2021 IEEE International Conference on Robotics and Automation (ICRA) | 978-1-7281-9077-8/21/$31.00 ©2021 IEEE | DOI: 10.1109/ICRA48506.2021.9562037

2021 IEEE International Conference on Robotics and Automation (ICRA 2021)

May 31 - June 4, 2021, Xi'an, China

Towards Robust GNSS Positioning and Real-time Kinematic Using
Factor Graph Optimization

Weisong Wen and Li-Ta Hsu*

Abstract— Global navigation satellite systems (GNSS) are
one of the utterly popular sources for providing globally
referenced positioning for autonomous systems. However, the
performance of the GNSS positioning is significantly challenged
in urban canyons, due to the signal reflection and blockage from
buildings. Given the fact that the GNSS measurements are
highly environmentally dependent and time-correlated, the
conventional filtering-based method for GNSS positioning
cannot simultaneously explore the time-correlation among
historical measurements. As a result, the filtering-based
estimator is sensitive to unexpected outlier measurements. In
this paper, we present a factor graph-based formulation for
GNSS positioning and real-time kinematic (RTK). The
formulated factor graph framework effectively explores the
time-correlation of pseudorange, carrier-phase, and doppler
measurements, and leads to the non-minimal state estimation of
the GNSS receiver. The feasibility of the proposed method is
evaluated using datasets collected in challenging urban canyons
of Hong Kong and significantly improved positioning accuracy
is obtained, compared with the filtering-based estimator.

I. INTRODUCTION

Global navigation satellite system (GNSS) [1] is currently
one of the major sources for providing globally referenced
positioning for autonomous systems with navigation
requirements, such as the unmanned aerial vehicle (UAV) [2],
autonomous driving vehicles (ADV) [3]. With the increased
availability of multi-constellations, the GNSS solution
becomes even more popular. In general, the major positioning
methods involve GNSS positioning and GNSS real-time
kinematic (RTK) positioning.

The popular GNSS positioning method is to use the
extended Kalman filter (EKF) [4] to estimate the position,
velocity, and time (PVT) of the GNSS receiver
simultaneously based on the available GNSS measurements.
General positioning accuracy (5~10 meters) [5] can be
obtained in open sky areas. The remaining error is mainly
caused by the ionosphere error, troposphere error and satellite
clock/orbit biases, etc. To increase the accuracy of the GNSS
positioning, RTK is proposed to perform GNSS positioning
which can deliver centimeter-level positioning accuracy. The
GNSS-RTK removes the errors (including the errors
mentioned above and the receiver clock offset) using the
double-difference technique based on the observations (e.g.
pseudorange and carrier-phase measurements) received from
a reference station. The GNSS-RTK positioning algorithm
mainly includes two steps, the float solution estimation, and
carrier-phase integer ambiguity resolution. A common
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approach [4] is to use an extended Kalman filter (EKF) [6] to
estimate the float solution and the double-differenced (DD)
carrier-phase ambiguity bias based on the DD pseudorange
and carrier-phase measurements. Meanwhile, the LAMBDA
algorithm [7] is employed to resolve the integer ambiguity to
further achieve a fixed solution leading to centimeter-level
accuracy. In short, the EKF dominates both the GNSS
positioning and the GNSS-RTK positioning, due to the
maturity and efficiency of the EKF estimator. Satisfactory
performance can be obtained for GNSS-RTK (~5 centimeters)
in open-sky areas where the error sources can be dealt with by
differential techniques. Unfortunately, the performances of
both the GNSS positioning and GNSS-RTK are significantly
degraded in urban canyons [8] which are mainly due to the
outlier measurements, arising from the multipath effects and
none-line-of-sight (NLOS) [9] receptions caused by the
building reflection and blockage. To mitigate the effects of
GNSS outliers from NLOS receptions and multipath effects,
numerous methods are studied, such as the 3D mapping aided
GNSS (3DMA GNSS) [10-12], the 3D LiDAR aided GNSS
positioning [13-16], and the camera aided GNSS positioning
[1, 17]. However, these methods rely heavily on the
availability of 3D mapping information or additional sensors.

