at user station u (Ib

P;u;k and Ib
L;u;k) at user station can be interpolated as,

Ib
P;u;k ¼

Pi¼n
i¼1

1
Di

Ib
P;i;k

Pi¼n
i¼1

1
Di

¼ Iu;k þ
f 2
2

f 2
1 � f 2

2

bs
P1
� bs

P2

� �
þ f 2

2

f 2
1 � f 2

2

Pi¼n
i¼1

1
Di

br
P2;i
� br

P1;i

� �

Pi¼n
i¼1

1
Di

ð29:8Þ

Ib
L;u;k ¼

Pi¼n
i¼1

1
Di

Ib
L;i;k

Pi¼n
i¼1

1
Di

¼ Iu;k �
f 2
2

f 2
1 � f 2

2

bs
L1
� bs

L2

� �
� f 2

2

f 2
1 � f 2

2

Pi¼n
i¼1

1
Di

br
L2;i
� br

L1;i

� �

Pi¼n
i¼1

1
Di

ð29:9Þ

where Ii,k and Iu,k are the ionospheric correction for epoch k, reference station i and
user station u.

29.2.3 Fast Ambiguity Resolution at User Station Using
Ionospheric and Tropospheric Constraint Equations

For a sparse reference network, the interpolated ionospheric and tropospheric
corrections are not accurate enough for fast ambiguity resolution. Therefore, we
still introduce the residual ionospheric delay dI and tropospheric delay dT for the
observation equation at user station after applying satellite clock dts, interpolated
tropospheric Tu, biased ionospheric corrections (Ib

P;u and Ib
L;u), satellite code biases

and FCBs. Then the observation equation at user station after correction is
rewritten as
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P1 � Ib
P;u � Tu þ cdts þ bs

P3
¼ qþ dorb þ cdtr þ Br

P1;u
� Bs

P1;u
þ dT þ dI þ eP1

P2 � f 2
1

f 2
2

Ib
P;u � Tu þ cdts þ bs

P3
¼ qþ dorb þ cdtr þ Br

P2;u
� Bs

P2;u
þ dT þ f 2

1

f 2
2
dI þ eP2

L1 þ Ib
L;u � Tu þ cdts þ bs

L3
¼ qþ dorb þ cdtr þ Br

L1;u
� Bs

L1;u
þ dT � dI � k1N1 þ eL1

L2 þ f 2
1

f 2
2

Ib
L;u � Tu þ cdts þ bs

L3
¼ qþ dorb þ cdtr þ Br

L2;u
� Bs

L2;u
þ dT � f 2

1

f 2
2
dI � k2N2 þ eL2

8
>>>>>><

>>>>>>:

ð29:10Þ

where Br
P�;u

, Br
L�;u

and Bs
P�;u

and Bs
L�;u

are mixed code biases and FCBs for receiver

and satellite which are combination of biases at user and reference stations as
follows

Br
P1;u
¼ br

P1;u
� f 2

2

f 2
1�f 2

2

Pi¼n

i¼1
1

Di
br

P2 ;i
�br

P1 ;i

� �

Pi¼n

i¼1
1

Di

; Bs
P1;u
¼ f 2

2

f 2
1�f 2

2
bs

P1;u
� bs

P2;u

� �
�
Pi¼n

i¼1
1

Di
bs

P1 ;i
�bs

P2 ;i

� �

Pi¼n

i¼1
1

Di

2

4

3

5

Br
P2u
¼ br

P2;u
� f 2

1

f 2
1�f 2

2

Pi¼n

i¼1
1

Di
br

P2 ;i
�br

P1 ;i

� �

Pi¼n

i¼1
1

Di

; Bs
P2;u
¼ f 2

1

f 2
1�f 2

2
bs

P1;u
� bs

P2;u

� �
�
Pi¼n

i¼1
1

Di
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P1 ;i
�bs

P2 ;i

� �

Pi¼n

i¼1
1

Di

2

4

3

5

Br
L1;u
¼ br

L1;u
þ f 2

2

f 2
1�f 2

2

Pi¼n

i¼1
1

Di
br

L2 ;i
�br

L1 ;i

� �

Pi¼n

i¼1
1

Di

; Bs
L1;u
¼ f 2

2

f 2
1�f 2

2
bs

L1;u
� bs

L2

� �
�
Pi¼n

i¼1
1

Di
bs

L1 ;i
�bs

L2 ;i

� �

Pi¼n

i¼1
1

Di

2

4

3

5

Br
L2;u
¼ br

L2;u
þ f 2

1

f 2
1�f 2

2

Pi¼n

i¼1
1

Di
br

L2 ;i
�br

L1 ;i

� �

Pi¼n

i¼1
1

Di

; Bs
L2;u
¼ f 2

1

f 2
1�f 2

2
bs

L1;u
� bs

L2;u

� �
�
Pi¼n

i¼1
1

Di
bs

L1 ;i
�bs

L2 ;i

� �

Pi¼n

i¼1
1

Di

2

4

3

5

8
>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>:

