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Abstract

In urban canyons, the reflections and obstructions of Global Navigation Satellite System (GNSS) signals frequently lead
to significant errors in measurements, the number of which can be larger than that of the correct measurements. This leads
to a severe degradation of GNSS performance in urban canyons. Various fault detection and exclusion (FDE) algorithms
have been developed to cope with these outliers caused by multipath effects. Most of these FDE algorithms check the
consistency among measurements. However, in urban canyons, their effectiveness is significantly compromised by the lack
of fault-free measurements. There is an urgent need to develop new constraints for enhancing GNSS FDE performance.
In recent years, the advent of Chip-Scale Atomic Clock (CSAC), known for their affordability and high frequency stabil-
ity, offers a promising solution for accurately predicting receiver clock errors. Additionally, using city maps to establish
height constraints is another way to increase redundancy. The purpose of this study is to improve the GNSS positioning
accuracy in urban canyons with the aid of CSAC and city map data. A novel FDE algorithm is developed to search for
positions through the constraints of height and receiver clock. Extensive tests were conducted in urban canyons to evalu-
ate the performance of the system. Results showed that the positioning accuracy can be improved from tens of meters to
less than 6 m.

Keywords GNSS - Chip-scale atomic clock (CSAC) - Urban canyons - Fault detection and exclusion (FDE)

Introduction

In recent years, the Global Navigation Satellite System
(GNSS) has seen significant advancements, providing many
more satellites available in sky. Concurrently, advance-
ments in electronics have enabled the integration of com-
pact and cost-effective GNSS receivers as a standard feature
in smartphones. This has laid a foundation for various
Location-Based Services (LBS) that are required by diverse
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applications in various sectors including from smart cities
to autonomous driving (Sheta et al. 2018; Weng et al. 2024,
Yan et al. 2019).

Although GNSS can provide accurate position, veloc-
ity, and time (PNT) information in open outdoor areas, its
effectiveness is compromised in urban areas. Urban envi-
ronments present unique challenges for GNSS performance
due to factors such as signal obstruction, reflections, and
multipath effects, all of which can degrade positioning
accuracy (Groves 2011). Particularly, urban canyons repre-
sent the most challenging urban scenarios, where high-rise
buildings and narrow streets significantly obstruct the trans-
mission of direct line-of-sight signals.

Multipath signals arise when satellite signals follow mul-
tiple paths, including both direct and reflected routes, before
reaching the receiving antenna. On the other hand, non-line-
of-sight signals occur when obstacles like buildings and
trees obstruct the direct signal path, causing the receiver
to capture signals reflected or diffracted from nearby sur-
faces. In this study, multipath effects refer to errors caused
by multipath and NLOS signals. Techniques such as differ-
ential correction and modelling have been extensively used
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to various GNSS errors, including satellite-related errors,
the ionospheric errors, and the tropospheric errors (Weng
et al. 2023). However, these techniques could not mitigate
the multipath effects because they vary significantly under
different environments (Dirksen et al. 2019).

Extensive efforts have been dedicated to mitigating
GNSS multipath effects. One approach involves hardware
solutions. Using a choke antenna proves effective in reduc-
ing multipath interference and attenuating non-directed
signals. Additionally, dual-polarized antenna designs, fea-
turing two mutually perpendicular polarization directions,
offer improved discrimination between multipath signals
and direct-line signals, mitigating the impact of multipath
errors (Miao et al. 2020). However, these hardware solu-
tions may not be feasible for consumer electronics devices
due to potential increases in cost and size.

Another method involves checking consistency among
GNSS measurements (Hsu et al. 2017). This method, which
can be implemented through software adjustments or algo-
rithm updates, does not require additional hardware mod-
ifications. It offers a flexible solution that can be used in
various environments. However, in urban canyons, where
buildings obstruct GNSS signals from both sides of the
street, resulting in predominantly along-street signal recep-
tion, these methods face challenges as the majority of mea-
surements are prone to multipath effects (Liu et al. 2024;
Weng et al. 2023b).