Interestingly, instead of estimating the state of the GNSS
receiver mainly based on the observation at the current epoch
recursively via the EKF estimator, the recent researches [18-
21] propose the factor graph-based formulation to process the
GNSS pseudorange measurements and significantly
improved performance is achieved, compared with the
conventional EKF. The work [22] by a team from the
Chemnitz University of Technology was the first paper
utilizing factor graph optimization (FGO) in GNSS
positioning. However, only the pseudorange measurements
were considered. Then their continuous works focused on
developing a robust model [23-25] for mitigating the effects
of the potential NLOS receptions. Interestingly, a team from
West Virginia University carried out similar researches [20,
26, 27], applying FGO models to GNSS precise point
positioning (PPP) and obtaining significantly improved
results. Inspired by the significant improvement arising from
FGO, our previous work [28] extensively evaluated the
performance of the integration of GNSS pseudorange and
inertial measurement unit (IMU) using EKF and FGO. Our
finding showed that the FGO could explore the time-
correlation among the environment dependant GNSS
pseudorange measurements simultaneously, leading to
improved robustness against outliers, compared with the
EKF-based estimator. However, the potential of FGO in

978-1-7281-9077-8/21/$31.00 ©2021 IEEE 5884

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on March 18,2022 at 03:42:04 UTC from IEEE Xplore. Restrictions apply.



GNSS-RTK is not explored in the existing work. Meanwhile,
the application of full suite GNSS measurements
(pseudorange, Doppler and carrier-phase measurements) in
FGO is not explored as well.

To fill this gap, this paper develops a factor graph-based
formulation that provides the capability of GNSS positioning
and GNSS-RTK positioning. Regarding the GNSS
positioning, the pseudorange and Doppler measurements are
integrated using FGO where the historical measurements are
utilized simultaneously. Regarding the GNSS-RTK, the DD
pseudorange and carrier-phase measurements are integrated
using FGO where the states are connected using velocity
estimated using Doppler measurements. To the best of the
authors’ knowledge, this is the first integrated framework that
solves the GNSS positioning and GNSS-RTK using the state-
of-the-art FGO. Meanwhile, we open-source the
implementation of the proposed factor graph-based
formulation !. The rest of the paper is summarized as follows:
the derivation of FGO-based GNSS positioning and GNSS-
RTK methods are described in Section III after the overview
of the proposed method is presented in Section II. Then, the
experiment is conducted to evaluate the performance of the
proposed framework in Section IV. Finally, conclusions are
drawn, together with future work.

II. OVERVIEW OF THE PROPOSED METHOD

The architecture of the proposed pipeline is shown in Fig.
1 which mainly involves three segments: sensing, modeling,
and optimization. The inputs of the system include the raw
measurements from the GNSS receiver and the observations
from the reference station for further GNSS-RTK positioning.
The raw GNSS measurements mainly consist of the Doppler,
pseudorange, and carrier-phase measurements. In the
modeling segment, the velocity of the GNSS receiver is
estimated based on the Doppler measurements using the least-
squares (LS) algorithm. Meanwhile, the double-difference
technique is employed to eliminate satellite and receiver clock
bias, and atmospheric effects based on the observation from
the reference station. In the optimization segment, the
solution from GNSS positioning can be obtained by solving
the factor graph formulated by velocity and pseudorange
factor. Meanwhile, the float solution of GNSS-RTK can be
estimated by solving the factor graph constructed by the DD
pseudorange, DD carrier-phase, and Doppler measurements.
Finally, the integer ambiguity is solved using the LAMBDA
algorithm to achieve a fixed solution.

The contributions of this paper are listed as follows:

(1) This paper develops an FGO-based formulation,
which provides the capability of GNSS positioning
and RTK positioning. Meanwhile, additional sensor
measurements, such as LiDAR odometry, can be
easily integrated into our framework.

(2) We evaluate the performance of our framework
using challenging datasets collected in the urban
canyons of Hong Kong. The results show that the
FGO-based GNSS positioning outperforms the one
from the EKF-based solutions.

! https://github.com/weisongwen/GraphGNSSLib

(3) The source code for the proposed framework is
available online. Meanwhile, several datasets are
also provided for algorithm development and
evaluation of researchers. This is the first open-
source implementation for GNSS positioning and
GNSS-RTK using the FGO.
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Fig. 1 The architecture of the proposed pipeline. The “DD”
stands for the double-difference technique.

