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Abstract

Commonly, kinematic PPP techniques employ un-differenced ionosphere-free linear combination
of GPS observations. This, however, may not provide continuous solution in urban areas as a result
of limited satellite visibility. In this paper, the traditional un-differenced as well as between-satel-
lite single-difference (BSSD) ionosphere-free linear combinations of GPS and GLONASS measure-
ments are developed. Except GLONASS satellite clock products, the final precise GPS and GLONASS
satellites clock and orbital products obtained from the multi-GNSS experiment (MGEX) are used.
The effects of ocean loading, earth tide, carrier-phase windup, sagnac, relativity, and satellite and
receiver antenna phase-center variations are rigorously modeled. Extended Kalman filter (EKF) is
developed to process the combined GPS/GLONASS measurements. A comparison is made between
three kinematic PPP solutions, namely standalone GPS, standalone GLONASS, and combined GPS/
GLONASS solutions. In general, the results indicate that the addition of GLONASS observations im-
proves the kinematic positioning accuracy in comparison with the standalone GPS PPP positioning
accuracy. In addition, BSSD solution is found to be superior to that of the traditional un-diffe-
renced model.
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1. Introduction

Precise point positioning (PPP) can potentially achieve centimeter- and decimeter-level accuracy in static and
kinematic modes, respectively, depending on the number and geometry of visible GPS satellites, and quality of
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observations. This, however, may not be the case in urban areas, as the satellite visibility may be limited. To
overcome this limitation, we propose to combine the observation of GPS and GLONASS systems. The addition-
al GLNOASS observations are expected to enhance the PPP accuracy and solution availability, especially in
dense urban areas where, in general, no sufficient number of GPS satellites are visible.

We take advantage of the full GLONASS constellation and the availability of precise orbital and clock prod-
ucts produced by number of organizations, such as International GNSS Service (IGS). However, the difference
between signal structures of the two systems is still creating some difficulties in the combined model implemen-
tation. Fortunately, Russia is planning to add Code Division Multiple Access (CDMA) signals to the Frequency
Division Multiple Access (FDMA) used in the current GLONASS satellites signals, which facilitate and im-
prove the combined use of GPS and GLONASS ([1]). In addition, some researchers developed PPP models for
combined GPS/GLONASS observations using un-differenced ionosphere-free technique ([2] and [3]). Their re-
sults showed an improvement in the positioning accuracy by adding GLONASS observations to the kinematic
PPP with a limited number of available GPS satellites. However, the results showed that the contribution of
adding GLONASS satellites on positioning accuracy was not sufficient for the daily static PPP considering
enough available GPS satellites with good geometry.

In this paper, the combination between GPS and GLONASS observations is investigated for kinematic appli-
cations, based on recent advances in PPP algorithms that implement both un-difference and between-satellite-
single-difference BSSD ionosphere-free linear combinations. Except GLONASS satellite clock products, the fi-
nal precise GPS and GLONASS satellites clock and orbital products obtained from the multi-GNSS experiment
(MGEX) are used herein ([4]). Three PPP solution cases are considered in this paper, namely GPS-only PPP so-
lution, GLONASS-only PPP solution, and combined GPS/GLONASS PPP solution. The performance of the
PPP accuracy of each case is assessed by comparing it with the carrier phase-based differential GNSS (DGNSS)
solution.

2. GPS-GLONASS BSSD Ionosphere-Free Model

The un-differenced ionosphere-free combination of code pseudorange and carrier phases is the widely used PPP
model ([5]). Its mathematical model can be written as;
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where P, and P, are pseudorange measurements on L, and L,, respectively; @, and &, are the carrier
phase measurements on L, and L,, respectively; dt, and dt® are the clock errors for receiver and satellite
respectively; d, and d° are frequency-dependent code hardware delay for receiver and satellite, respectively;
6, and &° are frequency-dependent carrier phase hardware delay for receiver and satellite, respectively; €3
e,; are relevant system noise and un-modeled residual errors; T is the tropospheric delay; 4 are the wave-
lengths for un-difference ionosphere-free carrier frequencies; N is un-difference ionosphere-free ambiguity
parameter; c is the speed of light in vacuum; and p is the true geometric range from the antenna phase center
of the receiver at reception time to the antenna phase center of the satellite at transmission time. A and B

