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Abstract—The low Earth orbit (LEO) satellite-assisted com-
munications are envisioned as a prospective solution in
next-generation networks to provide reliable, flexible, cost-
effective, and globally seamless services. In this article, we
investigate satellite-terrestrial vehicular network (STVN) sup-
porting connected autonomous vehicle (CAV) applications
anytime and anywhere. We first establish a model for the
LEO satellite-CAV communication system with different satellite
orbital parameters. Then, the LEO satellite-CAV communication
performance in terms of service availability, outage probability,
and system throughput is analyzed when considering practical
satellite constellations. Furthermore, the impact of different
terrestrial infrastructure deployment strategies on the STVN
performance is investigated. Extensive numerical results are
provided to validate our theoretical analysis and demonstrate
the improvement of CAV network performance thanks to LEO
satellites in the STVN.

Index Terms—Connected autonomous vehicles (CAVs), low

Earth orbit (LEQO) satellites, satellite-terrestrial vehicular
network (STVN).
I. INTRODUCTION
ONNECTED autonomous vehicles (CAVs) are

expected to revolutionize the transportation system
to improve road safety, transportation -efficiency, and
driving experiences [1], [2], [3]. With vehicle-to-everything
(V2X) communications, ubiquitous information exchanges are
enabled to support multifarious CAV applications, including
safety-related applications (e.g., collision avoidance), traffic
efficiency-related applications (e.g., route planning), and
infotainment applications (e.g., video streaming). To empower
CAV services, especially in the future driverless era, high
data rate and ubiquitous network accessibility are expected.
However, since the deployment of terrestrial roadside units
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(RSUs) is limited due to high deployment/maintenance cost or
geometrical constraints, relying solely on terrestrial networks
may hardly guarantee globally flexible and reliable network
connectivity [4].

Recently, low Earth orbit (LEO) satellite-assisted com-
munication networks have attracted substantial attention in
academia [5], [6] and industry [7], [8], where satellites can
provide services to CAVs through service links and couple to
ground stations through feeder links. The global availability of
LEO satellite networks holds significant potential for enabling
worldwide seamless high-bandwidth network connections for
CAVs in a cost-effective manner. Furthermore, since LEO
satellite networks have large coverage areas and can con-
nect to ground stations in different regions, they are less
vulnerable to natural disasters that affect regional terrestrial
network services, and thus can provide ultrareliable and robust
network connections. However, LEO satellite networks have
nonnegligible propagation delay and highly dynamic network
topology. In other words, terrestrial and satellite networks have
their pros and cons in providing services, such as in terms
of coverage, transmission delay, throughput, and reliability.
Via effective Internetworking, the complementary advantages
of terrestrial and satellite network segments can be leveraged
to enhance CAV service qualities. Therefore, it is crucial to
investigate the satellite-terrestrial vehicular network (STVN)
for CAVs, to provide flexible network management and satisfy
diverse requirements for different applications.

A. Related Works

Standardization Activities on Satellite-Terrestrial Network
Integration: Standards for satellite-terrestrial network inte-
gration have been developed to provide guidance for
implementation. The 3rd Generation Partnership Project
(3GPP) has undertaken significant standardization efforts in
this area. Specifically, standards [9], [10] have been developed
to define scenarios and identify service requirements for a new
architecture where satellite networks act as an extension to
terrestrial networks. In [11] and [12], the new radio (NR) is
studied to support nonterrestrial networks (NTN), considering
the architecture principles and channel model differences
between satellite networks and terrestrial cellular networks.
In [13], service application scenarios are divided into three
categories when integrating satellite access networks into
5G systems: 1) continuity; 2) ubiquity; and 3) scalability.
These 3GPP standards underscore the vital role of satellite
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networks in 5G and beyond communication systems to provide
ubiquitous access capability and ensure service quality.

Moreover, the European Telecommunications Standards
Institute (ETSI) has put forth standards related to the inte-
gration of satellite and terrestrial networks. The definition
and classification of scenarios that involve this integration are
presented in [14]. The role of satellite networks in disas-
ter management and resource requirements for applications,
such as Earth observation, satellite navigation, and satellite
communications is identified [15]. The traffic distribution in
wireless access networks and a typical scenario of satellite-
terrestrial network integration are studied in [16], with satellite
backhauling in rural areas.

Satellite Network Performance Analysis: Considering the
advantages from LEO satellites, there are many works to
analyze network performance in satellite communication.
In [17], the outage probability is derived for a downlink LEO
satellite communication system with multiple LEO satellites
uniformly distributed over a sphere following a homogeneous
binomial point process (BPP). This article also addresses the
problem of maximizing system throughput through an iterative
algorithm. In [18], a relay selection scheme is proposed
to enhance the quality of the downlink satellite-terrestrial
transmission, based on which the analytical expressions for
the outage probability and throughput of the system are
derived. In [19], the meta distribution of signal-to-interference-
plus-noise ratio (SINR) for the downlink integrated LEO
satellite-terrestrial millimeter-wave decode-and-forward relay
network is investigated. Taking the satellite movement into
account, a nonstationary satellite communication system is
modeled in [20]. Considering the variations of the distance
between satellites and ground users, the instantaneous out-
age probability, channel capacity, and system throughput are
calculated. In [21], the outage probability is analyzed for an
overlay satellite-terrestrial network, where an opportunistically
selected terrestrial Internet of Things network assists the
primary satellite communications in the presence of hybrid
interference from both extra-terrestrial sources and terrestrial
sources. In [22], the impact of typical satellite channel charac-
teristics, i.e., large path losses, delays, and Doppler shifts, on
the physical and medium access control layers are discussed
and assessed.

STVN Architecture Design: In addition to the satellite
network performance, researchers have presented results and
insights on the satellite-terrestrial integrated network architec-
tures and have raised some open questions in their works.
Kota et al. [23] provided detailed definitions and examples
of satellite-terrestrial integrated/hybrid networks, and consider
related issues in the physical layer, link layer, and network
layer. In [24], a space-air-ground integrated vehicular network
(SAGVN) is proposed to support vehicular applications with
a software-defined networking (SDN) architecture. In [25], an
SDN-based hybrid and hierarchical SAGVN control architec-
ture is proposed for flexible, reliable, and scalable CAV service
provisioning. Al-based solutions are also investigated to facil-
itate efficient network management and boost CAV service
performance. In [26], an SAGVN architecture is investigated
with multidimensional and multiscale context-information
and network resources from different network segments.
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Fig. 1. Illustration of satellite and RSU coverage in STVN.
Some challenges and up-to-date solutions are presented on
topics, including SAGVN reconfiguration with dynamic space
resource constraints, multidimensional sensing, and efficient
integration of multidimensional context information, as well
as real time, reliable, and secure communications for vehicles.
In most existing works, satellites have been assumed to
exhibit a uniform distribution across the surface of a sphere,
often following either the BPP or Poisson point process
(PPP). However, it is essential to account for the impact of
Earth’s rotation-induced relative movement on communication
performance. To address this gap, we present an analysis
of LEO satellite communication performance in a practical
satellite constellation with various constellation parameters.
These parameters include orbit inclination, satellite boresight
angle, ground user elevation angle, number of satellites on
each orbit, and number of satellite orbits in the constellation.
Additionally, it is crucial to investigate how different terrestrial
network deployment strategies impact the enhancement of
CAV network performance facilitated by LEO satellites.