The GNSS multipath effects in urban areas are mainly
caused by the blockage and reflections of buildings. The
external information about these buildings, i.e., the 3D
building model, has thus been explored to enhance the per-
formance of GNSS in urban areas (Hsu et al. 2016). These
methods can be summarized into two types: (1) shadow
matching based on signal-to-noise ratio (H.-F. Ng et al.
2021b); (2) matching based on ranging signals. Shadow
matching based on signal-to-noise ratio involves evaluating
the visibility of each satellite at various candidate locations,
comparing it with the carrier-to-noise ratio observation data,
and matching to obtain the optimal position(Wang et al.
2013). This technique has shown excellent performance in
determining the left and right sidewalks(Wang et al. 2014),
and preliminary studies have confirmed that it can achieve
an accuracy rate of about 89% (H.-F. Ng et al. 2021b). The
matching method based on ranging signals calculates vir-
tual observations based on the 3D model at each candidate
location, compares them with the observation data, and
identifies the candidate point that best matches the actual
observation data with the virtual observation data (Ng et al.
2021b). In the absence of urban 3D building models, other
sensors such as fisheye lenses and LiDAR can effectively
detect satellite visibility, thus being used to identify LOS
and NLOS signals. Urban GNSS positioning technology
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assisted by scene information has laid the theoretical foun-
dation for improving the accuracy of GNSS positioning in
urban environments. However, the current technology still
has the following shortcomings: (1) poor performance in the
along street direction; (2) it requires the calculation of vis-
ible boundaries or signal propagation paths, which demands
high computational complexity; (3) high reliance on 3D
building models (Groves and Adjrad 2019).

In recent years, the exploration of additional constraints
has been used to enhance GNSS performance in urban
environments. Prior research has demonstrated that impos-
ing height constraints, which can be obtained from Digital
Elevation Models (DEMs) or barometric readings, can bring
improvements in GNSS accuracy (Massarweh et al. 2020;
Wang et al. 2023). Moreover, our recent studies have dem-
onstrated that sidewalk constraints can also be employed to
enhance the positioning accuracy for pedestrians, particu-
larly in cross-street directions (Sharma et al. 2019; Weng
et al. 2023b). These constraints use the predictable nature
of pedestrian movement on sidewalks to improve localiza-
tion (Weng et al. 2024). However, sidewalk constraints are
specifically tailored for pedestrian applications and are not
applicable to vehicular navigation.

The receiver clock bias is an important parameter that
needs to be estimated together with position parameters.
The traditional GNSS receivers rely on internal quartz
oscillators like temperature-compensated crystal oscilla-
tors (TCXOs), which exhibited low frequency stability
and accuracy. Therefore, we need to estimate this param-
eter epoch by epoch. In recent years, the chip-scale atomic
clocks (CSACs), are becoming smaller, more affordable and
portable (Cash et al. 2018). They offer enhanced signal sta-
bility, improved tracking recovery, and increased immunity
to interference, particularly advantageous in high-density
urban environments (Kunzi and Montenbruck 2023; Yao et
al. 2019). The stable and accurate timing of CSACs pro-
vides us an opportunity to improve GNSS performance in
urban canyons (Krawinkel and Schén 2016; Martinez et al.
2023). In this study, both the receiver clock constraints and
the height constraints will be used to enhance the GNSS
accuracy in urban canyons.

This paper is organized as follows. Section Challenges
of GNSS positioning in urban canyons describes the chal-
lenge of GNSS in urban canyons. Section CSAC Con-
straints” presents the property of CSAC. Section ;GNSS
FDE with the aid of an Urban Map and a CSAC describes
the new GNSS positioning algorithm under constraints of
the receiver clock error and the height. Section Performance
Evaluation evaluates the proposed system in urban canyons.
Section Conclusions concludes the proposed system.
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Challenges of GNSS positioning in urban canyons

A GNSS receiver determines a user position using various
measurements, among which pseudorange is widely used.
The linearized equation for pseudorange can be formulated
as follows

l=Az+e (1)

where | denotes the pseudorange measurement vector with
a dimension of n x 1; A is a matrix including unit line-
of-sight vectors from satellites to the receiver, augmented by
a column of ones; « is the unknown vector comprising of
three position components and a component of the receiver
clock error: @ =[Ax, Ay, Az Atg,]"; € denotes the
measurement error including multipath errors together with
other errors.