To make the proposed pipeline clear, the following major
notations are defined and followed by the rest of the paper. Be
noted that the state of the GNSS receiver and the position of
satellites are all expressed in the earth-centered, earth-fixed
(ECEF) frame.

a) The pseudorange measurement received from a satellite
s at a given epoch t is expressed as p; ;. The subscript
r denotes the GNSS receiver. The superscript s denotes
the index of the satellite.

b) The Doppler measurement received from satellite s at a
given epoch t is expressed as d; ;.

¢) The carrier-phase measurement received from a satellite
s at a given epoch t is expressed as ;. ;.

d) The position of the satellite s at a given epoch t is
expressed as p; = (D¢, Dy Piz)-

e) The velocity of the satellite s at a given epoch t is
expressed as Vi = (V7 ,, Vi, v )"

f) The position of the GNSS receiver at a given epoch t is
expressed as Prt = (pr,t,x' Prty pr,t,z)T~

g) The velocity of the GNSS receiver at a given epoch t is
expressed as Vyp = (Vyx) Vrry Urez) ' -

h) The clock bias of the GNSS receiver at a given epoch t
is expressed as 8, that with the unit in meters. &7,
denotes the satellite clock bias by meters.

i)  The position of the base (reference) station is expressed
as Pp = (Ppxs Pb,ys Ppz)" - The variables pj . and @; ,
denote the pseudorange and range measurements of
carrier-phase from satellite s received by the reference
station at epoch t.

III. METHODOLOGY

A. GNSS Positioning Using Factor Graph Optimization

In terms of the measurements from the GNSS receiver,
each pseudorange measurement, p; ., is denoted as follows
[29].
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Pﬁ,t = rvf,t + C(Sr,t - 8%?,1:) + If?,t + Trs,t + Sg,t (1

where 777, is the geometric range between the satellite and the
GNSSS receiver. I}, represents the ionospheric delay distance;
T, indicates the tropospheric delay distance. &;, represents
the errors caused by the multipath effects, NLOS receptions,
receiver noise, antenna phase-related noise. In this paper, the
satellite systems that we used include the global positioning
system (GPS) and BeiDou. Besides, we follow the methods
used in RTKLIB [4] to model the atmosphere effects (I;, and

TS,).

Given the Doppler measurement (d},, d?2,,..) of each
satellite at an epoch ¢, the velocity (v, ) of the GNSS receiver
can be calculated using the LS method [30]. Giving that the
state of the velocity, x¢, is as follows:

X¢ = (V0 8,0)7 )

where the v,., represents the velocity of the GNSS receiver.
The variable Sr,t stands for the receiver clock drift. The
range rate measurement vector (yZ,) at an epoch t is
expressed as follows:

Yrd,t = (Adp e, Ad} e Ad3 e, )T 3)
where the A1 denotes the carrier wavelength of the satellite
signal, the d;, represents the Doppler measurement. The

observation function h% () which connects the state and the
Doppler measurements are expressed as follows:

1 S S1
e t 8r,t - 8r,t

2 S $2
e t 8r,t - 8r,t

he (Xg) - ”"r3,t + Sr,t - 631& )

TT‘:,}E- + ST’,t - Sz«r}t
With y?, = h4(x¥) + f,
where the superscript m denotes the total number of satellites
and the variable mf}t stands for the noise associated with the
yf,t. The variable 77"} denotes the expected range rate. The
variables &, ; and 674 represent the receiver and satellite clock

bias drift. The Jacobian matrix HZ for the observation function
h4 (%) is denoted as follows:

7p%,x_pr,t,x p%,y_pr,t,y p%,z—pr,f,z 1 i
Ipi=prell  lpi=prel  [pi=prel
p%,x_pr,t,x p?,y_pr,t,y p%_z—pr,t,z 1

a _ [ pE=prell pE=prel  [IPZ-prcl

Ht - P?,x_pr,t,x p%,y_Pr,t,y p%’_z—pr,t,z 1 (5)