B. Contributions

To explore the potential benefits of integrating LEO satel-
lites with the terrestrial CAV networks, in this article, we
consider an STVN where both LEO satellites and RSUs can
provide network services for CAVs within their coverage, as
shown in Fig. 1. Specifically, RSUs are connected to Internet-
at-large through the terrestrial network. Satellites operate as
regenerative relays, similar to a 3GPP radio access network
distributed unit [12]. A satellite is connected to a CAV through
a service link and coupled to a ground station through a
feeder link. Note that our primary focus in this article is on
the performance of service links. Specifically, we develop a
practical LEO satellite constellation model for communica-
tion analysis. Based on the model, we investigate how key
parameters of the satellite constellation affect propagation
delay and network coverage in satellite-terrestrial commu-
nication. The LEO satellite-CAV network performance is
theoretically analyzed in terms of network service availability,
outage probability, and throughput. Furthermore, the STVN
communication performance is analyzed when considering
diversified terrestrial infrastructure deployment strategies.
Extensive numerical results are provided to validate our the-
oretical analysis and demonstrate the performance advantage
of the STVN. The main contributions of this article are
summarized as follows.
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1) We develop a practical LEO satellite communication
model and analyze the impact of different satellite orbital
parameters on the LEO satellite-CAV communication
performance.

2) We comprehensively investigate the performance of
LEO satellite-CAV communication, including service
availability, outage probability, and system throughput,
while considering practical satellite constellations.

3) We explore the STVN performance characteristics with
different terrestrial infrastructure deployment strategies
and evaluate how the integration of LEO satellites
and terrestrial networks enhances the CAV service
performance.

The remainder of this article is organized as follows.
The LEO satellite constellation model is established and the
impact of LEO satellite constellation parameters is investigated
in Section II. In Section III, we analyze the performance
of LEO satellite-CAV communication networks in terms of
service availability, outage probability, and throughput. In
Section IV, we study the impact of different LEO satellite
constellations and different network deployment strategies
on the communication performance. Numerical results are
presented in Section V to corroborate our analysis on STVN
performance with practical LEO satellite constellation. Finally,
we conclude this study and discuss future works in Section VI.

II. LEO SATELLITE CONSTELLATION PARAMETERS

In this section, we first establish an LEO satellite constel-
lation model, considering the impact of Earth rotation and the
constraints of elevation and boresight angles. Then, we analyze
the required number of satellites per satellite orbit and the
number of orbits in the constellation to ensure uninterrupted
satellite coverage. For clarity, we provide a summary of the
primary notations used in this article in Table 1.

A. Satellite Movement With Earth Rotation

Due to Earth’s rotation, the movement of LEO satellites
is not a simplistic circular motion relative to the ground
observation point as assumed in most existing works. Fig. 2(a)
shows the relative motion between satellites and ground. The
blue orbit is the satellite orbit without considering Earth
rotation. The red ones are the satellite orbits with Earth
rotation, which are constantly changing relative to the Earth.

To further investigate the satellite movement and its impact
on the LEO satellite-CAV communication performance, we
consider an Earth-centered Earth-fixed (ECEF) coordinate
system with the center of the Earth at its origin, as shown
in Fig. 2(b), where the shape of the Earth is assumed as a
perfect sphere.! Specifically, the +x-axis passes through the
Equator and Prime Meridian intersection, the +z-axis passes
through the North Pole, and the y-axis is orthogonal to x-axis

TFor more accurate modeling, we can approximate the Earth as an ellipsoid
following the WGS84 model, with the rotation axis aligned with the rotation
axis of the Earth. However, the comparison of LEO satellite-CAV distances
between the WGS84 model and sphere model reveals negligible differences.
Even in extreme cases, such as CAVs at the pole or equatorial areas, where
discrepancies are the most prominent, the difference remains below 0.01%.
Therefore, we model the Earth as a sphere for simplicity.
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TABLE I
SUMMARY OF NOTATIONS

Notation | Definition
TE,T Earth radius and LEO satellite orbit radius
a,h Satellite orbit inclination angle and orbit altitude

103 Angle between a satellite and the ascending node
Angle between the z-axis and the line

v from the origin to the ascending node
(Bu,yu) | (latitude, longitude) of a CAV
d The distance between a CAV and its associated
access point (LEO satellite or RSU)
Ocn The minimum elevation angle constraint
[hth The maximum satellite boresight angle constraint
d The maximum satellite-CAV distance to satisfy
max elevation angle and boresight angle constraints
N, M No. of satellite orbits and No. of satellites per orbit

Py Probability of an LEO orbit being feasible for CAVs

ps Probability of at least one satellite on an orbit
a being available to provide CAV services

P, Probability of LEO-CAV service being available
R Required throughput for satellite communications
Ry o Required throughput for terrestrial communications

\ RSU deployment intensity in terrestrial RSU
x deployment Case x (x € {a,b,c,d,e})
Satellite communication service outage probability

x Terrestrial service outage probability in RSU
0,2 deployment Case x (x € {a,b,c,d,e})

Po,l

T, max Maximum achievable satellite system throughput
T Maximum achievable terrestrial system throughput
2max | jnp RSU deployment Case x (x € {a, b, c, d,ef)

z
North pole {5 satellite orbit

LEO satellite

Latighde ~NGround user
: Equatorial
—— Without Earth rotation ‘
—— With Earth rotation g

(a)

Fig. 2. Tllustration of satellite orbits. (a) Satellite orbits with and without
Earth rotation. (b) ECEF coordinate system.

(b)

and z-axis. This coordinate system rotates with the Earth. In
Fig. 2(b), r is the LEO satellite orbit radius, which is the sum
of Earth radius rg and orbit altitude s, and « is the orbital
inclination angle. The time-varying angle between the x-axis
and the line from the origin to the ascending node is denoted
by w(¥), given by

w(t) =wo+ Awg - t (1)

where wy is the initial angle of the ascending node, Awg is the
Earth rotation angular velocity, and Awg -t is the Earth rotation
angle at time ¢. Let ¢ (¢) be the time-varying angle between
the satellite and the ascending node at time #, expressed as
follows:

¢ =¢o+ Ags - 1 )

where ¢ is the initial angle between the satellite and
ascending node, Agg is the satellite rotation angular velocity,
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Fig. 3. Illustration of LEO satellite coverage. (a) Elevation angle and
boresight angle constraints. (b) High-rise building blockage constraints.

and A¢s - t is the satellite rotation angle along the orbit at
time 1.

Denote the latitude and longitude of a CAV on ground by
By and y,, respectively. Therefore, the coordinate of the CAV
in the coordinate system is transformed and given by

X, = rg cos B, cos y,
Yu = rg cos By siny, (3)
Zy = rg sin By,.