ð29:11Þ

As the code biases and FCBs for one satellite at user stations is the same value
as those at the reference stations, namely bs

P1;u
¼ bs

P1;i
; bs

P2;u
¼ bs

P2;i
; bs

L1;u
¼ bs

L1;i
;

bs
L2;u
¼ bs

L2;i
. Thus, these satellite biases at user station will be compensated with

the biased interpolated ionospheric correction Ib
u � Bs

P1;u
¼ Bs

P2;u
¼ Bs

L1;u
¼ Bs

L2;u
¼ 0:

On the other hand, despite that the receiver bias at user station is different with
those at the reference stations, the receiver biases on the estimated biased iono-
spheric correction is the same to all visible satellites at the user station. Thus, it can
be absorbed by user receiver code bias and FCBs (Br

P1;u
, Br

P2;u
, Br

L1;u
and Br

L2;u
).

Therefore, such systematic biases have no effect on ionospheric corrections and
the ambiguity-fixing at the user stations.

Since the interpolated ionospheric and tropospheric corrections are available at
the user station, but exists some errors caused by either spatial extent of reference
network or different elevations for the same satellites, we can form the following
constraint equation to fast ambiguity resolution

dIk ¼ dIk;0 þ edIk ; edIk �N 0; r2
dIk

� �

dTk ¼ dTk;0 þ edTk ; edTk �N 0; r2
dTk

� �

8
<

:
ð29:12Þ
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where dIk,0 and dTk,0 are the deterministic errors of interpolated ionospheric and
tropospheric correction vector, which are generally given as zero. edIk and edTk are
assumed to be random errors, the corresponding variances are r2

dIk
and r2

dTk
. The

ionospheric and tropospheric differences of the adjacent epochs can also use to
form the constraint equation as follows

dIr;k � dIr;k�1 ¼ wdIk ; wdIk �N 0; r2
wdIk

� �

dTk � dTk�1 ¼ wdTk ; wdTk �N 0; r2
wdTk

� �

8
<

:
ð29:13Þ

where k is the current epoch; k-1 is the previous epoch; wIk and wTk are the
differences of ionospheric and zenith tropospheric correction errors from previous
epoch to current epoch; r2

wdIk
and r2

wdTk
are the variance of wdIk and wdTk . The

variances of Eqs. (29.12) and (29.13) must reflect the actual accuracies of the
interpolated ionospheric and tropospheric corrections. If the variance is much
smaller than its actual accuracy, it will result in the estimated ambiguities with
considerable biases. Conversely, if the variance is much larger than its actual
accuracy, it will cause constraint equation ineffective for improving the AR
efficiency.

The variances of the interpolated ionospheric and tropospheric corrections can
be properly estimated with the observations of a reference network using the
following method. Firstly, we choose one station as simulated user station from
n stations of a reference network, and interpolate the biased ionospheric correction
for the user station using the remaining n-1 stations, then compute the difference
between the estimated and interpolated ionospheric corrections as

dIr;k ¼ Ib
r;k �

P
i2S

1
Dri

Ib
i;k

P
i2S

1
Dri

; S ¼ 1; 2; . . .r � 1; r þ 1; . . .n ð29:14Þ

where r stands for the simulated user station, Ir,k and Ii,k are estimated ionospheric
correction vector at simulated user station and the other n - 1 stations. dIr,k is the
difference between the estimated and interpolated ionospheric corrections at
simulated user stations. Secondly, the variances r2

dIk
and r2

wdIk
are computed by

considering the distance between the simulated user and other reference stations.
To avoid an over-optimistic constraint variance, the maximum value of interpo-
lated error for all observed satellite is used. The r2

dIk
and r2

wdIk
are written as

r2
Ik
¼
Pi¼n

i¼1
1
Di

max dIi;k

� �2

Pi¼n
i¼1

1
Di

ð29:15Þ

r2
wI;k;k�1

¼
Pi¼n

i¼1
1
Di

max dIi;k � dIi;k�1
� �2

Pi¼n
i¼1

1
Di

 !

ð29:16Þ
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In order to obtain confident variance estimates, we take the mean of latest
m epochs estimates as,

r2
Ik
¼
Pk

j¼k�mþ1 r2
dIj

m
ð29:17Þ

r2
wI;k
¼
Pk

j¼k�mþ1 r2
wdI;j

m
ð29:18Þ

The window length m should be reasonable chosen, because if it is too long, the
computed constraint variance will be smooth to describe the detail of observation
environment; while if it is too short, the estimate will be unstable. In our study, we
take m = 8 for 15 S data interval. For the variance of tropospheric corrections, we
can be estimated with the same way as ionospheric corrections.