= p+cdt, —cdt* +T +¢ (A5, ~ B, ) —c(AS™ —BS™ )+ (AN )+ &4 )

are frequency dependent factors A= fffflzfzz and B= > f_zz 2 . Using Equations (1) and (2), the ionos-
phere-free linear combinations of GPS and GLONASS observations can be written as:
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where GRsys is the time offset between GPS and GLONASS. After arrangements, Un-differenced ionos-
phere-free linear combination equations can be simplified to;

Pic = P +c| dt, +IFCDf |—c[dtg +IFCDg |+T; +e,, ©)
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where IFCB is un-differenced ionosphere code bias, IFPB is un-differenced ionosphere-free phase bias, ISCB is
inter-system code bias, IFBD" is a receiver un-differenced ionosphere bias code-carrier difference and IFBD®
is satellite un-differenced ionosphere bias code-carrier difference. GPS satellite (I) and GLONASS satellite
(m) are taken as a reference satellite for GPS and GLONASS satellites, respectively, to form between satellite
single difference ionosphere-free linear combination;
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It can be clearly seen the receiver related biases and clock errors are eliminated by satellite single difference
technique. However, in contrast with GPS, due to the dissimilarities between GLONASS satellites frequencies,
receiver related bias residuals may be still exist refers to Frequency-channel biases. These biases, like un-diffe-
renced technique, will be lumped to the GLONASS ambiguities.

3. GPS-GLONASS PPP Measurements Filtering

Extended Kalman filter (EKF) is employed to process GPS and GLONASS measurements as presented in ([6]).
GPS and GLONASS raw pseudorange and phase observations are processed to produce estimates of the EKF
state vector. MGEX-IGS precise orbital and clock products are used to eliminate satellite orbit and clock errors.
However, Due to the unavailability of GLONASS satellite clock product provided by MGEX for the test day,
the traditional IGS GLONASS clock products are used herein. The UNB3 tropospheric model consisting of the
Saastamoinen vertical propagation delay model and the Niell mapping function is used to account for the tro-
pospheric wet and dry components ([7]). The effects of ocean loading, earth tide, carrier-phase windup, sagnac,
relativity, and satellite antenna phase-center variations are rigorously modeled [8]. The estimation state vector
consists of the three GNSS receiver positioning (latitude, longitude and altitude), receiver clock, GPS/IGLONASS
internal system bias and the float ambiguity parameters. Two mainly steps are applied on EKF, namely predic-
tion step and update step which can be described as.
The prediction step:

é‘y(k,k—l = (Dk,k—lé‘)?k—l (15)
Bkt = (I)k,k—lpk—ch:,k—l +Q (16)
The update step:
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P = (1=K H )P (18)
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where X, is the updated error state vector, ®,, , is the state-transition matrix, B, is the variance-
covariance matrix for the prediction state, Q, is the process noise variance matrix, R, is variance covariance
matrix for the GPS and GLONASS measurements state. For BSSD model, mathematical correlations between
observations is considered as described in ([9] and [10]), K, is the Kalman gain, k is the epoch number,
H, is the design matrix related the measurement vector by the error state vector and 57, is the measurement
vector.

4. Test Results and Analysis

A vehicular test was conducted to evaluate the performance of the developed combined GPS/GLONASS-PPP
models. The test was carried out in the downtown core of Kingston, Ontario, on December 12, 2012 (DOY 347),
under challenging scenarios for satellite navigation availability (Figure 1). Trimble GNSS R10 receiver was
employed to collect the kinematic GNSS observations. The positioning accuracy is assessed referenced to car-
rierphase-based differential GNSS (DGNSS) solution. In order to create this reference solution, a Trimble R7
GNSS receiver was setup at a station with precisely known coordinates, which was considered as a base station.
The raw dual-frequency GNSS pseudorange, and carrier phase observations were collected at a 1 Hz rate.