The weighted least squares method is commonly used to
estimate the four unknowns in (1):

z=(ATWA) 'ATWI 2)

where W is a diagonal weighting matrix, with the diagonal
elements being the inverse of variances. It can be seen from
(2) that the estimation can be affected severely by faults due
to multipath effects. They must be detected and excluded
before they contribute to GNSS solutions. Two types of
consistency checking algorithms have been developed to
improve the performance of urban GNSS. One is the resid-
ual based method, and another one is the subset testing.
The residual based fault detection and exclusion (FDE)
algorithms attempt to check the consistency of measure-
ments. The test statistic used in these algorithms is given by

v=l-1=(I-9)e 3)
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Fig.1 The computational load vs. the number of observations in subset
testing algorithm

where Vv is the residual; I is an identity matrix;
S = A(ATWA)%ATW. As shown, the residual is the
product of the measurement errors € and the residual maker
matrix (I — S). When there is only one or two faults, the
use of the residual can detect and exclude these faults effec-
tively. Nevertheless, when in case of multiple faults, the
residual-based FDE approaches may result in the frequent
exclusions of fault-free measurements and failures to detect
faulty ones.

The subset testing algorithm is another consistency
checking method that has been developed to cope with
multiple faults. It involves mainly three steps: (1) selection
of observation subsets; (2) fitting a model to each subset;
and (3) finding the most consistent subset of observations.
This method attempts to find the largest consistency among
observation. Nowadays, tens of observations can be obtained
from a multiple constellation GNSS receiver. The subset
testing method requires a high computational load for the
GNSS receiver. Figure 1 illustrates the relationship between
the number of observations and the number of subsets that
should be evaluated. As shown, computational complexity
rises with the number of observations. For example, when
the number of observations is 20, the number of subsets that
needs to evaluated is as large as 1 million, as indicated by
the red dashed line in the Fig. 1. For each subset, it is neces-
sary to calculate the position, where both matrix multiplica-
tion and inversion need substantial computational resources.

More importantly, in urban canyons, tall buildings
obstruct signals, leading to majority of the observable mea-
surements being erroneous. The low observability to clear
measurements significantly complicates the FDE process,
making it challenging to achieve satisfactory results in urban
canyons. Consequently, additional constraints are urgently
required to enhance FDE performance and improve posi-
tioning accuracy.

CSAC constraints

GNSS technology determines positions by measuring the
time differences between different satellite clocks and the
receiver clock. A low-cost GNSS receiver normally uses
a crystal oscillator as its clock, and this leads to a large
receiver clock error. Therefore, the receiver clock error
has to be treated as an unknown alongside three position
unknowns. In open areas, the number of fault-free GNSS
observations is significantly larger than 4, and the unknowns
can be estimated accurately. However, in urban canyons, the
majority of GNSS signals are obstructed by buildings, and
lots of observations containing the positive NLOS errors
are obtained. Under this situation, the receiver clock error
estimation can absorb the common NLOS errors, compli-
cating the differentiation between measurement errors and
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Figure 2 illustrates the challenge of GNSS FDE in urban
canyons. As shown, the observations from satellites A, B,
C and D are fault free, while these from E, F, G, H and 1
include NLOS errors. Different receiver clock errors can be
estimated with different subsets of observations. As shown,
the green circle represents the true receiver clock error esti-
mated from the subset of 4 fault-free observations, while
the yellow one denotes the wrong receiver clock error that
is estimated from the subset of 5 faulty observations. Under
this situation, the conventional FDE algorithm will lead
to the solution from 5 faulty observations because it has a
larger number of consistent measurements.

Figure 3 illustrates an example of GNSS search results
in urban canyons. In this scenario, GNSS measurements
were collected at a known location within the urban canyon,
and a grid of points was generated around the true location.
The number of consistent GNSS measurements at these grid
points was evaluated and is represented using different col-
ors. As depicted, the yellow points indicate the highest level
of consistency. However, these yellow points are dispersed
over a large area, predominantly in the cross-street direc-
tion, making it challenging to identify the correct points in
this situation. For this example, the conventional method
will inevitably cause the positioning errors as large as tens
of meters. Other constraints are anticipated to control GNSS
errors.

The motivation of this study is to model the receiver
clock error accurately, which promisingly enhances urban
GNSS positioning in two significant ways: (1) reduction
of the number of GNSS unknowns; and (2) the improved
GNSS FDE performance with the aid of the accurate infor-
mation about the receiver clock error.

