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Modeling GNSS Errors in Urban Canyons with Ray Tracing
SHIYAO SONG
RUIXUAN JIANG
Department of Electrical Engineering
Chalmers University of Technology

Abstract
Modeling of Global Navigation Satellite Systems (GNSS) is important to the de-
velopment and verification of the functions of advanced driver-assistance systems
(ADAS). For the Hardware-In-the-Loop test, the GNSS system error should be
added on the ideal GNSS signal. Therefore, this paper proposes a GNSS error
model, especially for multipath error in urban canyons. First, the satellites and sce-
narios are generated according to the location and street characteristic. After that,
we simulate the signal transmission and reflection using ray tracing method. The
multipath error is computed at the pseudorange level and the position is estimated
using the least squared (LS) method. Finally, the analysis and discussion are made
for the proposed model.

Keywords: GNSS, HIL, Monte Carlo, multipath error, ray tracing, signal reflection
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Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

ADAS advanced driver assistance systems
CADLL Coupled Amplitude and Delay Lock Loop
CDF Cumulative Distribution Function
ECEF Earth-Centered-Earth-Fixed
ECUs Electronic Control Units
ENU East-North-Up
GNSS Global Navigation Satellite Systems
GPS Global Positioning System
HIL Hardware In the Loop
IF Intermediate Frequency
LOS line-of-sight
LS Least Square
NLOS non-line-of-sight
RF Radio Frequency
TEC Total Electron Content
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices

i Indices for LS iteration

Parameters & Variables

TEC Total Electron Content
f Signal Frequency in Hz
λ Longitude of the receiver location
φ Latitude of the receiver location
Xr,Yr,Zr Receiver X, Y and Z coordinate in the ECEF system
xr, yr, zr Receiver x, y and z coordinate in the ENU system
Xs,Ys,Zs Satellite X, Y and Z coordinate in the ECEF system
xs, ys, zs Satellite x, y and z coordinate in the ENU system
W Street width in m
H Building height in m
P Street width ratio
c Speed of light in m/s
ε Material relative permittivity
θi Signal incidence angle
θe Receiver elevation angle in degree
ρf Signal power loss coefficient in free space transmission
ρ⊥ Perpendicular Fresnel reflection coefficient
ρ‖ Parallel Fresnel reflection coefficient
ρr Signal power loss coefficient due to reflection
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P0 Initial signal power
Trate Temperature ’laspse’ rate
β Water vapour ’lapse’ rate
Hr Altitude of receiver
T Temperature in K
Rd Gas constant 287.054J/Kg/K
g Gravity constant 9.80665 m/s2

T0,dry Zero-altitude vertical delay terms (dry)
T0,wet Zero-altitude vertical delay terms (wet)
eio Ionospheric error
tio Ionospheric error time delay in s
d Distance between satellite and receiver in m
em Multipath error
Ld Direct signal length
Lm Reflected signal length
Lc Total signal length
Lt True path length between the satellite and receiver
Pd Direct signal power
Pm Reflected signal power
etr Troposphere error
PL Signal power loss
p Pseudorange between the satellite and the receiver
ex, ey, ez Estimated receiver coordinate error
m Number of satellite insight.
x̂, ŷ, ẑ Predicted receiver coordinate
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1
Introduction

In this chapter, the project background, aim, limitation, as well as the ethic issues
will be discussed, and the outline structure of the work is presented at the end of
this session.