We represent the satellite coordinate as a function of time ¢,

which is affected by the Earth rotation and satellite movement,
given by

Xs(t) = rcos ¢ (t) cosw(t) — rsing (f) sinw(r) cos o
vs(t) = rcos @ (t) sinw(t) + rsing () cosw(t) cosa  (4)
zs(t) = rsing (¢) sina.

The distance between an LEO satellite and the CAV can be
calculated based on their coordinates as follows:

d(n) = \/(xs(t) —x)? + 0s(0) = yu)? + @) — ) (5)

B. Impact of Elevation Angle and Boresight Angle

To satisfy the minimum elevation angle and satellite bore-
sight angle constraints, the LEO satellite-CAV distance should
satisfy the following relations:

d) <[P =1+ st O — rpsinf (6a)

d(t) < rcos um — \/r% — 2+ r2cos? w (6b)

where 0y, and pg are the minimum elevation angle and the
maximum satellite boresight angle, respectively.

Note that in scenarios where satellite communications
remain unobstructed (e.g., in rural areas), the minimum eleva-
tion angle constraint in (6a) and the maximum boresight angle
constraint in (6b) are interrelated. In this case, as shown in
Fig. 3(a), the minimum elevation angle can be determined by
the maximum boresight angle of satellites, given by

sin(up) = rg cos(Om)/r. @)

However, in city scenarios where high-rise buildings may
block the satellite communication links, the minimum ele-
vation angle is mainly affected by the building height and
interbuilding distance, rather constrained by the satellite bore-
sight angle. In a city scenario with a maximum building height
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of hy and a minimum interbuilding distance of Iz, as shown
in Fig. 3(b), the minimum elevation angle should satisfy

O = arctan(hy/(0.51;)) (8)

to guarantee that users between the buildings can be seam-
lessly covered by LEO satellites.

C. Number of Satellites on One Orbit

Next, we present the minimum number of LEO satellites on
one orbit to guarantee that there is no coverage gap between
adjacent satellites. Given the minimum elevation angle, 6y,, we
can obtain the Earth central angle, ¢, as shown in Fig. 3(a).
Here, ¢ is the angle between the satellite and a CAV at the
satellite coverage edge to the Earth center, given by

¢ = arcsin(dmax cOS O /1) 9)

where

diax = min ( \/ 2 — rk + 12 sin® Oy, — rg sin Gy

7 COS Uih — \/r% — r2 4+ 12 cos? Mm)

is the maximum allowable satellite-CAV distance under eleva-
tion angle and boresight angle constraints. Then, the coverage
area of one LEO satellite, denoted by S, is given by

S =2mrg(l —cos¢). (10)

To avoid coverage gap while satisfying the minimum elevation
angle constraint, the minimum number of satellites on one
orbit should satisfy

Mmin = [/¢7. (11

When the number of LEO satellites on one orbit is larger
than Mpn, for two adjacent satellites on the same orbit, the
overlapped coverage angle, denoted by &, is expressed as
follows:

2w

Miin

=20 (12)

D. Number of Orbits in Satellite Constellation

In this section, we study the required number of orbits
in a satellite constellation to guarantee seamless coverage,
which varies with the orbit inclination angle. We first consider
polar orbits where the inclination angle is (7/2), as shown in
Fig. 4(a).

To guarantee seamless coverage, we need to ensure that
CAVs on the equator can be served without interruption.
Therefore, we consider the case that point A is on the
equator. As analyzed in Section II-C, the angle between two
adjacent satellites in the same orbit to the Earth center is
(27 /Mmin). Therefore, the angle between a satellite and point
A is Zs10A = ZLspOA = (71 /Mnin). To avoid coverage gaps,
coverage areas of s1, s2, and s3 should intersect at a common
point I or exhibit a larger overlap area. In this case, satellite
s3 in the adjacent orbit must satisfy

/530A < A 4 ¢ = arccos(l — cos(w/Mmin) + cos )

+ arcsin(dmax €oS 6 /1). (13)
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(a)

(b)

Fig. 4. LEO satellite coverage with different inclination angles. (a) Polar
orbits (¢ = (w/2)) (O: the Earth center. s, 5o, and s3: LEO satellites. A:
the center of the coverage overlap area of s; and sp. I: the intersection of
three satellites” coverage areas. The blue curves represent the satellite orbits,
and the pink circles represent satellite coverage areas.) (b) Inclined orbits
(o # (7/2)). (Orange lines: ascending satellite orbits. Blue lines: descending
satellite orbits. Green line: the Earth Equator. Yellow circles: the coverage
areas of ascending satellites. Cyan circles: the coverage areas descending
satellites.)

Considering the inherent symmetry of satellite orbits, if one
side of the Earth can be seamlessly covered with ascending
satellites, the complementary side will be seamlessly covered
by descending satellites on the same orbits. Thus, we can
obtain the minimum number of orbits, Nnyin, for seamless
coverage with polar orbit constellation as follows:

b

Nmin = .
arccos(l — cos(ﬁ) + cos ¢) + arcsin(

dn;ax cos ch) —‘ ’
(14)

Next, we consider inclined orbits with inclination angle
o # /2. In inclined satellite constellation, both ascending
satellites and descending satellites, moving in different direc-
tions, can provide coverage for the same region. Consider a
satellite constellation with incline angle v, number of orbits N,
the number of satellites per orbit M, and the relative phasing
among satellites in different orbit planes F. At any given
time instant, the position of a randomly chosen satellite in
the satellite constellation can be denoted by (wo, ¢o), wy €
[0, 27), ¢o € [0, 2r) using the ECEF coordinate system as
shown in Fig. 2(b). Therefore, the ECEF coordinates of all
satellites in the same constellation at the same time instant can
be denoted by

(ws, P5) = ((a}o +n- 2Wﬂ)mod 2, <¢0 +n- Z—; +m- %)mod 271)
(15)

where n € [0, N — 1] and m € [0, M — 1] denote the nth orbit
and the mth satellite in an orbit.

