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ABSTRACT The use of Low Earth Orbit (LEO) mega-constellations for Positioning, Navigation, and Timing
(PNT) services has attracted a great deal of interest, as they could complement the Global Navigation Satellite
System (GNSS) in specific conditions/environments. Despite the fact that it is recognized that the use of
mega-constellations for positioning services could provide better performance in urban canyons, no work
has provided an analysis of such performance improvement. This paper provides a statistical analysis of the
performance in terms of availability and Geometric Dilution of Precision (GDOP) of the positioning service
of some current mega-constellations in deep urban canyon environments and compares the performance with
the one achieved by GNSS systems. A new geometric model for typical urban canyons is developed. The
developed model has been used for the analysis of the availability and GDOP of the positioning service in two
representative urban canyon areas, namely the city of London and the Manhattan district of New York City.
The geometric parameters used in the simulations are derived by statistically processing publicly available
data on the height and length of the buildings and the width of the streets in the considered urban areas.

INDEX TERMS Auvailability, GDOP, GNSS, LEO mega-constellation, positioning performance, urban

canyon.

I. INTRODUCTION

The current landscape of mainstream Positioning, Navigation,
and Timing (PNT) systems dominates the absolute market for
large-scale PNT applications such as autonomous driving,
timing and synchronization in telecommunications, power
grid, network, financial transactions, scientific experiments,
critical infrastructure operations such as energy supply
networks, transport infrastructures, search and rescue
operations, air traffic management, mapping and surveying,
precision agriculture, unmanned aerial vehicle (UAV), etc.
[11, [2], [3], and [4]. However, these applications face
several threats due to the challenges and drawbacks of the
mainstream Global Navigation Satellite Systems (GNSS)
that can affect their performance and reliability. A major
challenge is the vulnerability to signal degradation and
interruptions caused by factors such as signal blockage
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or attenuation in urban environments, dense vegetation,
or indoor environments. This can lead to reduced accuracy or
even complete signal loss in certain situations. Furthermore,
GNSS signals can be affected by atmospheric conditions,
multipath interference, and satellite geometry, which can
introduce errors in positioning and timing. Furthermore,
GNSS signals are susceptible to deliberate interference
or jamming, which can disrupt their availability and
integrity [1], [2], [4].

These challenges highlight the need for alternative solu-
tions and technologies to enhance the performance and
robustness of GNSS in challenging environments. However,
the use of Low Earth Orbit (LEO) constellations for PNT has
attracted more and more interest due to the thousands of satel-
lites launched or planned to be launched by private companies
such as Starlink, OneWeb and Kuiper for applications such as
the global internet, [0Ts, telecommunications, etc. [5].

LEO satellites offer several advantages in terms of
cost-effectiveness, availability, positioning accuracy, and
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robustness in challenging environments. Moreover, the faster
orbital velocity of LEO satellites compared to Medium Earth
Orbit (MEO) GNSS satellites enables effective Doppler-
based positioning techniques [6]. Faster movement also mit-
igates multipath effects in urban canyons, as reflections are
not static over shorter time intervals [7]. Furthermore, LEO
mega-constellations boast increased satellite visibility and
lower signal attenuation with the availability of Ka/Ku fre-
quency bands further enhancing robustness in GNSS-denied
scenarios where stronger signals are crucial [8].

The urban canyon environment is characterized by dense
tall buildings and narrow streets, which create unique chal-
lenges to satellite navigation and communication systems.
The presence of tall buildings in urban canyons causes
GNSS signals to often result in non-line-of-sight (NLOS)
conditions, where the direct line-of-sight (LOS) between the
GNSS receiver and the satellite is obstructed. These signals
are reflected off buildings, resulting in distorted and delayed
low-power signals.

Although researchers and industry players are actively
exploring and developing techniques to leverage the advan-
tages of LEO constellations for PNT, no work has analyzed
the performance of the LEO mega-constellations navigation
system in a deep urban canyon environment. The perfor-
mance of GNSS systems in urban canyon scenarios has been
extensively studied but mainly experimentally in specific
locations. Some works have also simulated the performance
of GNSS systems in urban canyons by using 3D city models
or city street models on Geographic Information Systems
(GIS) [9], [10], [11], [12], [13], [14], [15], [16], [17], [18],
[19], [20], [21], [22], [23], [24], [25], [26], [27]. The detailed
literature review of these works is discussed in Section II-B.
Nevertheless, these models have not been applied to LEO
mega-constellations. Moreover, those models are not easily
extendable to other locations as 3D models and GIS data are
not widely available.

This paper proposes a new geometric model for urban
canyons. The developed model has been used to compare
the performance of the positioning service in terms of
availability and Geometric Dilution of Precision (GDOP)
of two well-known LEO mega-constellations (Starlink and
OneWeb) and traditional GNSS systems (GPS and Galileo)
in two representative urban canyons environments, namely
the city London and the Manhattan district of New York
City. The simulations are based on geometric parameters that
are derived by statistically processing publicly available data
about the height and length of the buildings and the width of
the streets in those areas. However, the model could also be
used for performance analysis in other cities/areas or in the
design phase of a dedicated constellation for positioning.