IpZ-prell  lIpZ-prel  lIpZ-prcl
p?,lx_pr,t,x p.gly_pr,t,y p?,lz_pr,t,z 1
L =prel  IF=prel o7 =prel

where the operator |[*|| is employed to calculate the range
distance between the given satellite and the GNSS receiver.
The expected range rate rr;¥, for satellite s can also be
calculated as follows:

s _ .SLOS(_s Wearth (., s S
Tt = er,t (vt - Vr,t) + cL (Vt,ypr,t,x + pt,er,t,x -

pf,xvr,t,y - Vf,xpr,t,y) (6)

where the variable w,,,¢; denotes the angular velocity of the
earth rotation [4]. The variable c; denotes the speed of the
light. The variable ei:’;os denotes the line-of-sight vector
connecting the GNSS receiver and the satellite (See equation
(5)). Therefore, the velocity (v, ;) of the GNSS receiver can be

estimated via LS [4] based on equations (4) and (5).

The graph structure of the proposed factor graph for
solving the GNSS positioning is shown in Fig. 2. The subscript
n denotes the total epochs of measurements considered in the
FGO. Each state in the factor graph is connected using the
Doppler velocity factor. The state of the GNSS receiver is
represented as follows:

X = [xr,lrxr,Zr :xr,n] (7)
Xr,t = (pr,trvr,t: Sr,t)T (8)

where the variable ¥ denotes the set states of the GNSS
receiver from the first epoch to the current n. The X, denotes
the state of the GNSS receiver at epoch ¢ which involves the
position (p,. ), velocity (v, ) and receiver clock bias (6, ;).

Statenode @ Pseudorange [} Doppler Velocity
Factor Factor
1,2 1 2
- 2
€r3 T3 3 ery et o3

Tt el

4 6
€rn 6‘7‘5 n €rn

Fig. 2 The purple circle denotes the pseudorange factor (e.g
ey ). The blue shaded rectangle represents the Doppler
velocity factor (e.g eP"). The yellow shaded circle stands for
the state of the GNSS receiver.

The observation model for GNSS pseudorange
measurement from a given satellite s is represented as follows:

Pf,t = hfﬂ,t(pr,tr P:, Sr,t) + wf‘,t 9
with hi,t(pr,t' P:, Sr,t) = |lp{ — Prell + 8¢

where the variable w7 ; stands for the noise associated with the
py . Therefore, we can get the error function (e7 ;) for a given
satellite measurement p; , as follows:

(10)

where X7, denotes the covariance matrix. We calculate the
X7, based on the satellite elevation angle, signal, and noise
ratio (SNR) following the work in [31]. The observation model
for the velocity (v, ¢) is expressed as follows:

2 2
”e)s”,tllz_f't = ||p1§,t - hf‘,t(pr,t: pf, Sr,t)”):;t

(11)

DV _ DV DV
Vi = hrt (Xr,t+1:xr,t) (=
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(pr,t+1,x - pr,t,x)/A
t

with h2Y (X, 041, X)) = (Prevy = pr.t,y)/At

(pr,t+1,z - pr,t,z)/
At

where the z2{ denotes the velocity measurements given by the
estimation in (2). The variable ®w?} denotes the noise
associated with the velocity measurement. The variable At
denotes the time difference between epoch t and epoch t + 1.
Therefore, we can get the error function (efY) for a given
velocity measurement v,; as follows:

(12)

where £2¥ denotes the covariance matrix. Therefore, the
objective function for the GNSS positioning using FGO is
formulated as follows:

2 2
||e£,'t/||zgy =||lve{ — hrl“),‘t/(xr,t+1lxr,t)”z_lr3¥

* . 2 2
X" =argmin¥,|le?]|lzov + |le7 Iz 13)
X Tt Tt
The variable x* denotes the optimal estimation of the state sets,
which can be estimated by solving the objective function (13).

B. GNSS-RTK Using Factor Graph Optimization

In terms of the measurements from the GNSS receiver,
each carrier-phase measurement, ¥;;, is written as follows
[29].

Alpﬁ,t = 7"‘r‘f):t + CL (ar,t - g,t) + [ﬁ,t + T,Zs:t + AB;E,L‘ +
dyi. + e, (14)

S i S N
where Bt =Vror —Wort+ Nre

where B;, is the carrier-phase bias. The variable A denotes
the carrier wavelength. The variable dy;, denotes the
carrier-phase correction term including antenna phase offsets
and variations, station displacement by earth tides, phase
windup effect, and relativity correction on the satellite clock.
The detailed formulation of the carrier-phase correction can
be found in [4]. The variable 1, o, represents the initial phase
of the receiver local oscillator. Similarly, the 1§, stands for
the initial phase of the transmitted navigation signal from the
satellite. The variable N7, denotes the carrier-phase integer
ambiguity. €;, represents the errors caused by the multipath
effects, NLOS receptions, receiver noise, antenna delay.