For a given point A on the Earth, its ECEF coordinate can be
represented as (w4, ¢4), wa € [0, 21), ¢4 € [0, 27). The XYZ
coordinates of point A and a satellite with position (ws, ¢5) can
be calculated based on (4). The Earth-centered angle between
point A and satellite S is given by

ZAOS = arccos [ (xaxs + yays + 2a25)/ (rrE) |- (16)

Seamless coverage is achieved at any time instant if, for
any (wo, ¢o), the Earth-centered angle between any point A
and the closest satellite is consistently smaller than ¢. The
objective is to find the minimum number of orbits, Npi, to
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achieve seamless coverage. Mathematically, this is represented
as follows:

max min ZAOS < ¢
@0,P0,WA. P4 s, Ps

= min  max (XaXs; + yaYs + 242s)/(rrg) > cos¢.
®0,$0,0A,PA s, Ps
(17)

Letting /' = (xaxs + yays + za2s)/(rrg), we have
f = cosasin (wg — wy) sin (¢s — P4)
+ cos (wg — wy) (cos ¢scosps + cos? o sin ¢ sin ¢A)
+ sin” a sin Ps sinpy. (18)
Taking partial derivatives of f with respective to w,, we get
Bf/aa)s = —cosa sin (¢s — Pa) cos (wag — ws)
+ (cos ¢s cOs s + cos” a sin ¢ sin qu)
sin(wg — wy). (19)

The maximization condition of max, ¢, f requires the partial
derivatives to be equal to zero, derived as follows:

of [ des|,, = sin(ws — w} —©) =0
wf = wp — O + 2km, k € {0, 1} (20)
where
sin® =T/,/T? 4T3, cos® =T,/,/T? +T3.
I'y = cos a sin (¢p5 — ¢a)
'y = cos ¢scospg + cos? a sin s sin 4. 21

In this case, we can update the expression of f and the partial
derivative of f with respect to ¢, as follows:

flor = \/(1 — sin? ¢ sin® &) (1 — sin® ¢4 sin” o)
+ sin® & sin ¢, sin ¢4

2 2

of sin? « sin ¢ cos ¢,/ 1 — sin® ¢4 sin®

ops

1 — sin® ¢ sin® «

+sin” a sin Pa cOS . (22)

Let ¢ satisfy that (9f/d¢s)|gx = 0, we have
sin® @ cos ¢ |:sin ¢ay/ 1 — sin® ¢ sin® &
—singy/1 — sin® ¢4 sin” o ] =0. (23)

Considering that cos¢y = 0 corresponds to the minimum
values of f, we arrive at the equation for achieving the
maximum value of f

sin® ¢4 (1 — sin® ¢ sin’ oz) = sin’ ¢ (1 — sin® ¢y sin? a)

¢ =¢a or ¢F =1 — a4 2k, ke {0,1}
oF = wp +2kw,  if ¢F = ¢a + 2kn
¥ = wa — arcsin cosasindr) 4 ppr

1—sin® ¢ sin® «

if¢f = —da+2kn & cos? a sin® ¢4 — cos? g > 0
cosa sin(2¢4)

1—sin® ¢, sin « ) + 2km

if¢f = —pa+2kn & cos? a sin? s —cosZ g4 < 0.

Wy =ws — (7{ — arcsin

Authorized licensed use limited to: University of Waterloo. Downloaded on May 14,2024 at 01:44:43 UTC from IEEE Xplore. Restrictions apply.



16834

Therefore, (o}, ¢¥) represents the ideal position of point A’s
closest satellite. As satellite positions are noncontinuous and
fixed at a given time instant, as shown in (15), we aim to
find the satellite (w;, ¢}) in the constellation that is closest to
(wf, ¢¥). This is expressed as follows:

n = 1r0und[(a);k - wo)N/2JT]

m' = round[(¢; — ¢o —n' - 2w F/MN) - M /27|

wy = (wo +n' - 27 /N)mod 27

P, = (¢0 +n - 2nF/MN +m' - 27T/M)m0d 2. (24)

The subsequent step involves determining minw,,¢g,ws, 4
Sl(w].¢)- Due to the round operations in (24), optimizing this
problem directly is challenging. To address this, we employ the
linear search algorithm to find optimal values for wyg, ¢o, w4,
and ¢4 to minimize f|(; 4;), denoted as f*. Note that f*
is a function of N, and by ensuring f* > cos¢, we can
readily identify the minimum number of orbits Ny, required
to achieve seamless coverage.

III. STVN COMMUNICATION PERFORMANCE ANALYSIS

In this section, we analyze the impact of satellite orbit
parameters on STVN communication performance in terms
of service availability, outage probability, and throughput.
Considering that vehicle mobility is negligible compared to
LEO satellite movement, we mainly focus on the impact of
satellite mobility in the performance analysis.

A. LEO Satellite-CAV Service Availability

Based on the analysis in Section II-A, the satellite coordi-
nate is a function of w(¢) and ¢ (¢). Thus, we can rewrite the
time-varying LEO satellite-CAV distance as a function of ¢
and o (omitting ¢ for notational simplicity), given by

d(¢, w) = i + r% — 2r[x,(cos ¢ cos w — sin ¢ sin w cos )

+ yu(cos ¢ sinw + sin ¢ cos w cos @) + z, sin ¢ sina ). (25)

Given orbit inclination angle o and Earth rotation angle w,
the satellite orbit is known. For satellites on the orbit with
different initial angles ¢, the distances between them and a
given CAV are different. We can derive the shortest distance
between the CAV to any point on the orbit by letting the
derivative of the distance in terms of ¢ be zero, given by

d(¢, )

0 =0 26
o0 (26)
which leads to
- 1
sin“ ¢ = 5 27
1+ ( Xy, COS Wy, sin w
Zy SIn @ —Xy, Sin @ €OS @+, COS W COS &
Letting U = x,cosw + y,sinw and Q = gz,sina —
X, Sinw cos o + y, cos w cos &, we have
¢ = arcsin(Q/\/QZ n U2). (28)
The minimum CAV-satellite distance, given « and o, is
. 172
dmin = <r2 2 2r[Ucos¢ + Qsin¢]>
1/2
=(P+i-2w/02+0?) (29)
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If dg‘g > dmax, the satellite orbit is not feasible, i.e., it is
impossible for satellites on the orbit to satisfy the satellite-
CAV communication distance constraint. The satellite orbit
feasibility can be derived based on Proposition 1, the proof of
which is given in Appendix A.

Proposition 1: Define U and Q as functions of w, where
U = x,cosw + y,sinw and Q = z,sina — x, Sinw cos @ +
yu cos wcosa. Denote the solutions to equation Q% + U? =
([ + r2 — d2,0/2rD? by @ and w;. When there are N
satellite orbits with maximum orbit separation, the probability
of having at least one feasible satellite orbit is

Noi—w] if o = Z and |o) —w2| < &
1 ifa=2% and |o; — w2| > %
Py = 1\;*|w1—w2| ; 727 o g 12\]” G0
A ifa < 7 and |w] — o] < y
1 if o < 5 and | —w2| > 57.

When an orbit is feasible (i.e., w € [min(w;,®?),
max(wi, 3)]), a satellite on the orbit is available to provide
CAV services only when the communication distance con-
straint is satisfied. Thus, the range of ¢ should satisfy

d(¢, w) < dmax- (31)

Letting © = —x,sinwcosa + y, coswcoso + 7, Sinw, v =
Xy Cosw + y, sinw, and k = [(r? + r% — drznax)/Zr], we have

using +vcos¢ < k. (32)

When there are M satellites on the orbit, the probability that
at least one satellite on the orbit is available is given by

PZ = Pr(d(¢, ) < dmax|®)

Mcos*1<$)
— /2402
Mgl — L (g1 — ¢l < 2L (33)

b/

1, |1 — é2| > 5

where

¢$1 = —cos~ + tan”! <E>
v

L
<w2+v2)
— cos—! K —1(H
¢2 = cos (\//m>+tan (U)

Overall, the probability that LEO satellite-CAV service is
available is given by

Pu1 =P x P. (34)

B. LEO Satellite-CAV Outage Probability

When satellite-CAV distance is smaller than dpx, the
elevation angle and boresight angle constraints are satisfied
and the LEO satellite-CAV service is available. In addition,
LEO satellite-CAV communications should satisfy throughput
requirements. Service outage happens if the link capacity
is smaller than the required throughput. Considering LEO
satellite-CAV communications over an additive white Gaussian
noise (AWGN) channel, the link capacity can be calculated
using the Shannon formula, given by

Gz,1Gr,1P102)

(4rf)2o2d? (35)

C1 =B 10g2<1 +
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where free-space path loss is assumed for LEO satellite-CAV
communications. G;1, Gr 1, B1, pi1, ¢, fi, and o2 denote the
LEO satellite-CAV communication transmission antenna gain,
receiving antenna gain, channel bandwidth, transmit power,
light speed, carrier frequency, and noise power, respectively.