The paper is organized as follows: Section II provides
a review of the literature on the current state of the art in
LEO-PNT and the proposed approaches/models to analyze
the performance of GNSS in urban canyon environments.
In Section III, comprehensive mathematical modeling is
presented for the urban canyon model, satellite visibility
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estimation in urban canyons, street direction within the
canyons, statistical analysis of input parameters of urban
canyon dimensions, and definition of GDOP. Section IV
presents a detailed performance comparison, statistical anal-
ysis, and results. Finally, conclusions are drawn in Section V.

II. LITERATURE REVIEW

The review of the literature is divided into two subsections.
The first part highlights the state-of-the-art LEO infras-
tructure for PNT solutions, while the second part gives an
overview of the proposed approaches/models used to analyze
the GNSS performance in urban canyon environments.

A. STATE-OF-THE-ART IN LEO-PNT INFRASTRUCTURE
Recently, various approaches to the implementation of
LEO-PNT have been proposed. Each of these approaches has
its advantages and disadvantages highlighted as follows:

o Dedicated LEO-PNT: In the dedicated LEO-PNT
approach, an independent LEO constellation is designed
to deliver PNT services. Nevertheless, the development
and deployment of such standalone infrastructure is
expensive. Several studies have explored this area.
Different LEO navigation constellation configurations
have been proposed which are optimized to enhance the
performance in terms of GDOP and availability [28].
In the article [29], hybrid LEO constellations are
designed for broadband Internet access that can be
used for augmented navigation purposes with global
coverage and at most three visible satellites. In the
paper [6], a constellation of 264 satellites at 800 Km
polar orbit is proposed, which can be used for Doppler-
based PNT. Paper [30] shows the optimization of the
MEO constellation for global coverage and the hybrid
LEO/GSO constellation to provide a navigation service
over Europe. Moreover, private sectors such as Xona
Space Systems are planning to launch 300 satellites in
LEO for next-generation GNSS [31].

« LEO-PNT with Hosted payload: In this case, additional
navigational instruments or systems to provide the
PNT service are hosted by the main payload. This
solution is cheaper than the dedicated LEO-PNT, but the
complexity of the subsystem design is higher. Moreover,
this approach has some security issues. In the paper [32],
authors have evaluated pseudorange and carrier phase
measurements from the Luojia-1 A remote sensing satel-
lite. In March 2017, the European GNSS Agency (GSA)
selected Eutelsat Communications to develop, integrate,
and operate its next-generation EGNOS payload, to be
hosted on the EUTELSAT 5 West B satellite [33].
Overall, this approach is good for experimental stages.

o Fused LEO-PNT: Recently, this new approach has
been proposed where the onboard hardware is not
modified but the navigation information is inserted
in the communication/remote sensing signal trying to
minimize the impact on the primary purpose of that
signal. The main problem with this approach is the need
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to implement complicated scheduling of the downlink
beams as the navigation system needs to have at
least 4 satellites in visibility, which is not required
in communication systems. This requires assistance
from the satellite operator for additional steering and
transmission costs [34].

e LEO-PNT through Signal of Opportunity (SoO): In
this case, the navigation system uses signals that
are transmitted by LEO satellites for other purposes
(communication or remote sensing). Most of the works
on the use of SoO focus on the use of signals transmitted
by already deployed LEO mega-constellations, such
as OneWeb, Starlink, and Orbcomm [35], [36], [37].
In this case, many visible satellites are available at a
given epoch and there is no need for an independent
infrastructure or modified hardware onboard. However,
the design of the receiver, which must be capable of
extracting Time-of-Arrival (TOA) measurements from
signals not intended for navigation and sometimes with
unknown structure, is much more complex. Moreover,
there is the problem of getting the satellite ephemerides
that are not transmitted by the LEO satellite as they were
originally born for communication purposes. Using the
information that can be found in the Two-Line-Element
(TLE) files which are tracked and publicly published on
a daily basis by the North American Aerospace Defence
Command (NORAD) [38], introduces an error of a
kilometers due to several sources of perturbations [39].
Additionally, tight synchronization is not feasible as
such LEO satellites for communication purposes typ-
ically lack atomic clocks. However, this approach has
significant appeal for satellite operators who can avoid
investing in an expensive new space infrastructure.

In general, considering the possibility of using already
deployed infrastructures for other services (communication,
internet, telephone, etc.) goes in the direction of more
sustainable use of the space which is one of the main current
challenges [8], therefore this paper focuses on investigating
the latter approach.

B. PROPOSED APPROACHES/MODELS FOR GNSS
PERFORMANCE IN URBAN CANYON
Various approaches have been proposed for performance in
urban canyon models based on their intended applications
such as communication, navigation, urban climate research,
etc. A review of the literature [9], reveals different methods
used to estimate the Sky View Factor (SVF), including
geometric methods, fish-eye photographic methods, Global
Positioning System (GPS) methods, simulation methods
utilizing 3D city models or Digital Surface Models (DSM),
and big data approaches employing street view images. Each
method has its advantages and disadvantages depending on
the specific application.