Figure 2 illustrates the GNSSPPP positioning accuracy for the un-differenced and the BSSD ionosphere-free
PPP algorithms, respectively, for Kingston trajectory on DOY 347, 2012. Three GNSS solutions are considered,
namely the GPS-only and GLONASS-only and, combined GPS/GLONASS PPP solutions. As can be seen, both
un-differenced and BSSD ionosphere-free PPP algorithms show decimeter-level positioning accuracy. However,
it can be seen that the accuracy of BSSD ionosphere-free model is better than that of un-differenced model of
GPS-only PPP and GNSS-PPP while no significant improvements for GLONASS-PPP. This is attributed to the
fact that each GLONASS satellite had different receiver biases due to the dissimilarities of satellites frequency,
which cannot be completely canceled out using single satellite difference. Also, it can be clearly seen that the
accuracy of GLONASS PPP solution is lower than that of GPS PPP solution. This is attributed to the lower
number of visible GLONASS satellites compared with those of GPS. The positioning accuracy was improved by
adding GLONASS observations in the combined GPS/IGLONASS models. However, the solution improvement
is not consistent over time and depends on the availability of sufficient number of GPS satellites.

To assess the positioning accuracy of the developed PPP models, Table 1 shows some statistical parameters,
including the maximum, minimum, mean and root mean square errors (RMSE) for the various GNSS model
combinations referenced to carrier phase-based DGNSS solution. By comparing the mean and the RMSE of all
GNSS model combinations, it can be seen that the positioning accuracy is generally improved when GLONASS
observations are added. Also it can be seen that the positioning results of BSSD model are more accurate than
that of the traditional un-differenced model.
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Figure 1. GNSS visible satellites during the trajectory tests.
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Figure 2. Positioning accuracy for un-differenced and BSSD ionosphere-free PPP techniques using GPS only, GLONASS
only and GPS & GLONASS.
Table 1. Statistical parameters for various GNSS model combinations.
PPP-model Un-differenced lonosphere-free PPP
GNSS Sys: GPS + GLONASS GPS GLONASS
Positioning latitude longitude altitude latitude longitude altitude latitude longitude Altitude
mean (m) —0.034 0.034 0.010 0.003 0.099 0.110 —0.068 0.010 0.222
max (m) 0.103 0.146 0.238 0.091 0.232 0.268 0.030 0.252 0.420
min (m) -0.118 -0.120 -0.163 —0.096 —0.065 -0.136 -0.198 —0.305 0.037
RMSE (m) 0.051 0.064 0.082 0.045 0.113 0.133 0.079 0.075 0.230
PPP-model BSSD lonosphere-free PPP
GNSS Sys: GPS + GLONASS GPS GLONASS
Positioning latitude longitude altitude latitude longitude altitude latitude longitude Altitude
mean (m) —0.019 —0.006 —0.054 —0.011 0.039 0.029 —0.031 0.014 0.176
max (m) 0.105 0.084 0.075 0.095 0.172 0.255 0.098 0.236 0.339
min (m) -0.112 —-0.108 -0.168 -0.10 —-0.156 -0.192 -0.138 —-0.286 —0.003
RMSE (m) 0.045 0.038 0.074 0.050 0.072 0.093 0.053 0.073 0.188
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5. Conclusion

The performance of combined GPS/GLONASS PPP model in kinematic mode has been investigated. Three
GNSSPPP models have been considered, namely GPS-only and GLONASS-only and, combined GPS/GLONASS
PPP. It has been shown that utilizing BSSD ionosphere model enhances the positioning accuracy generally in
the standalone GPS and the combined GPS and GLONASS-PPP, while no significant improvements in the
GLONASS-PPP is shown. GLONASS-PPP positioning solution shows that positioning accuracy is less than the
GPS PPP due to the limited number of GLONASS satellites available compared with GPS. The results also
clearly show the addition of GLONASS satellites observations generally improved the positioning accuracy
compared to GPS only PPP.
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