1.1 Background

Advanced driver-assistance systems (ADAS) are of great importance to the auto-
motive industry. And modeling of Global Navigation Satellite Systems (GNSS) has
signi�cant potential on the development and veri�cation of ADAS.
Currently, Volvo Car Corporation (VCC) is researching, testing and deploying ADAS
functionality in active safety Electronic Control Units (ECUs), which is veri�ed in
the Hardware-In-the-Loop (HIL) setup. During the validation and veri�cation pro-
cess of ADAS functions, the sensor input signals can be simulated for the purpose
of cost-saving and e�ciency. In the HIL test, some sensor models are already used,
such as radar. For GNSS, however, the corresponding models are not su�ciently
accurate and representative for functions using satellite signals as inputs, including
navigation. The ideal GNSS signal can be generated by the GNSS data simulator
GSS7000 from Spirent [1], but the GNSS signal needs to be more realistic. Therefore,
how to establish GNSS error model is worthy of investigation.
There are a number of error sources contaminating GNSS signals, such as ionospheric
error, tropospheric error, clock o�set and multipath error. Among those errors,
multipath e�ect refers to the situation where the satellite signals are re�ected before
reaching the receiver. In this case, the receiver may view one blurry peak which is
biased away from the direct path. Hence, the multipath is responsible for severe
errors on the pseudorange and Doppler measurements in certain geographic areas like
urban canyons. Also, as the other error models improve, multipath e�ect becomes
a performance bottleneck for lots of applications [2]. Therefore, the modeling of the
GNSS multipath error is of great importance.
There are mainly two approaches to model the multipath error: ray tracing model
[3] [4] and stochastic model [5]. In the ray tracing model, the GNSS signal trans-
mission and property will be simulated according to the satellite-re�ector-antenna
geometries. The multipath error is computed due to the simulated GNSS signals.
While the stochastic model is generated based on the historical data from the real
world experiment. Therefore, it could be more e�cient and accurate. However,
the stochastic model is highly based on the real data which it is founded on. This
means the established stochastic model may not work well when the geometric en-
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1. Introduction

vironment is di�erent. Compared to the stochastic model, the accuracy of the ray
tracing model is limited due to the property of the re�ection and the environment
complexity. However, the ray tracing model is more appropriate when exploring the
signal propagation details and easily portable to new geometric environments[3].
Furthermore, using the ray tracing model, we could adjust the parameters of the
model and simulate the very speci�c scenario. Therefore, we choose the ray tracing
method in our study.

The existed multipath models with ray tracing method focus more on the modeling of
the building [4], the signal transmission and property [3] and the reception algorithm
[6]. But in the HIL veri�cation, we could not only verify ADAS functions in a certain
place. Instead, di�erent places around the world need to be simulated to ensure
the safety of ADAS functions. This means the real satellite distribution, latitude,
longitude of the receiver and the geometry of the street characteristic should be all
considered in the multipath error modeling. Furthermore, the signal transmission
properties and di�erent signal combinations should be considered to improve the
simulated accuracy.

Therefore, a more comprehensive GNSS error model with ray tracing is proposed,
which includes the satellite generation, scenario creation, signal simulation through
ray tracing, signal reception and position estimation. This model focuses more on
generating the real satellite distribution according to the location of the city and
creating the real scenario according to the characteristic of the city. In order to
improve the simulation accuracy, we use the real satellite distribution for Global
Positioning System (GPS) from MATLAB Satellite Communication toolbox with
the online ephemeris �les. Moreover, the e�ects of the environment properties and
elevation angle on multipath error are explored and analyzed through the proposed
model.

1.2 Aim

According to the industry demands and the property of GNSS error, the main task
of this thesis work is to explore the possibility of adding the system error on the
ideal GNSS data in the domain of HIL simulation. More speci�cally, the GNSS error
from various sources will be modeled, especially the multipath error.

For the multipath model, the modeled multipath error is mainly at the level of pseu-
dorange, the same level as the ideal GNSS signal from the GNSS simulator. During
the establishment process of the multipath model, we will combine the latitude,
longitude and altitude information of the location, as well as the geometry of street
scenarios. In the application of the proposed model in HIL veri�cation, the object
location and the geometry should be used as input and the multipath error at the
level of pseudorange should be the output. At last, we will explore the possibility
to add the generated multipath error on the ideal GNSS signal from simulator.

2



1. Introduction

1.3 Scope/Limitation

The multipath error is heavily related to the geometry of the scenarios and is mainly
modeled in this thesis. Since there are already mathematical models for ionospheric
error [7], tropospheric error [8] and clock o�set, this paper does not focus much on
those GNSS errors and will use the existed methods for them.
Another aspect is for the simpli�cation. In the present work, the scenario used to
test the error model is simpli�ed, which will be discussed in the following sections.
Also for the signal transmission, we only considered about the 1st re�ection without
multi-re�ection or penetration, this is because of the very weak signal power after
multi-re�ection.
The last thing is that the present thesis focuses on the modeling of the GNSS error
at the pseudorange level. And the in�uence of the receiver's type and property will
not be considered.