In the article [10], the author introduces modified prop-
agation models tailored for urban canyons, which require
knowledge of satellite signal properties to estimate path
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losses within the canyons. Another approach involves the
use of the City Geography Markup Language (CityGML)
model to represent urban environments, which is subse-
quently converted into a STereoLithography (STL) surface
model [11]. DLR has developed software that provides a
comprehensive overview of model parameters accessible to
users of the Land Mobile Satellite Channel Model (LMSCM)
and describes its effects within the artificial scenery of
LMSCM, where urban canyon parameters are modeled as
Gaussian distributions [12].

Several urban canyon models have been used for inves-
tigating the multipath in GNSS systems. The article [13],
is focused on using large Virtual Reality City Models
(VRCM) to accurately determine the local environment and
code multipath. For the simulations, a street in London has
been considered. An important issue of large VRCM is
that it requires extensive data acquisition, including high-
resolution imagery, terrain data, and 3D building models.
In the paper [14], authors use a 3D DSM to improve
positioning accuracy by capturing intricate details of the
urban environment. However, the DSM is constructed
using high-resolution data, including aerial imagery and
LiDAR. Paper [40], demonstrates the tight integration of
constructive utilization of NLOS GNSS signals and a 3D
city model. Furthermore, the authors have addressed the
issue of data acquisition and processing, model accuracy, and
computational requirements for this tight integration process.

Some research focuses on leveraging the shadow matching
cast by urban structures to improve the positioning accuracy
of the GNSS. In the paper [15], the authors describe the
algorithm for a 3D city model using shadow matching. Some
related works on similar techniques can be found in [16]
and [17]. However, shadow matching has potential limitations
or constraints such as dependence on lighting conditions or
dynamic urban environments. GNSS performance has been
evaluated in specific regions and cities, such as London,
where experimental results have been tested using a Virtual
Reality Modeling Language (VRML) urban model of central
London to analyze the visibility and availability of the GNSS
system and the impact of building height, street width, and
signal blockage on positioning accuracy [18], [19], [20], [21].

The performance of Precise Point Positioning (PPP)
techniques for surveying applications in some urban areas
of Turkey, using GPS and GPS+4+GLONASS observations
is examined by the authors in research work [41]. Similar
work has been conducted in [24] and [25], Seoul [26] and
Hong Kong [27]. Some studies have investigated integration
strategies for performance improvement in urban canyons.
For instance, in the article [22], a loosely coupled integration
approach has been proposed, which combines GNSS receiver
and Doppler sensor measurements using a graph optimization
framework for positioning in urban canyons, specifically in
the city of New York.

Research [42] explores the efficacy of single-frequency
GPS-Galileo systems for attitude determination in environ-
ments with limited satellite availability with experimental
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FIGURE 1. Reference frames ECEF (Xocef: Yecefs Zecef) and ENU (E, N, U) of user located at geocentric P (Fp, A\p, ¢p). Satellite position vectors 45 and Fs

are measured from the user and the center of the Earth O respectively.

setup and data analysis. In the paper [23], authors have
demonstrated the effectiveness of the multi-UAS cooper-
ation framework and the improved navigation accuracy
achieved considering the generalized dilution of precision
in Manhattan. Authors in the paper [43] propose a building
update monitoring algorithm based on sky visibility estima-
tion using GNSS and LEO satellites. In addition, the potential
of mega-constellation-augmented GNSS for fault-free high-
integrity positioning in both open-sky and urban areas of
Tucson, Arizona is evaluated in the article [44].

However, existing literature primarily concentrates on
assessing the performance of mainstream GNSS systems
or GNSS systems aided with other navigation systems.
Numerous methodologies have been employed to model
or simulate urban canyons. This paper introduces a new
geometric approach to statistically model urban canyons and
to evaluate the performance of LEO mega-constellations in
comparison to conventional GNSS systems.

lll. MATHEMATICAL MODELING

This Section presents the mathematical modeling of satellite
visibility from the user in an urban canyon as a function
of urban canyon geometry. Realistic geometric parameters
are extracted from the statistical analysis of publicly
available data for two representative urban canyon areas.
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The geometric model is then used in simulation analysis for
the positioning performance evaluation in terms of two of the
most important metrics, i.e. service availability (visibility of
at least 4 satellites) and GDOP (effect of visible satellite
geometry on position estimation accuracy). Table 1 lists the
description of all symbols and letters used in this paper.