The DD pseudorange measurement (pjp, ;) of satellite s is
formulated as follows [4]:

Popt = (Pt — Poe) — (Ot — Pbt) (15)

The variable pp, and p;, stands for the pseudorange
measurements received by the reference station which is
denoted by the subscript “b”. Generally, the satellite with the
highest elevation angle tends to involve the lowest multipath
and NLOS errors. Therefore, the satellite w, with the highest
elevation angle, is selected as the master satellite. After
applying the DD process to the pseudorange measurements,
the derived ppp, is free of the clock bias and atmosphere
effects [4]. Similarly, the DD carrier-phase measurement
(®pp ) of satellite s is formulated as follows [4]:

d’[S)D,t = (Cbrs,t - (pg,t) - (cbx.]t - (pll;ft) (16)

The variables @;, and @y, stand for the carrier-phase
measurements received by the reference station. Similarly, the
clock bias and atmosphere effects are waived from @p ;.
Meanwhile, the @3, involves the DD ambiguity [4], which
is to be estimated.

The state of the GNSS receiver is represented as follows:
(17)
ANJ DT (18)

X= [Xr,lﬁ Xy 20 o 'xr,n]
— 1 2
Xr,t - (pr,tt Vr,t' Sr,t' ANrb,t' ANrb,t' o

where the variable x denotes the set states of the GNSS
receiver from the first epoch to the current n. The x,., denotes
the state of the GNSS receiver at epoch ¢ which consists of
position (p;.), velocity (v;.) and the DD ambiguities. The
variable AN;ﬁ;l denotes the DD carrier-phase ambiguity bias
corresponding to satellite m — 1. In other words, each DD
carrier-phase measurement involves a specific ambiguity bias.
The graph structure for estimating the float solution of the
GNSS-RTK is shown in Fig. 3. The yellow shaded circle
denotes the state of the GNSS receiver. The purple and red
circles represent the DD pseudorange and carrier-phase factor,
respectively. Both the DD pseudorange and carrier-phase
measurements connect the state of the GNSS receiver and the
position of the reference station. The blue shaded rectangle
denotes the Doppler velocity factor which is identical to the
one in GNSS positioning (see Section III-A). The green
shaded circle denotes the state of the reference station. Be
noted that the position of the reference station is fixed
throughout the test.

‘ Reference Station

DD Pseudorange
Factor

DD carrier-phase
Factor

m Doppler Velocity
Factor

Fig. 3 The graph structure for estimating the float solution of
the GNSS-RTK.

Therefore, the observation model for the DD pseudorange
measurement (0}, ;) is expressed as follows:

(19)
hp.pe(Xreo PE DY Py) = (IXpe — PEI — [Py —
p:1D) — (1xre =PI = [IP — PEI)  (20)

The variable wpp , . denotes the noise associated with the
ppp - The function hpp,.(*) denotes the observation
function connecting the state of the GNSS receiver and the DD

S —_— S S w S
Pbpr = hDD,p,t(Xr,t' Pi.pY.py) + Wpp,p,t
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measurement pjp .. Therefore, the error factor for the DD
pseudorange measurement as follows:

2 2
”e%D,p,tllzf)D'p't = |lpbp,c — hf)D,p,t(xT,t' p:, p?, pb)l |):SDD,p,L'
2D
The variable X3, , ;. stands for the covariance associated with

the ppp ;. Similarly, the observation model for the DD carrier-
phase measurement is expressed as follows:

‘Dls)D,t = hSDD,qb,t (Xr,t' p:, PY, pb) + ‘Df)D,cb,t (22)

Rpp 0 (%reo PE DY Pb) = (|[%re = PEI| = 1P -
pill) = (|lxre — 21| = lIps — p¥I]) + AN, . 23)

The variable w3y o, denotes the noise associated with the
@jpp . The variable AN, . denotes the DD ambiguity of the
carrier-phase measurement. Therefore, the error factor for the
DD carrier-phase measurement is as follows:

2
”ef)D,cb,t”):%D,q),t 195D, —

N S W 2
hpp.o (Xr,t' Pt Pt pb)l |Z§D,¢,t (24
The variable X} o, stands for the covariance associated with
the @7y, . Therefore, the objective function for the float

solution estimation of GNSS-RTK using FGO is formulated
as follows:

. 2 2
X' =argmin T l1e2¥ 130 + llebopellyy, -+

X
(25)

2
”ef)D,(D,t”zf)Dd)t

The variable x* denotes the optimal estimation of the state sets.