1.4 Ethical consideration

From the ethical aspect, the research for the GNSS error is mainly conducted in the
lab of volvo. There is no risk for the reseacher and no harm to the environment.
During the early period of the research, we set up the environment of the GNSS
system by connecting the Spirent and HIL setup, which we operate according to the
guidelines from Spirent company and volvo.
Also, we obtain the related data and information in a proper and legal way. In
order to know the structure of the generated GNSS ideal signal, we check the GNSS
generator Spirent, which is approved by volvo. In the error modeling part, we get
the real distribution of satellites from the open sources. In the result comparison
part, we compare our results with the data from other paper, which is open to the
public.

1.5 Outline

This paper is organized as: This Section presents the background, aim and scope
of this paper. Section 2 introduces some related theories of GNSS error modeling.
And Section 3 presents the methods we use in this thesis for the purpose of GNSS
error modeling. The results and discussions of the proposed model are presented
in Section 4. Finally, Section 5 summarizes the conclusion, future work and the
implications for industrial and academic research.

In summary, to make the HIL simulation closer to the reality, the GNSS error sources
need to be modeled. The main challenge is establishing multipath error model. For
this part, we introduced two di�erent kind of methods which will be extended in
the next sessions.

3



1. Introduction

4



2
Theory

This chapter mainly introduces the theories of the GNSS error modeling, especially
the multipath error, based on the previous research.

2.1 Standard GNSS positioning

GNSS provide the positioning, navigation and timing (PNT), massively used in
both civilian and military. In this navigation system, the GNSS receiver will receive
the signals from at least four satellites in Medium Earth Orbit (MEO), and then
estimate the position through the measurement of the distance that each signal
traveled through.
GNSS signals are electromagnetic waves propagating between the satellites and the
receiver. One distinct feature of the GNSS signal is the pseudorandom noise (PRN),
which is a binary sequence of zeros and ones with no pattern. The receiver will
also generate the same PRN code as the GNSS does. Moreover, there will be a
time delay between receiver generating the PRN and receiving it from GNSS, and
this time delay is the time which the signal travels from GNSS to the receiver. By
tracking and continuously comparing the PRN code modulation, the receiver could
determine the signal propagation time t. Then, ideally the propagation time could
be converted to the traveled distance d by multiplying it with the speed of light c

d = ct : (2.1)

After knowing the distanced from Eq(2.1), and the satellite position is also known
from the signal information, note asx0; y0; z0, then by assuming the user position
as x; y; z, and the receiver clock o�set asd0, then the distance can be expressed as

d =
q

(x0 � x)2 + ( y0 � y)2 + ( z0 � z)2 � d0 (2.2)

.
The Eq(2.2) represents one measurement form one satellite, there are 4 variables
including the user position and the receiver clock o�set, therefore, at least 4 satellite
information are needed to solve the problem.
However, the range measured by the receiver is a�ected by various error sources
in the real world measurement. It is called the pseudorange. The pseudorange
observation equation is

p = Ld + c( dtr � dts) + etr + eio + e; (2.3)

5



2. Theory

where Ld is the geometric range between the satellite and the receiver, c is the
speed of light,dtr and dts donate the receiver clock o�set and satellite clock o�set,
respectively. etr refers to the tropospheric error andeio is the ionospheric error.e is
the observation error including the multipath error and measurement error. These
error sources will be explained in detail in Section 2.2.

2.2 GNSS error

Because the GNSS signal possesses relatively low power, it is easily to be a�ected
by the sources of noise and errors during the transmission. As a result, the GNSS
receiver measurement range will be contaminated. The GNSS signal error sources
can be classi�ed as clock o�set error, signal propagation error, system error and
intentional error [9]. The clock o�set error and signal propagation error will be
discussed in detail in the following.

2.2.1 Clock o�set

Clock stability shows how well the clock oscillator frequency tolerates the �uctua-
tions. Clock accuracy might be a�ected by factors such as the quality of the oscillator
crystal and how the oscillator was assemble [10]. Satellites use atomic clock as their
time system, which is tremendously accurate and normally �uctuates within 3 ns
per second. The satellite clock errordts could be split in two terms:

dts = dts1 + dts2 ; (2.4)

wheredts1 is the relativistic correction caused by the orbital eccentricity. Anddts2

could be calculated according to the navigation messages:

dts2 = a0 + a1(t � t0) + a2(t � t0)2 (2.5)

From the perspective of receiver clock, however, the manufacturers implement rela-
tively cheaper clocks inside the vehicle, the time estimate stability is much lower for
those in-car clocks comparing with satellite clocks. The quality of the receiver clock
also di�ers from di�erent manufacturers, resulting di�erent clock o�set. Therefore,
in the present work, the clock o�set is a reference value and can be di�erent when
implemented in the real world, and the in�uence of di�erent clock error will also
be illustrated in the result part. As time goes by, the bias between the satellites
clock and receiver clock will grow up, which is clock o�set. In terms of the range
measurement error, the GNSS clock o�set is about 2.59m to 5.18 m per day [11].