The constraint level is reflected through the variance of the pseudo-observations,
which is estimated with the reference network. The estimated variance is usually
large in the sparse network, and small in a dense network, hence our proposed
method can adapt any scale of reference network. Moreover, L1 and L2 observation
equations are directly used to solve the L1 and L2 ambiguities and the LAMBDA
method [22] is used to fix integer ambiguity.

29.3 Experiments and Results

In order to demonstrate the performance of the proposed methodology, two test
networks of different spatial extent have been analyzed, called the network with
medium inter-station distances and the network with long inter-station distances.
The test networks were constructed by using several GPS stations of USA Con-
tinuously Operating Reference Stations (CORS) (Figs. 29.2, 29.8). Stations P505,
P480, P510 and P510 constitute the medium reference network with inter-station
distances of 41.4–65.3 km. 10 Stations located inside this network were chosen as
a simulated user receiver with average distances to the reference stations of 36.4,
56.2, 28.6 and 60.3 km, respectively. The observation sampling interval is 15 s.
The large network consists of stations SG04, SG10, SG46 and SG48 with inter-
station distances of 65.2–114.7 km. And the stations SG01, SG42 and SG47 were
simulated as user receivers with average distances to the reference stations of 84.5,
56.6, 62.9 and 80.8 km, respectively. The observation interval is also 15 s. The
medium network was designed in such a way that it closely reflects the geometry
and size of current CORS with an average station separation of 50 km. The ele-
vation cut-off angle is 10�. The LAMBDA method is applied to conduct ambiguity
resolution. Both ratio test and success rate are applied to validate the ambiguities
[23]. The ratio threshold value is 2 and the success probability applied is 0.99 [24]
(Fig. 29.1).
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The orbit and clock corrections are generated using the predicted orbits with
initial condition fitted by using IGR orbits with 42 h arc length [25] and real-time
estimated clocks [26]. The satellite FCBs are computed from a set of regional
stations within USA in order to have a better fit to the region [13]. We process the

Fig. 29.1 Medium reference network, the red triangle—reference network, blue circle—user
stations
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Fig. 29.2 Interpolated ZWD statistics compared to estimated ZWD at 10 user stations
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GPS data at the user stations in PPP mode and fix the integer ambiguities. Two
PPP AR schemes are implemented for the purpose of comparison. Scheme 1 uses
the traditional PPP AR mode which forms L3 observables of carrier-phases and
pseudo-ranges while the tropospheric delay is estimated together with the position
and ambiguity parameters. Scheme 2 uses the PPP AR mode augmented with
regional network using our proposed method. The simulated user station is also
processed as a reference station in advance in order to obtain the ionospheric and
tropospheric delays for assessing the interpolated corrections from the other ref-
erence stations. The PPP ambiguity fixing at user station use interpolated iono-
spheric and tropospheric corrections.

29.3.1 Medium Network

Taking the zero-differenced (ZD) ionospheric and tropospheric delays retrieved at
the four reference stations, we interpolate the ionospheric and tropospheric cor-
rections for the user stations epoch by epoch, and present statistic results in
Figs. 29.2 and 29.3 for tropospheric and ionospheric corrections, respectively.
Figure 29.2 shows several interpolated ZWD statistics of 10 user stations. The
ZWD RMSs for user stations are from 0.2 to 1.4 cm, which is essentially reflects
the average spatial extent between user station and reference stations. Figure 29.3
shows the RMSs statistics of interpolated ionospheric corrections, which are
derived from the differences between the estimated and interpolated corrections,
and the differences for the user station crrs are shown in left panel of Fig. 29.4.
The variances of interpolated slant ionospheric corrections achieve 2.1–5.2 cm in
Fig. 29.3, which are significantly larger than those of ZWD and its variation is not
very consistent with average spatial extent between user station and reference
stations as ZWD. From right panel of Fig. 29.4 we can see that rdIk show in red
envelops most of interpolated ionospheric errors, which is big enough to avoid bias
in the AR while constraint with 2rdIk shown in green is obviously loose compared
to the actual interpolated correction error. Besides, rdIk is much larger than
interpolated ionospheric errors, especially during the UTC 16:00 to 24:00 when is
the day time at that region and the ionosphere activities are relatively strong. This
result shows that the proper constraint variance can be determined when the
ionosphere is quiet. When the ionosphere is active, bigger constraint variance
would be determined, which would affect AR efficiency but not cause bias in AR
model.