Proposition 2: Denote by R, the required LEO satellite-
CAV throughput. When satellite-CAV distance is smaller than
dmax, the service outage probability is

2 G11Gr.1p1c?
rfi2a?(2F1/Pi-r)

max
2 2
dmax h

P, 1 =min| 1, max| 0,

Proof: The service outage happens when the link capacity
is smaller than the required throughput. Thus, we have

Po1 = PI'(C] <Ri1 | d=< dmax) = Pr(d >dy i d=< dmax)
where

Ay Al Gi1Gripic?
(2Rz,1/31 — 1)’ ! (4nfi)20?

The LEO satellite-CAV distance should be less than d; 1 to
avoid service outage. Notice that the area of a spherical cap
constrained by maximum distance x (i.e., the distance between
all the points in the cap and the ground user does not exceed
x) is [(7w(rg + h) (x> — h?))/(rg)], where h is the satellite orbit
altitude. Therefore, we have

dt,l =

7 e+ (d =) w(re+h)(d? | —h?) 2
"E 'E max
Pa,l = —

7 (rE+h) (d2,, —h?) d1211ax

_dzz,l
_h2'

TE
If d;;1 < h, none of the satellites in the orbit can satisfy the
throughput requirement and the outage probability is P, 1 = 1.
If di1 > dmax, the throughput requirement can be satisfied as
long as the elevation angle and boresight angle constraints are
met, so we have P, 1 = 0. Overall, the satellite-CAV service
outage probability is

max

daox — d?,
P, 1 = min| 1, max 0,—[’ .
’ ( ( d%ax—hz»

C. LEO Satellite-CAV Throughput

With known LEO satellite-CAV service availability and
outage probability, the achievable system throughput is defined
as the data rate successfully transferred from the LEO satellite
to the CAV without outage. For an LEO satellite-CAV link
with a transmission rate of R, the achievable throughput is

Ty =Ps1-(1=Py1) R

P,1-R, if R € [0, RL,]
A —h?
R
= By _ . 36
Pai - Zd%:—‘_,,z ‘R, if R € [RL . Rauy] (36)
0, if R € [R2,,. 0]

where R, = B log,(1+ (A /d?,
(A1/h?)).

)) and R2,, = By log,(1+

ax
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The maximum achievable throughput can be derived based
on Proposition 3, the proof of which is given in Appendix B.

Proposition 3: For an LEO satellite-CAV link with a trans-
mission rate of R, the maximum throughput is achieved when
R = By log,(1 + (A1/d2,,,)), which is

max

Ay
T1=Pa,13110g2 1+d2— .

max

When n CAVs are served by the same LEO satellite using
orthogonal channels, the overall achievable throughput is

. —d
Tin=Pgi1|1—min{ 1, max O,“;x—”z” “R-n@37)
dmax_h

where

do— G:1Gr1p1c? _ Al
TN @rf)2e? (R 1) T\ (@R 1)

In this case, the LEO satellite-CAV distance should be less
than d;, to avoid service outage. Similar to the preceding
analysis, the maximum overall system throughput is achieved
when nR = B log,(1 + (A1/d2,,)), given by

Ay
Tl,max - Pa,lBl logz(l + dz_) (38)

max

IV. STVN PERFORMANCE WITH DIFFERENT
TERRESTRIAL NETWORK DEPLOYMENT STRATEGIES

Based on the performance analysis on LEO satellite-CAV
communications, we further study the STVN performance with
different terrestrial network deployment strategies.

A. Terrestrial Network Deployment Strategies

In terrestrial CAV networks, RSU deployment may be
affected by road layouts. Here, we consider two different road
layouts, as shown in Fig. 5. Fig. 5(a) shows a scenario where
roads are parallel with an equal distance of g, and Fig. 5(b)
shows crossed roads with an equal distance of o. We consider
three different terrestrial RSU deployment strategies.

1) 1-D PPP: RSUs are deployed along roads following 1-D

PPP distributions.

2) 1-D Equal Interval Deployment: RSUs are deployed
along roads with equal distance separations.

3) 2-D PPP: For performance comparison, we further
consider the scenario where RSUs or cellular base
stations (BSs) are not deployed along roads [27]. For
description consistency, we use the term RSUs in the
following to represent both the traditional RSUs and
cellular BSs. In this case, RSUs are randomly deployed
in a 2-D area following a PPP distribution, independent
of the road layout.

Combining different road layouts and RSU deployment

strategies, we have five terrestrial RSU deployment cases.

1) Case a: 2-D PPP RSU deployment with intensity Aj.

2) Case b: 1-D PPP RSU deployment in parallel roads with
intensity Ap.

3) Case c: 1-D PPP RSU deployment in crossed roads with
intensity Ac.
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Fig. 5. Two different road layouts. (a) Parallel roads. (b) Crossed roads.

4) Case d: 1-D equal interval RSU deployment in parallel

roads with intensity Aq.

5) Case e: 1-D equal interval RSU deployment in crossed

roads with intensity Ae.

In case a, the probability of x terrestrial RSUs in a unit area
is [(A}) /x!le™*a and the probability of no RSUs within area
of size ¢ is e7*S. In case b and case c, the probabilities of
no RSU in a road segment of length [ are e~*»/ and e~*<,
respectively. In case d and case e, the distance separations
of adjacent RSUs are Ig = [1/(Aqg)] and I = [1/(Xe)],
respectively. Let

D) = 0 1/A—1
fA, D _max(, 1 )

The probabilities of no RSU in a road segment of length / in
case d and case e are f(\q, [) and f(Ae, [), respectively.

(39)

B. Service Outage Probability and Throughput

Considering terrestrial CAV communications over an
AWGN channel, the achievable link capacity is calculated
using the Shannon formula, given by

G12G,opac? )

@rf)o2der (40)

Cr =B 10g2<1 +
where G; 2, G,2, B2, p2, f2, ap, and o2 denote the terrestrial
CAV communication transmission antenna gain, receiving
antenna gain, channel bandwidth, transmit power, carrier
frequency, path-loss exponent, and noise power, respectively.