A. DEFINITION OF FRAME OF REFERENCE
Initially, the reference frames are defined as shown in
Fig. 1. Earth-Centered-Earth-Fixed (ECEF) reference system
is represented by Xecer, Yecefs Zeces axes with the origin
located at the center of the Earth O. The user is located at
P with a local reference frame defined by the East-North-
Up (ENU) coordinate system. The ENU reference system is
transformed into ECEF by two rotations along the geocentric
latitude (Ap) and longitude (¢p). Therefore, the rotation
matrix, R is given by Eq. (1), [45]:
—sin)\, —cos\,sing,
R={ cos), —sin),sing,  sin)\,cos¢, )
0 cos ¢, sin ¢,
From Fig. 1, the LOS unit vector, gy from the user to the
satellite is given by Eq. (2):

cos A, cos ¢

. R—7
fs = ———= 2
||rs_rp||
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FIGURE 2. Urban canyon geometry defined using parameters h, w, d and satellite position with respect to a user located at P. h, w, and d are obtained

using statistical processing of raw data.

where s = [X;, Yy, Z,] and 7, = [X,, Y,, Z,] are the position
of the satellite and user in ECEF frame, respectively.

B. SATELLITE VISIBILITY AS A FUNCTION OF URBAN
CANYON GEOMETRY

In GNSS, the user position is estimated using at least four
TOA measurements from direct LOS satellites at a given
epoch. In urban canyon environments, direct LOS might
be blocked due to the varying dimensions of the buildings.
In this Section, we have used a geometric approach to develop
a model that connects the satellite visibility to the main
characteristics of the urban canyons (height and length of
buildings, width and orientation of the streets).

Fig. 2 shows the geometry of the finite-length urban canyon
and the position of the satellite with respect to the user
at P. ABCD is the wall of the building that has width w
and height A. d is half the width of the street. These three
input parameters are obtained after statistical analysis of the
available database as explained in Section III-D. S and Q are
points at an instant when the satellite is passing over the urban
canyon. This dimension of the building is defined in the local
ENU with respect to the P explained in Section III-C.

The Visibility of the satellite from P is calculated using
the elevation angle (¢;), and the azimuth angle (o). Using
trigonometry, €, and o from P to the satellite are calculated
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using Eq. (3) and Eq. (4):

€ = arcsin( Oy .it) 3)
Oenu-€

oy = arctan (ljenu A) “4)
Penu-N

where fen = [RT].ps and &, A, @i, are unit position vectors
from the user. Similarly, at building edges BC and AD, the
azimuth angles are presented by ,, 5 and a, ,;, respectively,
which are estimated using Eq. (5):

d
Oy g = Oy 4p = AICCOS (—) 4)
' ' Pc

where p. is a distance measured from P to C (see Fig. 3 and
Fig. 2). Therefore, when the satellite passes over the urban
canyon, the elevation angle from the user to the building
edges (€, is defined by Eq. (6):

h .
o = arctan (p—q), if oy € [otw aps @ g, ©)

€min> otherwise.

where €, is the minimum elevation mask angle without the
urban canyon and pj is a distance measured from P to Q (as
shown in Fig. 3) is estimated by Eq. 7:

d

cos(og)

pg = )
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TABLE 1. Symbols and letters description.

[ Symbol | Description
A ECEF ECEF vector of the building point A
AenNuU ENU vector of the building point A
s Azimuth angle of the satellite from user

aw 4p || Azimuth angle of the building edge AD from the user
Qw g || Azimuth angle of the building edge BC from the user

BEecEF ECEF vector of the building point B
Beny ENU vector of the building point B
B Angle from user to point B
bw Bandwidth of Kernel density estimator
c Weibull scale parameter
d Half street width of the urban canyon
e Satellite orbit eccentricity
€Emin Minimum elevation mask angle
€s Elevation angle of the satellite from the user
€w Elevation angle of the building top edge from the user

¥ Angular direction of urban canyon
h Urban canyon building height
H Linearized measurement matrix
K Kernel function

k Weibull PDF shape parameter

Ap User geocentric longitude L . .
Lgdop Mean GDOP of sample user IDs FIGURE 3. Direction of t_he urban canyon (top_wew) which rotate_d by an
= 1 . angle y from —x to = with respect to ENU. Points A, S, B are projected
]\{ ECEF ECEF vector of the building point M over points D, Q, C (as shown in Fig. 2) respectively.
MgnU ENU vector of the building point M
n Total number of data samples
User geocentric latitude . . . .
Q;;f Rotation %‘natrix ENU to ECEF where, p. is maximum distance of p, at C with Yy €
Tp User position vector in ECEF [—7, 7], and:
Ts Satellite position vector in ECEF d
Penu Unit position vector of satellite in ENU B = arctan (—) (10)
Ps Unit position vector of satellite in ECEF w/2
Pe Distance between user and building point ¢ Further, ENU coordinates of the building point are
Pq Distance between user and building point ) . . . .
G Standard deviation of data samples transformed in the ECEF system using matrix R as shown in
w Urban canyon building width Eq. I1:

, N : [ Benu = [Br, By, B
In this way, the satellite visibility from the user at P is evu = [Be. By, By

estimated as: Becer = [Rl-Beny
€. > € 8 "
F=w ®) Mgny = [Mg, My, My]
C. THE DIRECTION OF URBAN CANYON STREET Mgcer = [R1-Mevy (1)
The direction of the canyon street with respect to the direction .
of the satellite motion also affects visibility [46]. To analyze Apvu = [AE, AN, Ayl

this, the canyon is rotated by the angle y as shown in Fig. 3.
The ENU coordinates of the points of the building B, M, and A
(see Fig. 2 and 3) are defined using Eq. (9):

Agcer = [Rl.Agyy

Bg = pecos(B + ), D. STATISTICAL ANALYSIS OF INPUT PARAMETERS FOR
By = pesin(B + v), URBAN CANYON DIMENSIONS
By = h Once the urban canyon model is developed, the simulation
is tested for a user located in two locations characterized by
Mg = dcos(y +1/2), urban canyons with different cha}racteristics. Input parameters
! My = dsin(y +7/2), ©) h,d,w,and y are r'le'ed.ed to define the geom'etry of the urban
My =h, canyon. However, it is important to note that input parameters

may not always be publicly available or accurate, so it is
essential to carefully consider the quality and reliability of
the data by statistical analysis. Once a data set is available,
statistical analysis is performed using descriptive statistics
by calculating mean, median, standard deviation, range, and

Ag = pccos(y — B+ ),
AN = pcsin(y — B+ ),
Ay = h,
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outliers. Then the kernel density estimator (KDE) is used
to estimate the probability density function (PDF) for these
parameters. KDE for x1, x7, . . ., x,, samples of corresponding
input parameters given by Eq. (12), [47]:

f@)=—l— K(x_ﬂ)

nb,, — by
i=1

(12)

where n is the total number of samples. K is the kernel (non-
negative function), b,, is a KDE bandwidth parameter, which
is obtained using Scott’s rule of thumb [48]:

by ~ 1.066;.n~ /3 (13)

oy is the standard deviation of data samples. The obtained
PDF is used in the Curve Fitting Toolbox (CFT) in Matlab
to find the best fitting distribution [49]. Different distribution
models [50] have been tested among which the Weibull PDF
is found to be the best fit for both cities. The Weibull PDF
distribution is given as Eq. (14):

=i(2) e (-())

Wheref(x) >0,x >0,k >0,c > 0, k is the shape and c is
the scale parameter for the Weibull curve.

(14)

London Manhattan
0.25 . Kernel Density | 7 0.05 - . Kernel Density | |
Weibull Fit ’ Weibull Fit
0.045 1
02r 1 004 | T
0.035
0.15 1 003 |
L o
[a] [a]
o & 0.025 -
01 r | 1 0.02 |
0.015
005 |, 1 001 |
k9 0.005 [
0 | ¥ 0 *
10 20 30 40 50 0 100 200
h (m) h (m)

FIGURE 4. Weibull PDF and KDE of the building height (h). In both urban
canyon areas, the probability of taller buildings is low with respect to h of
all the buildings across the entire city.

Analyzing the depth of the urban canyons in the Manhattan
district of New York City and London requires a data set
that includes information on the heights of all buildings.
The height data set used for this paper is [51] and [52] for
London and Manhattan respectively. Fig. 4 shows the Weibull
PDF and KDE curve of building height /. From the PDF is
evident that in London most of the buildings have heights of
around 15 m while in Manhattan they have higher heights,
which are around 30 m. It is well known that for instance
in Manhattan there are much taller buildings, with heights
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TABLE 2. Goodness of fit parameters for height (h) achieved with Weibull
PDF.

Parameters Value for Value for
London (m) | Manhattan (m)
k 9.173 28.02
c 6.275 3.908
SSE 0.02158 0.0006242
R-square 0.914 0.9509
Adjusted R-square 0.9132 0.9504
RMSE 0.01484 0.002524

from 200 to 500 m. However, these represent a very small
percentage and are in the tail of the PDF. Table 2 shows the
goodness of fit for 4. Parameters ¢ and k are estimated with
confidence bounds of 95%.

The urban canyon’s street width (2d) data is sourced from
OpenStreetMap (OSM) [53] and is subjected to a processing
method similar to 4. The Weibull PDF is found to be the best
fit as shown in Fig. 5. The detailed goodness of fit for 2d is
highlighted in Table 3. ¢ and k are estimated with confidence
bounds of 95%.

London Manhattan
01 ‘ - KDE 011 koe T
: Weibull Fit Weibull Fit
0.09 + = . 0.09 F
0.08 0.08
0.07 0.07
0.06 0.06
W W
0 0.05 O 0.05
o o
0.04 0.04
0.03 0.03
0.02 0.02
0.01 0.01
0 L : 0 | | 5
0 10 20 30 40 10 20 30 40
2d (m) 2d (m)

FIGURE 5. Weibull PDF and KDE of the street width 2d.

TABLE 3. Goodness of fit parameters for street width (2d) achieved with
Weibull PDF.