Different types of clocks can be used in GNSS receiv-
ers. The atomic clock is one of the most precise and stable
clocks that are based on atomic transition frequencies. Their
time accuracy can be on the order of 10—!® seconds. How-
ever, the high cost, large size, high power consumption, and
complex maintenance requirements of traditional atomic
clocks limit their widespread use in many practical appli-
cations. With technological advancements, CSACs have
seen significant development over the past decade. They
offer significant advantages in size, accuracy, stability, and
energy consumption. Recently, the cost of CSACs has been
reduced significantly. These advantages open opportunities
for accurate GNSS positioning in urban canyons.

A test is conducted in an open area to compare the per-
formance of CSAC with that of the normal Temperature
Compensated Crystal Oscillator (TCXO). Figure 4 shows
the setup of the hardware in the test. As shown, a splitter
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Fig. 3 The number of consistent GNSS measurements at grid points
in urban canyons

divides GNSS signals into two Septentrio PolaRx5 receiv-
ers. The receiver in the red box uses TCXO as its own clock,
while the receiver in the green box uses the external CSAC
as its clock. In this study, the MAC-SAS5 was used as the
external CSAC, as shown in the green circle. The data col-
lection took place on the rooftop of Block Z at The Hong
Kong Polytechnic University, where the receivers had a
clear view of over 40 satellites.

The receiver clock errors for two receivers were estimated
by employing the standard point positioning technique. As
depicted in Fig. 5, the analysis of the clock errors reveals
that the CSAC error exhibited a drift of 25 m over a one-
hour period, whereas the TCXO’s clock error experienced a
significantly larger drift, exceeding 6 km. This comparison
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Fig.4 Setup of GNSS receivers

underscores the superior stability and lower drift of CSAC
compared to TCXO.

It seems from Fig. 5 that both receiver clock errors
change linearly with time. Therefore, we will fit the receiver
clock errors to a straight line
Atgp(t)=at+Db 4
where A tp denotes the receiver clock error; ¢ represents
time; p is the receiver clock bias; and a is the change rate
of the receiver clock error. In the test, we fitted the receiver
clock errors in the first five minutes to the line in Eq. (4).
Two parameters are estimated: the bias p and the change
rate a. In the following one hour, the receiver clock errors
are predicted using the model. Figure 5 shows differences
between the predicted errors and the true ones. It is shown

Fig.5 Comparison of CSAC and

TCXO clock errors - CSA.C

that the CSAC errors can be estimated accurately with the
simple model, achieving an RMSE of 1.01 m over an hour.
In contrast, the accuracy of the predicted TCXO clock error
rapidly deteriorates over time, with the largest errors being
larger than 150 m within 1 h. It can be concluded from
Fig. 6 that the CSAC error can be modeled accurately and
easily. Therefore, in this study, the CSAC will be used as
the clock for the GNSS receiver, and the constraints of the
receiver clock error will be exploited to improve the GNSS
FDE performance.

GNSS FDE with the aid of an urban map and a CSAC

In this study, a novel FDE algorithm is developed with the
aid of a CSAC and an urban map. Figure 7 presents the
flowchart of this algorithm. As depicted, the CSAC errors
are predicted, which are in turn applied in GNSS solutions.
Then, a number of candidate points are generated on the 3D
urban map. The height information derived from the map
is further used to constrain GNSS positions. Finally, each
candidate point undergoes an assessment to determine the
one that yields the highest degree of consistency, under the
constraints of height and receiver clock error. These steps
will be described in detail in this section.

Modelling CSAC error

As discussed in the previous section, CSAC has a high fre-
quency stability, enabling accurate predictions within the
time domain. To construct an accurate CSAC error model,
it is important to acquire high-quality CSAC error data over
a specific duration. In scenarios where the user remains in
urban environments for extended periods, the CSAC errors
may include outliers that need to be excluded. The proposed
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Fig.6 Clock prediction error for:
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GNSS DATA Grid Points Random Sample Consensus (RANSAC) algorithm is
¢ employed to estimate the two parameters based on the these
CSAC error data. A subset comprising of two data points
—> Model CSAC Error is selected from the dataset of CSAC errors to estimate the

v

Generate Candidates

v

Searching for Position
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Fig. 7 Flowchart of the new GNSS FDE algorithm

!