To satisfy a given target terrestrial data rate R;, we have
C2 = Rip. (4D

Thus, the RSU-CAV communication distance should satisfy

Ay @
d=<d,= RalBr 1 (42)
where
_ G12Gropac? 43)
 (rf)Pe?

For a CAV, the terrestrial service outage happens when no
RSU is available within a distance of d;>. Note that for 1-D
RSU deployment along roads, all possible network services
from adjacent roads should be taken into account. Therefore,
the service outage probabilities for different RSU deployment
cases are, respectively, derived as follows:

P2, = ¢ hamha’ (44a)
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ldafe)
sz:e_Z)‘bdt,Z H P NE o) (44b)
i=1
ldi2/e]
: o AT
N P s o
i=1
d,vzfe
ng1< T o Pefdaero?
0o @ ie0
LdI’ZJrEJ
» e—zxcm)de
i=1
152 )
Pg,Z =f()»d,2dt,2) (f()ud,z d1f2,2_(iQ)2>> (44d)
i=1
1%2) ,
Poo  =f(ke 2d;2) <f()»e,2 dtz,z_(iQ)2>> (44e)

1~
- =
—

hes 2y/d2, — (io + 6)2)
d,,2+e
o
x ]_[ f<Ae, 2,/d?, — (io — e)2>>d6
i=1

where f(A,[) is given in (39).

The average throughput of a terrestrial CAV link is the
data rate successfully transferred from the RSUs to the CAV
without any outage. In case a, when there are n CAVs served
by an RSU with a transmission rate of R, the average overall
achievable throughput is

2

()"
—AaTl R
Tf:nR(l—e 282 )

Letting x = nR, Tg is a concave function of x. Therefore,
the optimal value of x and the corresponding optimal overall
throughput can be found by letting the first derivative equal
to 0, given by

2
Ay \ap
—e ka”(ZX/BZ—l)

2

A 2 2B
< |1+ — | =0 wo)
opB)

(2 }%2 . 1) ap+1
where the solution can be obtained by using computing
software tools such as MATLAB toolboxes. The corresponding
maximum achievable throughput is denoted by Tza,max~ The
maximum achievable terrestrial throughput in cases b—e can
be computed in the same manner.

Consider that satellite and terrestrial networks operate on
different frequency bands. Then, the overall service availability
in the STVN is

Po=1—P5, x(1=Py1-(1—P,1)

(45)

dT;‘_1
dx

(47)
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TABLE 11
SIMULATION PARAMETERS

LEO Satellite Orbital Parameters

Orbit altitude 550 km
Number of satellites on one orbit 20

Initial angles (wo, ¢o) (0,0)
Earth rotation angular velocity Awg | 7.292x 10~ ° rad/s
Velocity of the satellite on its orbit 7.62 km/s

Default CAV location (Bu,vu) = (0, 0)
LEO Satellite Communication Parameters [28]

Carrier frequency f1 20 GHz
Bandwidth B; 500 MHz
Transmission power pp 10 W
Noise power o> -117 dBW

32 dBi and 34 dBi
Terrestrial Communication Parameters [29]

Antenna gains G,1 and Gy 1

Carrier frequency f2 28 GHz
Bandwidth Ba 200 MHz
Transmission power p2 28 dBm

Path-loss exponent ap 3
Antenna gains G2 and G2 3 dBi and 3 dBi

in terrestrial RSU deployment Case x (x € {a, b, ¢, d, e}). The
overall achievable STVN throughput is the sum of satellite
network throughput and terrestrial throughput, given by

T= Tl,max + T;,max (48)

in terrestrial RSU deployment Case x (x € {a, b, ¢, d, e}).

V. PERFORMANCE EVALUATION

In this section, we conduct extensive simulations to evaluate
the impact of different LEO satellite orbital parameters and
terrestrial network deployment strategies on the STVN com-
munication performance. The default simulation parameters
are given in Table II.

A. Impact of LEO Satellite Orbital Parameters

First, we investigate the impact of Earth rotation on the
propagation delay and satellite coverage duration, where CAVs
always choose the closest satellite for connection. As shown in
Fig. 6(a), the CAV is located at (8, y,,) = (0, 0). When Earth
rotation is ignored, the propagation delay varies regularly with
the same amplitude when different satellites on the same orbit
pass above the CAV. Since 20 satellites on one orbit can
guarantee no coverage gap between adjacent satellites in both
cases with elevation angles equal to 10° and 20°, different
values of 6y, do not affect the propagation delay. On the other
hand, when considering the Earth rotation, the experienced
propagation delay varies for different LEO satellites on the
same orbit. Specifically, the dashed line segments represent
that the CAV is not covered by any satellite on the orbit.
This means that the CAV may move beyond the coverage
area of all satellites due to Earth rotation. In addition, with
a smaller 6y, the satellite coverage duration increases. When
the CAV location is (8, yu) = (w/4, w/4), we have similar
observations, as shown in Fig. 6(b). Without Earth rotation,
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the experienced propagation delay for successive satellites on
the same orbit is the same. Otherwise, with Earth rotation, the
experienced delay changes, and the variation has a period of
one day due to the Earth rotation cycle.

Fig. 7 shows the impact of satellite orbital inclination and
connection delay requirements on LEO satellite coverage
duration. Specifically, the term “connected” means that CAVs
are covered by LEO satellites once the elevation and boresight
angle constraints are satisfied. Besides these constraints, dif-
ferent CAV services may have different delay requirements.
Here, “<5 ms” and “<3 ms” represent that satellite services
are available only when the propagation delay is less than
5 and 3 ms, respectively. Comparing Fig. 7(a) and (b), we
can see that with the same satellite constellation, the coverage
duration varies significantly for different CAV locations. For
a CAV located at (0,0), the coverage duration decreases
when the inclination angle increases with Earth rotation. For a
CAV located at (7w /4, w/4), it can get served only with some
specific inclination angles. When considering the impact of
Earth rotation, the practical LEO satellite coverage duration
is much smaller than the ideal case without considering Earth
rotation.

Fig. 8 shows the impact of the number of orbits and
satellites per orbit on the propagation delay in different
satellite constellations. Our analysis in Sections II-C and II-D
reveals that for polar orbits, seamless coverage requires
9 satellite orbits with 13 satellites on each orbit. Similarly,
for inclined orbits with « = m/4, 7 orbits with 13 satel-
lites on each orbit are necessary. As shown in Fig. 8(a),
ensuring a consistent connection to satellites with varying
propagation delay is achieved with 9 satellite orbits and
13 satellites per orbit. However, reducing the number of orbits
to 8 or the number of satellites per orbit to 12 results in
time intervals where the LEO-CAV propagation delay equals
0, indicating a loss of connectivity. Similarly, in Fig. 8(b),
when the number of orbits or satellites per orbit falls below
the required number based on our analysis (e.g., with 11
orbits or 13 satellites per orbit), seamless coverage cannot
be achieved. These observations validate our analysis on the
required number of orbits and satellites per orbit for seamless
coverage.