The TTFS of all 10 user stations in medium network is computed and counted.
A typical cumulative distribution of PPP TTFS with 10 rover stations is shown in
Fig. 29.5. The probabilities of TTFS are 7.0, 88.6, 95.1, and 95.5 % for the
observation time with 15, 30, 45 min and 1 h, respectively. The average TTFS is
21.9 min. The results show that the longer the observation time is used the higher
the TTFS can be achieved. As the longer the observation time used in float PPP
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solution the more accurate the float ambiguity, and so the more reliably integer
ambiguity can be fixed. The TTFS probability is improved significantly when the
length of the observation time increases from 15 to 30 min. In comparison, only a
small improvement is found when the observation time lengthens are increased to
45 min and 1 h. With regional augmented tropospheric and ionospheric
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Fig. 29.3 Interpolated ionospheric statistics compared to estimated ionospheric delay at 10 user
stations
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corrections, the probability of TTFS can achieve 93.5 % only using 1 min
observations. It can be seen that the scheme 1 requires 19.5 min to fix the L1 and
L2 ambiguities while the scheme 2 successfully fixed ambiguity within 1 min. For
ambiguity-float kinematic PPP results, as shown in Fig. 29.6, the average con-
vergence time is 22.5 min for the scheme 1 while only 30.8 s for the scheme 2.
Here, the ‘convergence’ means a 3D positioning error achieves less than 10 cm
(Fig. 29.6).

0 10 20 30 40 50 60
0

20

40

60

80

100

TTFS (minutes)

P
er

ce
n

ta
g

e 
(%

)

0 1 2 3 4 5
0

20

40

60

80

100

TTFS (minutes)

P
er

ce
n

ta
g

e 
(%

)
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29.3.2 Large Network

Table 29.1 shows the accuracies of interpolated ionospheric and tropospheric
corrections for the large network with average distance of about 70 km as shown
in Fig. 29.7. It can be seen that both of the interpolated ZWD and ionospheric
correction error become bigger compared to the RMS of interpolated ZWD errors
using a medium network. However, the RMS of interpolated ionospheric error
achieves 5.7–7.3 cm centimeters, which are significant and cannot be neglected.
Figure 29.8 shows the difference between the interpolated and estimated ZD
ionospheric delays over an 8-h period when the ionosphere is quiet and the

Table 29.1 Interpolated atmospheric correction accuracy with large network

User station Ave dist (km) Interpo. ZWD RMS (cm) Interpo. Iono RMS (cm)

Sg01 69.6 1.8 5.7
Sg42 73.5 2.0 6.8
Sg47 71.9 2.1 7.3

Fig. 29.7 Large regional network distribution, the red triangle—reference network, blue
circle—user stations
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ionospheric constraint variance. For the large network, it can be seen that rIk

shown in red only envelops about 60 % of the interpolated ionospheric errors. That
means this constraint variance is still optimistic for 40 % of ionospheric errors. If
we use 2rIk as the constraint variance, more than 90 % of ionospheric errors can be
enveloped. In practice, a conservative constraint variance should be given to avoid
bias in ambiguities. Thus, it’s better to use 2rIk as the constraint variance for large
networks.

For large networks, a typical cumulative distribution of PPP TTFS and con-
vergence time with 3 user stations is shown in Fig. 29.9. Both of TTFS and
convergence time increase compared to the results of medium network, but still
have significant improvement. The TTFS probability achieves 28.6 and 94.6 %
when the observation time is 5 and 10 min. The average TTFS is 6.9 min. For
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ambiguity-float kinematic PPP, the percentage of convergence time achieves 83.3,
93.8 and 99.6 % for the observation time with 1, 2 and 5 min, respectively, and on
average the convergence time is 71.9 s.

29.4 Conclusions

We have developed a new strategy to augment PPP by mitigating the spatial errors
by using ionospheric and tropospheric corrections derived from a sparse regional
reference network, so that fast ambiguity fixing can be achieved for users within
the network coverage. Since the ionospheric and tropospheric correction errors
vary with the spatial geometry of the reference network, the atmospheric constraint
variance is adaptively determined for different networks in real time. The method
has been validated with two regional networks. From the experimental results, the
ZWD correction errors are less than 1 cm on average while the ionospheric cor-
rection error is about 3 cm for medium size networks. Thus, the performance of
PPP capable of fast ambiguity resolution can be comparable to NRTK. Despite
both interpolated ZWD and ionospheric correction errors increase for large net-
works, the average convergence time and TTFS can achieve 71.9 s and 6.9 min,
respectively. With this proposed method, it can extend the inter-station distances
to more than 100 km for current reference RTK networks but still can achieve
centimeter level position solutions within 10 min.
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