Parameters Value for Value for
London (m) | Manhattan (m)
k 14.0175 31.3004
c 3.5348 0.4928
SSE 0.0018 0.0166
R-square 0.9841 0.8684
Adjusted R-square 0.9839 0.8671
RMSE 0.0043 0.0130

Parameter w in London is generated using an exponential

distribution with an average of 42 m and a median of
34 m [55]. For Manhattan, a similar distribution for w is
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TABLE 4. Orbital configurations of mainstream GNSS (GPS, Galileo) and LEO mega-constellations (Starlink, OneWeb) [54]. The table shows the total
number of planned satellites for mega-constellations.

Constellation | Application | Altitude Mean Period | Planes | Satellites Total Inclination | e Frequency
of orbit | Velocity | (min) per per Number (Deg) Bands
(Km) (Km/s) Orbit Plane of Sat Downlink
GPS Navigation 20200 3.88 720 6 4 24 55 0 L1: 1575.42 Mhz
L2:1227.60 MHz
Galileo Navigation 23222 3.66 845 3 8 2446 56 0 | E:1176-1207 MHz
Starlink Global 3359 7.5576 91-112 9 277 11943 42 0 K-band:
Internet 340.8 7.5839 7 354 48 17.8-18-5 GHz
Broadband 345.6 7.6098 9 283 53 18.8-19.3 GHz
550 7.4984 24 66 53 19.7-20.2 GHz
1110 7.2139 32 50 53.8 V-band:
1130 7.2696 8 50 74 37.5-42.0 GHz
1275 7.2128 5 75 81
1325 7.1679 6 75 70
OneWeb Global Ka/Ku Bands:
Internet 1200 7.24 110 18 36 648 87.9 0 17.8-18.6 GHz
Broadband 18.8-19.3 GHz
Satellite visibility in London without urban canyon Satellite visibility in London with urban canyon

M o gy e g SR s W R TR, mm MR N o e
Bus MR g W ey R sy WA uy R e R G PR wm T N

Galileo
2 Teenn GRS ? Galileo
2 2 OneWeb Q ) amsss GPS
) 10° ¢ == = Starlink ] 3 10° ¢ OneWeb il
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FIGURE 6. Visibility of constellations in London for a sample user ID over a simulation time of 800 minutes.
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FIGURE 7. Visibility of constellations in Manhattan for a sample user ID over a simulation time of 800 minutes.

assumed. The orientation of the urban canyon is determined In this way, this analysis can provide insight into the
by y, which is derived from a uniform distribution ranging statistical distribution dimensions of urban canyons in
from —m to 7. both cities and help to obtain realistic input parameters
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FIGURE 8. Mean satellite visibility of 100 sample user IDs over a simulation time of 800 minutes with the urban canyon in London and Manhattan.

for the simulation with the help of the obtained is defined using the partial differentiation of the residuals of
distribution. the TOA measurements with respect to the user position and
time:

E. GDOP by o b1
In navigation, the accuracy of user positioning depends on b hyp hao 1
the geometric configuration of the satellite, i.e. Dilution of H = : : : : (15)
Precision (DOP). TOA measurements are imported from all :
visible satellites to estimate the DOP [37]. Matrix GDOP is : : : :
estimated using the DOP. To calculate the DOP, the matrix H hy  hy gy 1
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ij_f(p Ys'_? Zs'_}z : .
hy; = —2—L h,; = =L =L are linearized
oIl > 7Y llogll > [osj1

unit vectors of jy, visible satellites, considering that:

where hy; =

lpgll = Xy — )2 + (Vg — D)2 + (Z — 2
(16)

where [)A(p, Y, s Zp] is the estimated user position. The overall
matrix DOP can be obtained as:

DOP = (HTH)™! 17)

Finally, in accordance with our interest, GDOP is defined
as:

GDOP = \/trace(DOP) (18)
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This evenness in satellite geometry (GDOP) is important to
improve accuracy. Table 5 shows that the ideal GDOP is less
than 1. The excellent values of GDOP are in the range of 1-2,
and the good ones are in the range of 2-5. Mainstream GNSS
has an average excellent GDOP for a €, of 5°, [56]. In this
article, the GDOP remains undefined in scenarios where a
sufficient number of visible satellites are not available (N/A).

IV. PERFORMANCE COMPARISON ANALYSIS

Table 4 shows the main orbital parameters of four selected
constellations, i.e. mainstream GNSS (GPS, Galileo) and
LEO mega-constellations (Starlink, OneWeb) that are used
for all scenarios of the urban canyon. It is evident that Starlink
is a hybrid constellation comprising eight subconstellations
of different altitudes and inclinations, while OneWeb has
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TABLE 5. GDOP ratings classification [56]. N/A in case of less than
4 visible satellites.