In Fig. 9, we present the number of satellites required on
each orbit and the maximum propagation delay performance
with different elevation angles and overlapped angles.
Specifically, the required number of satellites on each orbit to
avoid coverage gap is shown on top of each bar in the figure.
As shown in the figure, when the elevation angle constraint
O, is small, which happens when there is little or no blockage
on satellite communication links (e.g., in rural scenarios),
the maximum propagation delay is relatively large and the
required number of satellites on each orbit is small. When
O increases, which may be the result of high-rise building
blockage in city scenarios, the coverage area of each satellite
decreases, thus more satellites are required on each orbit
and the experienced propagation delay decreases. Similarly,
when the satellite coverage overlap angle [i.e., & as expressed
in (12)] increases, the required number of satellites increases
and the propagation delay decreases.
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Fig. 7.  Satellite coverage duration affected by Earth rotation. (a) CAV
location: (By, yu) = (0, 0). (b) CAV location: (By, yu) = ((m/4), (r/4)).

Next, the impact of different orbit numbers and satellite
numbers on the coverage duration in each day is shown in
Fig. 10. Specifically, a CAV is considered to be covered by
an LEO satellite only when the propagation delay is less than
3 ms. When the orbit number is small, adding a new orbit is
more effective in increasing the coverage duration than adding
a new satellite in each orbit. For example, in Fig. 10(a), when
the orbit number is 9, increasing the orbit number leads to
larger coverage duration enhancement than adding one satellite
on the same orbit. Nevertheless, when the orbit number is
relatively large, adding a new satellite in each orbit is a more
effective way to increase the coverage duration.

B. Performance of LEO Satellite-CAV Communications

We investigate the LEO satellite-CAV communication
performance in terms of service availability, outage probabil-
ity, and system throughput with different satellite constellation
parameters. Fig. 11 shows the LEO satellite-CAV service
availability with different orbit inclination angles and CAV
latitudes. As shown in Fig. 11(a), polar orbits provide better
coverage for users in high latitudes. With an increasing number
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. . . . .
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Fig. 8. Validation on the required number of orbits and satellites per orbit
(CAV location: (By, yu) = (0,0)). (a) Polar orbits « = 7/2. (b) Inclined
orbits o = /4.
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Fig. 9. Number of satellites required on each orbit and the maximum
propagation delay with different elevation angles and overlapped angles (at
orbital inclination angle of 7/2).

of orbit planes, service availability increases. Fig. 11(b) shows
that, with an orbit inclination angle of 53°, the inclined orbits
provide better coverage for users in low latitudes than the polar
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Fig. 11. LEO satellite-CAV communication service availability with different
orbit inclination angles and CAV latitudes. (a) Polar orbits (¢ = (7/2)).
(b) Inclined orbits (o = 539).

orbits. Therefore, to achieve high service availability in both
high-latitude and low-latitude areas, a combination of polar
orbits and inclined orbits should be adopted.

Fig. 12 shows the impact of the minimum required elevation
angle Oy, and required satellite communicate data rate R;; on
the service outage probability. Given 6y, the LEO satellite-
CAV service outage probability increases with R, 1, as a larger
R;,1 represents a stricter requirement on the LEO satellite-CAV
communication distance. On the other hand, given R; 1, both
LEO satellite-CAV service outage probability and the service
availability decrease when 6y, increases. When R, | is smaller
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Fig. 13. LEO satellite-CAV communication throughput with different values
of 6y, and R. (a) One inclined orbit (@ = 53°). (b) Three inclined orbits
(¢ = 53°).

than a certain threshold, the outage probability is 0; when
R, 1 is too large, the outage probability is 1. The observations
conform to our analysis in Section III-B.

Fig. 13 shows the LEO satellite-CAV throughput
performance with different values of 6y, and R. The throughput
first increases and then decreases with R, consistent with our
theoretical analysis. When R is small, the transmitted data
rate is low; when R is large, the outage probability rises;
both leading to a low throughput. With a small 6y, value,
the outage probability is high, as presented in Fig. 12. If
the value of Oy, is high, the satellite available probability
(reflected by the slope of the increasing part of the curve)
reduces. Both cases lead to a decreased throughput. Comparing
Fig. 13(a) and (b), when the orbit number increases, the
satellite available probability increases, and the impact of 6y,
on satellite available probability reduces, resulting in a higher
overall throughput. Therefore, the values of R and 6y, should
be carefully determined to maximize the overall throughput.
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Fig. 15. Impact of RSU deployment intensities (case a), numbers of satellites,
and elevation angle constraints on the overall service availability in STVN.
(a) Elevation angle constraint 63, = 30°. (b) Elevation angle constraint
O = 70°.

C. Impact of Terrestrial Network Deployment Strategies on
STVN Performance

We investigate the impact of terrestrial network deployment
strategies on STVN communication performance in the fol-
lowing simulations. The LEO satellite orbit number is 3, orbit
inclination angle is 53°, and minimum elevation angle is 30°,
unless specified otherwise.

Fig. 14 shows the terrestrial CAV network throughput with
different values of transmission rate, R, and number of CAVs,
n. As shown in Fig. 14(a)—(c), with different numbers of
CAVs served by one terrestrial RSU, the optimal transmission
rate for each CAV varies, but the overall terrestrial system
throughput remains the same. As shown in Fig. 14(d), with
more CAVs served by one RSU, the achievable throughput per
CAV decreases as expected.

Fig. 15 shows the STVN service availability with different
RSU deployment intensities, numbers of satellites, and eleva-
tion angles. With more RSUs deployed and more satellites in
each orbit, the overall service availability increases. It is worth
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Fig. 16. Average number of supported CAVs per RSU versus the required
average throughput for different numbers of RSUs covered by each LEO beam
(case a with RSU deployment intensity Aq = 5 * 1073).

noting that, with a low RSU deployment intensity and small
6m, which can be regarded as a rural scenario with limited
terrestrial infrastructure deployment and little blockage, the
service availability improvement brought by LEO satellites is
significant. On the other hand, with dense RSU deployment
and a large 6y, which can be regarded as a city scenario
in which satellite communications in low elevation angles
are blocked by high-rise buildings, the service availability
improvement brought by LEO satellites is marginal.

Fig. 16 shows the average number of supported CAVs
within each RSU coverage versus the required average
throughput for different LEO satellite beam coverage.
Different curves in the figure represent that one LEO satellite
beam covers different numbers of RSUs, and the dashed pink
curve represents the result without the LEO satellite. It is
observed that, with the LEO satellite, the average number
of supported CAVs per RSU increases. Moreover, with a
larger beam coverage, fewer CAVs can be supported within
each RSU area since the LEO satellite has limited overall
throughput.

Next, we consider a fixed LEO beam coverage of 700 km?,
where the radius of the beam is about 15 km. Within the
beam coverage, the average number of CAVs supported per
RSU for different RSU intensities versus the required average
throughput is shown in Fig. 17. With a larger intensity of RSU
deployment, which means more RSUs in an LEO satellite
beam coverage, the average number of supported CAVs per
RSU increases accordingly. With a higher required average
throughput, fewer CAVs can be supported in the STVN.