2.2.2 Signal propagation error

The GNSS signal is electromagnetic wave, which can be easily in�uenced by the
atmosphere disturbances during transmission, leading to ionospheric error and tro-
pospheric error. Due to the signal re�ections from surrounding buildings, the signal
may reach the receiver through more than one path. This leads to the multipath
error.

6



2. Theory

2.2.2.1 Ionospheric error

Ionosphere is the upper layer of the atmosphere and contains huge amount of free
electrons. When the GNSS signal travels through the ionosphere, the ionosphere
will in�uence the incidence angle due to the free electron space [12], as shown in
Figure 2.1. The re�ection or refraction phenomenon thereby will in�uence the mea-
sured distance from the perspective of GNSS receiver. Ionosphere is a disperse
medium that makes the ionospheric error depending on frequency and the number
of electrons. The expression for this error is

eio =
40:3 � TEC

f 2
; (2.6)

Figure 2.1: The ionospheric error and tropospheric error during signal transmission
[13].

where theTEC is Total Electron Content, indicating the number of electrons in a
tube of 1m2 cross section in the signal propagation direction and thef is the signal
frequency in Hertz [9], which can be expressed by Eq(2.7)

TEC =
Z

ne(s)ds; (2.7)

where ne(s) is the location-dependent electron density, ands is the integration
direction.
Normally, the ionospheric error can be up to 30ns (100 m) in some cases[9].

7



2. Theory

2.2.2.2 Tropospheric error

Troposphere is the lowest layer of atmosphere and it composes dry gas and water
vapor [14], making it a refraction layer which delays the GNSS signal as well, as
shown in Figure 2.1. This kind of error contains two parts, the wet and dry, counting
for 10% and 90% respectively. On the other hand, unlike the ionospheric error, the
tropospheric error is frequency independent, meaning that it cannot be eliminated by
measuring the link 1 (L1) frequency level (1575.42 MHZ) and link 2 (L2) frequency
level (1227.60 MHz) signals from GPS. The tropospheric error is about from 2.5m
to 25 m depending on the elevation angle of the receiver [15].
One typical model for tropospheric error is from Collins [8]. The tropospheric error
etr consists of the wet and dry components. The vertical delaytwet and tdry are
computed from the receiver's height and estimates of �ve parameters,

tdry =
�

1 �
TrateH r

T

� g
R d Trate

� T0;dry ; (2.8)

twet =
�

1 �
TrateH r

T

� g( � +1)
R d Trate

� 1

� T0;wet ; (2.9)

where, the parameters are summarized in the Table 2.1.

Table 2.1: The parameters for the tropospheric model

Trate Temperature "lapse" rate
� Water vapour "lapse" rate
H r Receiver altitude
T Temperature
Rd Gas constant287:054J=Kg=K
g Gravity constant 9.80665m=s2

T0;dry Zero-altitude vertical delay terms (dry)
T0;wet Zero-altitude vertical delay terms (wet)

The tropospheric delay is calculated from the vertical delay according to the obliq-
uity factor M (� e)

M (� e) =
1:001

q
0:002001 + sin2(� e)

; (2.10)

where� e is the elevation angle. The tropospheric error is calculated as

etr = ( tdry + twet ) � M (� e): (2.11)

2.2.2.3 Multipath error

In the ideal situation, the GNSS signal could reach the GNSS receiver directly,
which is called "line-of-sight" (LOS), as shown in Figure 2.2a and b. When there
are buildings blocking the sight, the receiver could only track the re�ected signal.
In that case, signals are called as "non-line-of-sight" (NLOS) signals, as shown in
Figure 2.2c.