Model CSAC Error Based on RANSAC

l a,b
Predict CSAC Error
Atp(t) = ax +b

Fig.8 CSAC error modeling and prediction

method involves robust modeling of CSAC errors by incor-
porating the most recent data.

Figure 8 shows the process of real-time modeling
of the CSAC error. As shown, the receiver clock error is
modeled using the estimates of the most recent i epochs:
Atp(t—k), Atp(t—k+1),... , Atg(t—1). The
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two parameters a and p . All data points in the entire dataset
are evaluated against the modeled errors. A CSAC error is
classified as an outlier, or an inlier based on the magnitude
of difference. This iterative process continues until a suffi-
ciently large number of inliers is established. Ultimately, the
robust parameter estimates g and 7 obtained through the
RANSAC method are used to predict the receiver clock bias
Atp (t) at the current time ¢ . The predicted CSAC error
will be used later to correct the receiver clock error.

Generation of candidate points on the urban map

As discussed, the majority of GNSS observations are
contaminated by NLOS or multipath errors in urban can-
yons. Under this situation, the reliable FDE is particularly
difficult, posing a challenge for estimating four GNSS
unknowns. In addition to CSAC clock, the urban map pro-
vides information on the height of the user position. In this
study, the urban map will be used to generate the candidates,
constraining GNSS heights. More importantly, the indoor
space is excluded from the potential candidates since we
know that users are in the outdoor environment.

We will firstly estimate an initial GNSS position using
the residual based GNSS algorithm. The local coordinate of
the initial position is given by py(eq, o). We will then find
generate a number of grid points within a circle centered
at the initial position, with a radius of R . Suppose that the
grid points searched are represented as p; = (e;, n;) where
1=1,2,3... ] and [ is the number of candidate points.
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The differences between the searched grid points with the
initial position is given by

Ap,=p;—py=(Ae, Any) %)

In the next subsection, the evaluation will be performed to
search for the optimal point from the J candidate points.

Figure 9 illustrates the process of candidate generation
through the urban map. The candidate points, marked in red,
are selected from grid points through a circle centered at the
initial point Po, which is marked as a green triangle in the
figure. As shown, the grid points are generated in outdoor
areas with a spacing of 2 m. When the indoor area is con-
sidered, the number of candidate points is around 1200. In
this study, the indoor area is excluded, and this number is
reduced to around 600. It should be noted that the search
region should be large enough to encompass the true posi-
tion. In this study, the largest initial positioning error will be
evaluated to determine the search radius.

The conventional consistency checking methods try to
check all the subsets of measurements. Different from pre-
vious methods, we will evaluate all the candidate points,
and search for the position that agrees with the measure-
ments. Specifically, we will simulate the measurements at
each candidate point based on the real measurements. The
consistency of the simulated measurements will be evalu-
ated, and then the point that leads to the best consistency
is regarded as the solution. Details of the method will be
presented in the next subsection.

Fig.9 Example of generating
candidate points

9‘:‘9&....."7777
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Searching for GNSS positions

As discussed, the constraints of the receiver clock and the
height can be derived from the CSAC error model and the
city map, respectively. In this section, we will search for
the position under constraints of both the height and the
receiver clock.

The city map is represented using a local coordinate
system. Therefore, we need to transfer the WGS84 coordi-
nate system to a local coordinate system first. The relation
between the WGS-84 and the local coordinate system can
be represented by

= Rx (6)

where the unknown ' = [Ae, An, Ah, Atg]" in the local
coordinate system; R is the conversion matrix.
Applying (6) into (1) gives the following Eq.

l=ARx +e 7)

The scalar form of the above equation can be represented
as follows

P=aAe+aAn+aAu+Atgp+e? (8)

where (a;, a;, a; 1) is the s-throw in the matrix AR.

In this study, the height component A ¢, is derived from
the city map, while the receiver clock error A # p is pre-
dicted using the model. The details were described in the
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previous two subsections. Equation (8) can therefore be re-
arranged as

ms:l";—A;p—aZAu:a';Ae-i-a;An—&-e’" ©)]

where ms =15 — A ZR —a3Aw;a;~ a,and a; denote
the known parameters for satellite s; A e and A n are two
position unknowns. It can be seen from (9) that the number
of unknowns in GNSS was reduced from 4 to 2. The slope-
intercept form of Eq. (9) is given as follows

2=y’'Ae+An (10)

ms. s al

where 2° = Y = s = 1,2... .,n. It can be seen that
25 and y* are known coefficients, while A ¢ and A p are
the slope and the intercept that should be determined.