Therefore, the float solution for GNSS-RTK at the current
epoch can be obtained by solving the above objective function
(25). After obtaining the float solution of the GNSS-RTK
using FGO, an ambiguity resolution algorithm is used to
estimate the fixed solution. The variable AN, should be an
integer value when the carrier-phase measurement is free from
the noise. This paper makes use of the popular LAMBDA
algorithm [32] to solve the integer ambiguity resolution
problem. Due to the page's limitations, the detailed
presentation of the employed LAMDA algorithm can be found
online 2.

IV. EXPERIMENT RESULTS AND DISCUSSIONS

Two experimental evaluations are conducted to evaluate
the performance of the proposed framework. The
experimental vehicle is shown on the left side of the following
Fig. 4. To validate the effectiveness of the proposed GNSS
positioning using FGO, we collected data in a challenging
urban canyon 1 (see Fig. 4-(b)) with numerous multipath
effects and NLOS receptions. During the test, a u-blox M8T
GNSS receiver is used to collect raw single-frequency GPS
and BeiDou measurements at a frequency of 1 Hz. Besides,
the NovAtel SPAN-CPT, a GNSS RTK/INS (fiber optic
gyroscopes) integrated navigation system is used to provide
the ground truth. To validate the effectiveness of the proposed
GNSS-RTK method using FGO, we collect the other static
dataset in a less urbanized area (see Fig. 4-(c), the GNSS-RTK

2 https://github.com/weisongwen/GraphGNSSLib

can get fixed in the less urbanized area) using the same sensor
setup as the one in urban canyon 1. We run the proposed
framework using a high-performance laptop computer with an
Intel i7-9750K at 2.60GHz and 32GB RAM. For the GNSS
positioning evaluation, we compare the following methods:
(1) WLS [4]: GNSS positioning is based on the
pseudorange using WLS via RTKLIB.

(2) EKF: GNSS positioning based on the integration of
pseudorange and velocity from  Doppler
measurements using the EKF estimator.

(3) FGO: GNSS positioning based on the integration of
pseudorange and  velocity from  Doppler
measurements using FGO.

For the GNSS-RTK evaluation, we compare the
following methods:

(1) RTK-EKF [4]: GNSS-RTK positioning based on
the DD  pseudorange and  carrier-phase
measurements using the EKF estimator via RTKLIB.

(2) RTK-FGO: GNSS-RTK positioning based on the
DD pseudorange, Doppler measurement, and
carrier-phase measurements using the FGO. Be
noted that the integer ambiguity is resolved using the
LAMBDA algorithm.

The positioning performance of the listed five methods is
evaluated in the east, north, and up (ENU) frame. As the
GNSS positioning in the vertical direction is highly unreliable
due to the satellite geometry, only the horizontal positioning
is evaluated.

Fig. 4 The sensor setup of the experimental vehicle and
evaluated scenarios. (a) sensor setup of the experimental
vehicle. (b) the experimental scene with tall buildings in
urban canyon 1. (c) the experimental scene in urban canyon 2.

A. Evaluation of the Proposed GNSS Positioning

The positioning error of GNSS positioning in the
evaluated dataset is shown in the following Table 1. A mean
of 17.39 meters is obtained using WLS with a standard
deviation (STD) of 16.01 meters. Meanwhile, the maximum
error reaches 94.43 meters. After applying the EKF to
integrate the pseudorange measurements, and the velocity of
the GNSS receiver derived from the Doppler measurement,
the mean error decreases to 13.61 meters based on EKF.
Meanwhile, the STD is also reduced slightly to 15.19 meters.
However, the maximum error still reaches about 89 meters
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due to the numerous unexpected outlier measurements. The
mean error decreases to only 9.45 meters after applying the
FGO with a significantly decreased STD of 8.06 meters.
Meanwhile, the maximum error decreases to only 31.94
meters. The significantly improved positioning accuracy
shows the effectiveness of the proposed framework based on
FGO.