8



2. Theory

Figure 2.2: The satellite states: (a) LOS with only direct path signal (b) LOS
with multipath signal (c) NLOS signal.

For the LOS situation, sometimes, the receiver will receive direct signal as well as
other signals due to the re�ection from the surroundings. When the direct signal
merges with the re�ected signal, there will be multipath error, as shown in Figure
2.2b. The re�ected signal will always travel more distance than the direct signal.
When the extra distance is larger than a certain range, which is 300m, the receiver
could detect that there exists the multipath. Because 300m is the time resolution
for the GPS L1 signal that has a bandwidth of 1.023MHZ. In other words, there is
a new chip about every 300 meters of distance. However, when the extra distance is
less than 300m, the received components blur together due to a lack of time resolu-
tion. In that case, the receiver views one blurry peak which is biased away from the
direct path in the direction of the multipath, resulting in range measurement error.
Because of the nature of signal transmission, the multipath signal is inevitable as
long as there are buildings or other obstacles around the receiver, especially in the
highly constrained environment [16].
For the NLOS situation in Figure 2.2c, since the receiver could only track the re-
�ected signal, there will be a much larger multipath error. This could be the more
severe multipath situation.

2.3 Stochastic channel model

In terms of statistic, a stochastic model is often established based on the historical
data gathered from the experiment in the real world, by allowing one or certain
variant inputs [17].
In the case of GNSS error simulation, the stochastic channel modeling is a useful
method for establishing the error models, especially the multipath error. For ex-
ample, with the collected Intermediate Frequency (IF) data, the multipath error
can be extracted from the original data by certain algorithms [5]. After obtaining
the multipath error data, one can characterize the probability distribution of this

9



2. Theory

error regarding to a variance input, for instance, the GNSS receiver elevation angle.
The obtained stochastic model can be used for GNSS signal error modeling. For
example, according to the error probability distribution above, any engineer could
use this model to estimate the GNSS error regarding to a elevation angle.

2.4 Ray tracing model

Ray tracing proves to be an appropriate method for modeling the propagation of the
electromagnetic waves, which is adopted for satellite-to-earth channel modeling [3].
In GNSS area, ray tracing is used to estimate the GNSS multipath signals given the
satellite�re�ector�antenna geometries. This method has a great potential in highly
constrained multipath environments, such as urban scenarios.
The relevant research has been conducted to model the GNSS multipath error using
ray tracing. Lawrence et al. [3] aim to use ray tracing to reconstruct the carrier-
phase multipath error and remove it. They give a comprehensive description on the
signal transmission, signal power loss, re�ection process and antenna characteristic
for the ray tracing model. Also, David et al. [4] use the ray tracing method to
mitigate the pseudorange multipath error. Originally, they propose the urban trench
model [4] to identify the section of the street and classify the satellites as visible and
invisible type. For the correction of the multipath error, the number of re�ection
is considered [4]. Moreover, Shiwen et al. [6] use the ray tracing to develop the
detection algorithms for satellite exclusion and compare di�erent satellite exclusion
algorithms.
In this chapter, the GNSS error sources are summarized and the multipath error is
explained in detail. Two methods for the GNSS error including the stochastic model
and ray tracing model are introduced. Based on the theories above, we will present
the methods we use to model the GNSS error in the next chapter.
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3
Methods

This part will introduce the general properties of this ray tracing model, including
the assumptions and functions. The earth geometry and the satellite track model
will be introduced. The signal re�ection and power attenuation when transmitting
will be explained, as well as the software and algorithm during the development.

3.1 Satellite generation

The satellite model used in the present ray tracing model is generated by the Satellite
Communications Toolbox in the MATLAB R2022b. There are 31 satellite models in
total, each one of them is built based on the real satellite ephemeris data collected
on the 30th of May, by CelesTrack, which is a non-pro�t organization focusing
on making data and other resources freely available to the space community. Those
ephemeris data can be download directly from the website (https://celestrak.com/).
The generated satellite model is shown in Figure 3.1a, with the earth located in the
center. The red points and circle (or ellipse) represent the di�erent satellites and
track, surrounding the earth.

(a) (b)

Figure 3.1: Satellite model: (a) Satellite distribution (b) Satellite track inclination.

As one can imagine, when projecting the model into a 2D plane, there will be
an inclination between the satellite track and the equator, see Figure 3.1b. For
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