GNSS measurements in Eq. (11) are often affected by
multiple simultaneous outliers. In this study, the Hough
transform estimator is employed to find the most consistent
measurements. The Hough transform is a robust technique
for detecting simple geometric shapes in images, even in
the presence of many outliers. It works by converting the
observation space into the parameter space, making it easier
to detect outliers. The parameter space can be derived from
Eq. (11), and written as follows:

An=2z"—y’Ae (11)

where An and A e are two unknowns. The Hough Trans-
form technique tries to estimate the unknowns by finding
the maximum number of intersections.

We will use an example in Fig. 10 to illustrate how to esti-
mate the unknowns based on Hough Transform. In Fig. 10
(a), different satellites are represented as distinct points (y°
, 2°) in the 2D observation space. In this example, there are
five fault-free measurements (green dots) and three faulty
measurements (yellow dots). Identifying collinear points

Fig. 10 Illustration of Hough
Transform: (a) observation space VA
and (b) the parameter space A

is essential to estimate the two unknowns: Ae and An.
The observation space in Fig. 10 (a) is then mapped to the
parameter space, as illustrated in Fig. 9 (b). As shown, the
five collinear points in Fig. 10 (a) are represented by five
lines that intersect around a point. The intersection of these
lines is in fact the real position (A e, A n). To find the point
that results in the maximum number of intersections, the
parameter space is discretized into cells, which are shown as
blocks in Fig. 10 (b). The block including the largest num-
ber of lines is selected as the final solution.

We will search for the Hough Transform solution by
using the candidate points A p; = (A e;, An;), which are
generated in the previous subsection. For each candidate
Ap; = (Aei, An;), where i =1,2,... I, the number of
lines in that cell is counted as Count(A e;, A n;). Hough
Transform determines the maximum number of consistent
measurements

MaxzN = argmaz Count(A e;, An;) (12)
(Ae;,Any)

As shown, the position that corresponds to this maximum
number of consistent measurements is considered the final
solution of the algorithm. The receiver clock error will be
estimated. Suppose that the searched subset of consistent
measurements is denoted as @ . The receiver clock error is
estimated as follows:

Afp=A ZR+1/MM:NZ scom’ (13)
Finally, this estimated receiver clock error is stored in the

memory, which will be used to predict the receiver clock
error in the next epoch.

An A
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Fig. 11 Testing points: (a) eight
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Fig. 12 The estimated receiver clock error and the predicted receiver
clock error

Performance evaluation

Extensive tests were conducted in urban canyons in Hong
Kong. Figure 11 shows the testing environments. As shown,
the tests were performed near eight lampposts. The posi-
tion coordinates of these lampposts had been precisely sur-
veyed and were supplied by the Lands Department of Hong
Kong. At each lamppost, five minutes of GNSS data col-
lected using a Septentrio receiver, which was disciplined
by a CSAC. The model of the CSAC used in this study is
MAC-SASS.

Figure 12 shows the estimated receiver clock error in blue
dots, which are estimated using Eq. (13). At each epoch,
the receiver clock error is predicted using the RANSAC
method based on the estimated receiver clock errors in most

Time [s]

Fig. 13 Accuracy evaluation of the CSAC error prediction

recent k epochs (k = 1800). In real time applications, it
is not acceptable to derive the first position by waiting for
1800 s. In this study, we started to predict the receiver clock
error with data of 2 min. In Fig. 11, the predicted receiver
clock errors are shown as orange dots. To evaluate the per-
formance of the predicted receiver clock error, we fitted the
receiver clock error during the whole test to a simple linear
model. In Fig. 12, the fitted clock errors are shown as red
dots. The comparison between the orange dots and the red
dots showed that the receiver clock error can be predicted
accurately using the RANSAC method in this study.