In the following, we compare the STVN performance in
different RSU deployment cases (i.e., case a—case e). For fair
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Fig. 18. Overall service availability in STVN with different RSU deployment
strategies and intensities (CAVs are always on roads, LEO satellite orbit
number: 20). (a) Road interval o = 100 m. (b) Road interval o = 1000 m.

comparison, we consider that the average number of RSUs
in the target square area s is ng and will keep the same for
different deployment strategies. Therefore, the respective RSU
deployment intensities are

nR ng -0 nR-Q

Aa:s_zv )&b:)\d: 82 , Ae =Ae = 5

N

Fig. 18 shows the overall service availability in the STVN
where all CAVs are on roads. Fig. 18(a) shows the service
availability with the distance between adjacent roads being
100 m, which can be regarded as a city scenario with high-
density roads. Fig. 18(b) shows a low-density road scenario,
with the distance between adjacent roads being 1000 m.
For all the RSU deployment cases without LEO satellites,
the service availability varies significantly for different RSU
deployment intensities. By adding LEO satellites, the service
availability can be significantly improved. Specifically, the
service availability improvement is more significant for cases
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10000

with smaller RSU intensities. From the results, 1-D RSU
deployment (i.e., Cases b—e) performs well since all RSUs are
deployed along roads to effectively serve on-road vehicles. On
the other hand, 2-D PPP deployment (i.e., Case a) achieves low
service availability especially in low-density road scenarios,
since some RSUs may not be able to serve on-road vehicles.
With increasing number of RSUs, the service availability
increases significantly, and the LEO satellite can improve the
overall service availability especially with a small number of
RSUs.

Next, we consider a more general case that CAVs are not
necessary to be always on roads. The related scenarios include
parking spots or airports without clear road layouts, or dense
urban scenarios where RSUs are only deployed along the
major roads. As shown in Fig. 19(a), when the road density is
high, 1-D on-road deployments [i.e., Cases b—e] achieve higher
service availability than 2-D deployment since most vehicles
can be served within the coverage of RSUs. However, the 1-D
deployment performs worse than the 2-D deployment in low-
density road scenarios, as shown in Fig. 19(b). This is because
RSUs with 2-D PPP deployment can better serve vehicles not
on roads, whereas RSUs with 1-D deployment can only serve
limited areas near roads.

VI. CONCLUSION AND FUTURE WORK

In this article, theoretical models of LEO satellite-CAV
communication have been developed. Considering different
LEO satellite constellation parameters and terrestrial infras-
tructure deployment strategies, the service availability, outage
probability, and throughput performance of the STVN have
been investigated. Our theoretical analysis, supported by
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numerical evaluation results, provides valuable insights into
the performance improvement benefiting from LEO satellites
with practical satellite and terrestrial network settings. This
article can also provide useful guidelines for future studies
related to LEO satellite-assisted networks. For future studies,
we plan to extend our analysis by incorporating feeder links
to explore the end-to-end LEO satellite-CAV communication
performance. In addition, we will design cooperative ser-
vice provisioning schemes for terrestrial RSUs and satellites
to optimally decide whether and when to involve satellite
communications.

APPENDIX A
PROOF OF PROPOSITION 1

The probability of a satellite orbit being feasible (i.e., the
minimum CAV-satellite distance can satisfy the maximum
allowable distance constraint) is given by

PY = Pr(dyh < dmax)

a0 =

2
V2 + r125 B drznax
2r

=Pr Q2+U22<

When o = (7/2), we have U = x,, cos w+y, sinw and Q = z,,.
Therefore, we have

U? + Q% = x2 — x2sin® o + y2 sin® o 4 2x,y, cos  sinw + 72

u "~ u
2 2 2 2
Xy~ Vu rE+Zu
2

Xy Yy Sin 2w + cos2w +

2
> r2+r125_dr2nax )
- 2r

Note that the solution to wsinx + vcosx = k is x =
2nm &+ cos~ ([k/(v/u? +v2)] + tan~!(u/v)). Letting pu =
Xuyu, V= [(2 —y2)/2], and k = ([(* + r§ — d’.0) /2r])? —
[(”12? + zﬁ) /2], we can derive the two solutions, denoted by w;
and wy, to the equation Q% + U? = ([(r? + 1% — d2,,)/2r])?
as follows:

w =—l cos™! K +tan*1<ﬁ>
T 02 + 2 v
1

o= oo () e ()

In general, for inclined orbits with o < 7/2, equation Q2 +
U? = ([(? + rg — d2,,,)/2r])? also has two solutions ; and
@>. Only when w € [ min(wi, w2), max(wy, wz)], it is possible
that satellites on the orbit can satisfy the communication
distance constraint to provide CAV services. Therefore, we
have

2
r2+r%_dr2nax)

P, =Pr Q2+U22( 5
"

cos ™! K
_ ot =] N
T 2n o 2 ’
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When there are N satellite orbits, we consider the maxi-
mum orbit separation, i.e., adjacent two orbits are separated
by m/N for polar orbits and 2m/N for inclined orbits.
Therefore, the probability of having at least one feasible
satellite orbit is

Nx|lwy—wy| _ pig
%,ﬁa_gand |w1—w2|§]¥
po_ }v’ 1fa=7and|a)1—a)2|>]2v
a w,ifa<%and|wl—w2|§yﬂ
1, if o < Z and |w] — wo| > &E.
2 N
APPENDIX B

PROOF OF PROPOSITION 3

For the first case in (36), T1 monotonically increases with
R. For the second case in (36), we have

o (= -7) )
— h? dR

dT, _
drR  d%,,

Pa,l Al
2

R
1 RIn2 25

= | -R2
Bi (o _1)

a d%]ax 2% —1
Let x = R/B; and f = (R/B)[(2R/Br)/(2R/Br _ 1)]. We
have

_ x2%
T
2" +x2*In2)(2* — 1) — x2"2¥In2
f=
B (2% —1)2
2% .
=17 1)2(2 —1-xIn2).

Since (2* =1 —xIn2) =2*In2—1In2 > 0 when x > 0, we
have 2* — 1 — xIn2 monotonically increasing with x (x > 0)
and 2*—1—xIn2 > (2*—1—x1In2),—¢ = 0. Therefore, /' > 0
and f monotonically increases with x (x > 0). Thus, f > fi—0.
By applying L’hopital’s Rule, we have

i x2* 0
im-— = —
x—02% —1 0
. x2% . (2%’ 2% +x2%In2 1
1m = l1m = _——,
x—02% — 1 x—0 (2 — 1) x—0 2%In2 In2
Thus, we have f > (1/In2) and
R
dT P, Ay RIn2 25 2
R E T o F —h
max " 281 — 1 @B —1)

Py Al 1 2
<= 5 * = 1—In2%x— ) —h°| <O.
dmax_h 2?1_1 In2

In other words, 77 in (36) monotonically decreases with R
in the second case. Therefore, the maximum throughput is
achieved when R = B log,(1 + (A1/d2,,)), which is

Ay
T, =P, 1B 10g2 1+ dz— .

max
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