| GDOP || Rating |
0<1 Ideal
1<2 Excellent
2<5 Good
5 < 10 || Moderate
N/A Undefined

polar orbits with an inclination of 87.9°. Furthermore, LEO
satellites are approximately two times faster than those in
MEQO, resulting in a rapid change in the DOP of the LEO
mega-constellation. It should be noted that, Table 4 shows the
total number of planned satellites in mega-constellations and
similar configurations used in the simulation.
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The obtained orbital parameters are propagated with a
two-body propagator at the epoch of January 1, 2000 [57].
The simulation is developed in Matlab. The simulation
period of 800 minutes is chosen considering an approximate
complete orbit of the GNSS constellation. During this
period, LEO satellites complete several orbits. With the
well-known fact that not all satellites within visibility operate
simultaneously for Starlink, simulations are conducted under
three scenarios: 100%, 70%, and 50% of active satellites
randomly selected from the total visible satellites at a
specific epoch. Additionally, the ¢,;, for the Starlink
70% and 50% active satellites is set to 15°. Therefore,
only high-elevation Starlink satellites are used to estimate
positioning performance.

Each user, located in London and Manhattan, has a unique
urban canyon condition generated statistically using the
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FIGURE 12. GDOP of constellations in Manhattan for a sample user ID over a simulation time of 800 minutes.

proposed geometric model and the statistical distribution
of the geometric parameters obtained from the available
data. 100 different urban canyon dimensions (h, w, d) and
rotations (y) are generated using the respective probability
distributions derived in Section III-D. Each generated con-
figuration is called a user ID. For each sample user ID, the
satellite visibility and GDOP are estimated.

A statistical analysis of performance in terms of avail-
ability and GDOP in London and Manhattan is shown in
Sections IV-A and IV-B. Comparative analysis is carried out
for the scenarios without and with urban canyons for four
selected constellations.
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A. PERFORMANCE IN TERMS OF AVAILABILITY

Fig. 6 and Fig. 7 show the number of satellites in visibility
for a sample user ID, without and with the urban canyon
in London and Manhattan, respectively. The selected user
ID is characterized by the following parameters: London
(h=30m,2d =12 m, w = 40 m, y = 0°) and Manhattan
(h =60 m, 2d = 32 m, w = 40 m, y = 0°). Moreover,
€min Of 5° is considered. The dash-dotted curve represents
the minimum number of visible satellites necessary for posi-
tioning estimation. As expected, the number of satellites in
visibility for GPS and Galileo is always close to the minimum
value, such as 4 satellites, and sometimes it drops below this
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FIGURE 13. Mean GDOP of 100 sample user IDs over a simulation time of 800 minutes with the urban canyon in London and Manhattan.

threshold. On the other hand, the effect of urban canyons
on the LEO mega-constellation is negligible. In particular,
in the urban canyon scenarios, Starlink consistently has the
highest number of visible satellites throughout the simulation
period. OneWeb falls in the moderate range, with more than
10 satellites visible at each epoch.

Comparing Fig. 8 of mean satellite visibility with the urban
canyon in London and Manhattan reveals that the average
satellite visibility in Manhattan is lower than in London due
to the presence of deeper urban canyons. In both cities, there
are instances where mainstream GNSS fails to provide a
sufficient number of visible satellites for a given epoch and
a sample user ID. This disparity is not evident in the 2D
representations since the curves represent the average values
across 100 different sample user IDs.

A statistical summary of the quantitative analysis of
availability (%) is presented in Table 6. Interestingly, Starlink
shows 100% availability, even with only 70% and 50%
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active satellites. It is worth highlighting that the average
availability of Galileo/GPS and Galileo + GPS, even if it
never reaches 100% as in the case of mega-constellations,
is rather good, which might be misleading. However, such
values are achieved by averaging over the whole possible
urban canyon scenarios in the two cities, which are not
only characterized by deep urban canyons. Better insights on
the benefits of using LEO mega-constellations in big cities
characterized by different types of urban canyons can be
drawn by the GDOP analysis in the following Section.

B. PERFORMANCE IN TERMS OF GDOP

GDOP analysis is conducted individually for each sample
user ID, resulting in 3D plots, while the average GDOP is
computed over all the users and over the entire simulation
time. In Fig. 9, the 3D graphs illustrate the GDOP variation
for different sample user IDs in London. Figures show
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FIGURE 14. GDOP PDF in London for the constellations: Galileo, GPS, Galileo + GPS, OneWeb, Starlink with 100%, 70%, 50% active satellites.

that for a particular user situated in a canyon, the GDOP
values exceed 6 for mainstream GNSS and in some
instances, service is N/A, as depicted in Fig. 9a and 9b.
Conversely, the canyon effect appears to be negligible for
LEO mega-constellations, as shown in Fig. 9c and 9d. In the
case of OneWeb, the GDOP peaks remain below 1.5, i.e.
within the excellent range. On the other hand, Starlink
exhibits ideal performance, with the maximum GDOP peak
not exceeding 0.45. It is essential to note the color bars to
interpret the scales of the respective graphs.