We used the fitted receiver clock errors to evaluate the
performance of the prediction. Figure 13 shows that the
CSAC errors can be predicted accurately using the pro-
posed RASAC method. However, in the beginning of the
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Fig. 14 Positions delivered by
the residual based FDE and the o
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35— ' ' ' T I T I We also searched for positions using the Hough Trans-
=:2;gﬁ;‘l)°bzesidm:$iid form method, under constraints of height and receiver
sor 1 clock. Figure 14 compares the results from the conventional
residual based algorithm and these from the proposed algo-
a1 1  rithm. As shown, large errors were caused in solutions from
£ the conventional method. In addition, out of a total of 2400
520r1 1  epochs for calculation, the traditional FDE method failed in
o 500 epochs, whereas the new method successfully computed
% B 1 all epochs. More importantly, the positioning accuracy was
significantly improved if the new method is applied.
1or | Figure 15 shows the positioning accuracy of the pro-
posed method and that of the conventional method. As
> shown, the GNSS accuracy of the conventional method was
. 20.6 m, while that of the proposed method has been reduced
1 2 3 4 5 6 7 8 to 5.3 m.
Test points To assess the robustness and performance of the pro-

Fig. 15 Comparison of RMS errors between the residual based FDE
and the proposed method

prediction, the prediction errors are as large as 4 m. This is
caused by the lack of enough data about the clock errors in
the beginning. As shown, when there are sufficient data, the
prediction errors were reduced immediately.

@ Springer

posed GNSS FDE algorithm under dynamic conditions, we
performed dynamic experiments in Mong Kok, Hong Kong
on 20 August 2024. As shown in Fig. 16, the Septentrio
receiver with an external MAC-SAS5 was installed inside
the vehicle, while the GNSS antenna was mounted on the
vehicle’s roof along the central axis.

During the test, the vehicle traveled along four main
streets in a counterclockwise direction, and the trajectories
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Fig. 16 Setup of the dynamic test:
(a) the Septentrio receiver with
an external MAC-SASS; and (b)
GNSS antenna

Fig. 17 Comparison of vehicle
trajectories using different
methods

Ovl ) ~

the proposed method

residual based method commercial receiver

derived from different methods were projected onto the
map, as shown in Fig. 17. The blue line is calculated using
the residual-based method, the black line is derived from the
commercial receiver, and the orange line is computed using
the proposed method. It can be concluded that the proposed
method is more close to the real trajectory, compared with
other methods. As shown in the green oval, the errors in
positions from the commercial receiver can be as large as
20 m, while the meter-level positioning is achieved by using
the proposed method.

The main differences among the three results in Fig. 17
appear on Street 3, identified as Nathan Road, a bidirec-
tional three-lane street. During the test, the vehicle mainly
remained in the second lane from the left. As shown in
Fig. 17, the positioning accuracy of the proposed method
on Nathan Road is significantly better than both the resid-
ual-based method and the survey-grade receiver results.
To further evaluate accuracy, the centerline of the second
lane was used as a reference, and the root mean square error
(RMSE) in the cross-street direction for all three methods

was calculated, as shown in Fig. 18. The results show that
the proposed method achieves a significantly lower RMSE
compared to both the survey-grade GNSS position and the
residual-based method. Specifically, the proposed method
exhibits an RMSE of approximately 7 m, which is mark-
edly lower than the RMSE of the survey-grade GNSS posi-
tion at approximately 15 m and the residual-based method
at around 22 m.

Conclusions

This paper proposed a novel FDE method that leverages
CSAC and city map constraints to achieve stable and reli-
able positioning services in urban canyons. The algorithm
reduces the number of positioning parameters from four to
two by applying constraints on height and receiver clock.
With these constraints, we developed a new FDE algorithm
based on Hough Transform. The extensive tests conducted
in the urban canyons of Hong Kong demonstrated the
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Fig. 18 Comparative analysis of cross-street RMSE for different posi-
tioning methods on nathan road

effectiveness of the proposed method. The results showed
a significant improvement in positioning accuracy, reducing
errors from 20 m to less than 6 m with the new approach.
Furthermore, the new algorithm successfully computed
positions in all test epochs, whereas the traditional FDE
method failed in 500 out of 2400 epochs. This demonstrates
that integrating CSAC and city map provides a robust solu-
tion for GNSS positioning in complex urban environments,
effectively addressing the challenges of signal obstruction
and multipath effects.
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