Fig. 5 shows the trajectories using three different
methods and ground truth. The black curve denotes the
ground truth trajectory provided by the SPAN-CPT. The
smoother trajectory is achieved using EKF with the help of
velocity measurements, compared with the WLS. However,
the trajectory can still deviate significantly from the ground
truth trajectory in some epochs. With the help of the proposed
framework, a smoother trajectory is obtained almost
throughout the test.

Fig. 6 shows the trajectories using the two different
methods and ground truth. The more accurate trajectory is
achieved using RTK-FGO with the help of velocity
measurements, compared with the RTK-EKF. We can see
from Table 2 that the RTK-EKF gets a fixed rate of 4.4% in
the evaluated urban canyon 2. Interestingly, the fixed rate of
the proposed RTK-FGO is slightly decreased to 3.8%. The
reason is that the proposed RTK-FGO did not consider the
cycle slip detection [33] and the ambiguity is solved
independently in each epoch.

Table.2 Positioning performance of the GNSS-RTK

Table.1 GNSS positioning performance using the three listed

methods
All data WLS EKF FGO
MEAN (m) 17.39 13.61 9.45
STD (m) 16.01 15.19 8.06
MAX (m) 94.43 88.97 31.94
Availability 100% 100% 100%
trajectory
200 '

—=— ground truth

—— WLS
1007 | EkF
—+ FGO
0 L
®
8
[ L
g-100
<
5
g -200 -
-300
-400

500 -400 -300 -200 -100 O 100 200
east (meters)

Fig. S Trajectories of three methods WLS (red), EKF (green),

and FGO (blue). The x-axis and y-axis denote the east and
north directions, respectively.

B. Evaluation of the Proposed GNSS-RTK

During the static test in urban canyon 2, the Doppler
velocity measurements are employed to connects the
consecutive states. The positioning accuracy of GNSS-RTK
in the evaluated dataset is shown in the following Table 2. Be
noted that the float solution is recorded when the fixed
solution is not available. A mean of 2.01 meters is obtained
using RTK-EKF with an STD of 0.67 meters. Meanwhile, the
maximum error reaches 3.33 meters. The mean error
decreases to only 0.64 meters after applying the RTK-FGO
with a slightly decreased STD of 0.40 meters. Meanwhile, the
maximum error decreases to only 1.70 meters. The improved
positioning accuracy shows that the proposed RTK-FGO
method can effectively mitigate the effects of the GNSS
outlier measurements, leading to improved accuracy.

All data RTK-EKF RTK-FGO
MEAN (m) 2.01 0.64
STD (m) 0.67 0.40
MAX (m) 3.33 1.70
Availability 100% 100%
Fixed Rate 4.4% 3.8%
trajectory
o = a ground truth
15k { o RTK-EKF |
% « RTK-FGO
15} Low e - ﬁe" / 1
7 % o v
% 05 i eﬂi&fg Ground Truth ]
£ 0 "%/ “mm%mﬂfw |
S 5 ° ° o
< 05| A%% |
K \ch) 0 ° o
1 & S 1
15+

-1 -0.5 0 0.5 1 1.5 2 25 3
east (meters)

Fig. 6 Positioning results of two methods RTK-EKF (red dots)
and RTK-FGO (blue dots).

V.CONCLUSION AND FUTURE WORK

This paper developed a factor graph-based formulation,
that enables the capability of the two most popular positioning
methods, the GNSS positioning, and GNSS-RTK. We
evaluate the proposed framework using the dataset collected
in the urban canyons of Hong Kong. The results show that the
proposed method can effectively help to mitigate the effects
of GNSS outlier measurements, deriving improved accuracy
both in GNSS positioning and GNSS-RTK positioning. The
cycle slip detection will be applied to the integer ambiguity
resolution to improve the fixed rate in the future. Moreover,
achieving a fixed solution for positioning autonomous
systems in the urban canyon is still a challenging problem to
solve, we will also explore adding more sensors to the
proposed framework to increase the fixed rate of GNSS-RTK.
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