Considering the deep urban canyon, specifically in
Manhattan, the GDOP performance is significantly impacted
for all four constellations, as depicted in the 3D Fig. 10. For
Galileo and GPS, the GDOP peaks reach 20 when the service
is N/A as shown in Fig. (10a, Fig. 10b). OneWeb experiences
a slight effect due to taller buildings in Manhattan (Fig. 10c)
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than in London (Fig. 9¢), with the maximum GDOP reaching
1.7. In contrast, Starlink consistently operates within the ideal
range, with GDOP peaks reaching 0.66, as shown in Fig. 10d.

For a comprehensive comparative analysis to examine the
impact of the urban canyon, the GDOP of a sample user ID
is plotted against simulation time in Fig. 11 and Fig. 12.
The GDOP performance in both cities exhibits an inverse
relationship with visibility (Fig. 6 and Fig. 7); high GDOP
values correspond to low visibility. Fig. 11a and Fig. 12a
focus on GPS and Galileo systems without the presence
of an urban canyon. The urban canyon affects all four
constellations, as shown in Fig. 11a Vs Fig. 11b and Fig. 12a
Vs Fig. 12b. As anticipated, the LEO mega-constellations
remain within the excellent and ideal range, while GNSS
transitions from the excellent to the moderate range with
some instances of service N/A within the deep urban canyon.
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FIGURE 15. GDOP PDF in Manhattan for the constellations: Galileo, GPS, Galileo + GPS, OneWeb, Starlink with 100%, 70%, 50% active satellites.

Fig. 13 presents the plotted average GDOP for all
100 sample user IDs over simulation time in London and
Manhattan. Starlink continues to exhibit optimal performance
due to its ability to maximize the number of visible satellites
at any given epoch. On the other hand, OneWeb demonstrates
an average GDOP of approximately 1.25. Due to the canyon
effect, the average GDOP values for Galileo and GPS
exceed 3. As expected, in Manhattan the average GDOP is
worse than in London.

Furthermore, to enhance the statistical interpretation,
GDOP distribution (PDF) of Galileo, GPS, Galileo +
GPS, OneWeb, and Starlink with 100%, 70%, and 50%
active satellites in London and Manhattan is shown in
Fig. 14 and Fig. 15 respectively. The PDF is estimated using
KDE. Fig. 14 shows the GDOP PDF for the city of London.
It can be seen that the GDOP PDF of Starlink is very peaky
around the ideal values of GDOP (less than 1) even when
70% or 50% of the visible satellites are considered. This is
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not the case for GPS or Galileo standalone. In particular, for
Galileo, there is no negligible probability that the GDOP is
higher than 5. A better distribution of GDOP is achieved by
the combination of GPS+Galileo, but in this case, the range
is much higher than in the case of mega-constellations i.e.,
from excellent to good. In the case of Manhattan as shown
in Fig. 15, all GDOP PDFs are spread more toward higher
values of GDOP, except in the case of Starlink with 100%
and 70% active satellites. For 50% satellites in visibility for
Starlink, GDOP values reach 1.9, even if the distribution is
always in the excellent range similar to OneWeb. In both
cities, In the case of OneWeb, the PDF is a little bit more
spread, but GDOP stays always in the excellent range. In this
way, the GDOP distribution analysis provides a more nuanced
perspective on the GDOP characteristics in these urban
environments.

Finally, a statistical summary for quantitative analysis of
the mean (g40p) and standard deviation (0gqep) of GDOP for
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TABLE 6. Summary for quantitative analysis of mean (.44,p) and standard deviation (o440p) of GDOP and availability (%) of the constellations: Galileo,
GPS, OneWeb, and Starlink with 100%, 70% and, 50% active satellites, without and with urgan canyon environment in London and Manhattan. The above
values are estimated for 100 user IDs over a simulation period of 800 minutes. pgqop and ogqop corresponds to GDOP distribution shown in Fig. 14 and
Fig. 15.

[ Cities | London | Manhattan |
Urban Canyon Without With Without With
Constellation / stats || ftgdop | Tgdop | availability | ftgdop | Tgdop | availability || ftgdop | Tgdop | availability | figdop | Tgdop | availability

Galileo 2.64 | 0.80 100% 324 | 0.74 98.4% 254 | 1.04 100% 346 | 1.14 95.6 %

GPS 1.83 | 0.27 100% 246 | 0.38 98.6% 228 | 053 100% 3.70 | 3.16 95.6 %

Galileo + GPS 1.49 | 0.56 100% 1.68 | 0.035 99% 1.47 | 0.56 100% 1.72 | 0.086 | 97.4%

OneWeb 0.82 | 0.03 100% 1.10 | 0.02 100% 0.92 | 0.02 100% 1.25 | 0.04 100%

Starlink (100%) 0.29 | 0.006 100% 0.32 | 0.003 100% 0.28 | 0.008 100% 0.48 | 0.003 100%

Starlink (70%) 0.32 | 0.001 100% 0.58 |0.028 100% 0.32 | 0.001 100% 0.76 | 0.069 100%

Starlink (50%) 0.35 | 0.001 100% 0.69 | 0.039 100% 0.39 | 0.004 100% 1.14 | 0.117 100%
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