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Abstract: Vehicle -to-vehicle (V2V) communications are crucial for enhancing road network safety
and efficiency. With the increasing demand for bandwidth in V2V services, exploring innovative
solutions has become imperative. This study explores a comparative analysis of mmWave and WiFi
transmission technologies, with a specific focus on line-of-sight (LoS) and non-line-of-sight (NLoS)
scenarios in both 2D and 3D modeling environments. The use of stochastic geometry tools allows a
realistic modeling of the random positioning of vehicles within the V2V system framework, resulting
in accurate expressions for the successful transmission probability (STP) and average throughput
(AT) for both communication systems. To validate our analytical findings, Monte Carlo simulations
have been employed, offering a comprehensive evaluation of mmWave and WiFi performance.
Simulation results highlight that mmWave systems outperform in scenarios with short transmission
distances and low vehicle density while WiFi systems demonstrate greater efficiency for longer
transmission distances.

Keywords: V2V communication; three-dimensional system; mmWaves; successful transmission
probability; average throughput

1. Introduction

In recent years, there has been a significant pivot by automotive manufacturers to-
wards the development of autonomous and driverless vehicles, a trend that has been
catalyzed by the exponential growth in vehicular Internet of Things (IoT) applications [1].
Consequently, Vehicle-to-vehicle (V2V) communication has emerged as a focal area of re-
search, attracting considerable interest from both the academic sphere and the automotive
industry. The facilitation of communication among vehicles plays a pivotal role in aug-
menting traffic safety and efficiency, enhancing driver assistance systems, and expediting
the response to emergencies [2-8].

Within this framework, vehicles act as mobile sensors, exchanging critical safety
alerts and information to preemptively identify hazardous and irregular conditions. This
capacity enables drivers to swiftly detect and respond to potential threats on the road. Key
applications of V2V communication technology encompass a broad spectrum, including
collision warning systems, enhanced traffic signal prioritization, navigational aids for route
adjustments, alerts for obscured hazards, roadside assistance services, and coordination for
vehicle platoons [6,9-14].

Intelligent transportation systems (ITSs) integrate a diverse array of sensing technolo-
gies, including GPS, video cameras, radars, and advanced communication capabilities
like software updates and speech recognition. These systems are capable of generating
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substantial volumes of data, potentially overwhelming the current capabilities of V2V
communication infrastructures. As a result, there is a critical emphasis on achieving
minimal latency and maximal throughput in these networks. The primary technologies
underpinning V2V communications, utilizing licensed spectrum, include Cellular Vehicle-
to-Everything (C-V2X) based on the Long-Term Evolution (LTE) standards defined by the
3rd Generation Partnership Project (3GPP) LTE Release 14, and Dedicated Short-Range
Communications (DSRC), which adhere to the IEEE 802.11p standards [15]. DSRC systems
typically achieve data transmission speeds ranging from 2 to 6 Mbps, while C-V2X can
reach speeds up to 100 Mbps.

Despite their advancements, existing studies have highlighted limitations in DSRC
and 4G cellular technologies regarding their ability to deliver high-speed data transmission,
reduce latency, and facilitate extensive sharing of raw sensor data for V2V communication
on a broad scale. The advent of next-generation radio interfaces, particularly standardized
as new radio (NR) by the 3rd Generation Partnership Project (3GPP), including the use of
millimeter wave (mmWave) bands, appears as a viable solution to meet the demanding
requirements of connected vehicles. The mmWave technology, characterized by its large
bandwidth, is capable of providing high data rates, low latency, and directional connections
that enhance beam-forming gains. This is particularly advantageous in densely populated
vehicular environments where the efficient handling of data traffic is crucial.

Recent research highlights millimeter wave (mmWave) communication as a pivotal
technology for enhancing throughput in 5G networks, addressing the burgeoning re-
quirements of intelligent V2V systems. Despite its promise, the deployment of mmWave
technology faces several challenges, chiefly its propagation difficulties. The high-frequency
signals characteristic of mmWave communications suffer from limited penetration through
solid objects, leading to significant signal attenuation and reflection. This issue becomes
particularly acute over long distances and in environments with high vehicle densities.
Moreover, leveraging the beam-forming capabilities of mmWave technology requires a
precise directional alignment between transmitting and receiving devices to mitigate path
loss and ensure a stable connection, a necessity that becomes even more critical under
congested vehicular conditions.

In addressing the unique challenges posed by mmWave communication, such as lim-
ited propagation and physical obstructions, [16] outlines a novel mmWave-based strategy
tailored for sensor data sharing among vehicles. This method is designed to bolster road
safety and enrich driving experiences by nominating lead vehicles for data coordination,
thereby significantly curtailing broadcasting delays by an estimated 30%. The criteria for
selecting these lead vehicles include computational capacity and strategic positioning to
diminish communication lags.

1.1. Related Work

Vehicle-to-vehicle (V2V) communications has emerged as a critical area of research,
recognized for its capacity to significantly improve road safety and traffic flow [17-19].
The literature is replete with studies investigating various facets of this domain. A promi-
nent focus among these studies is the comprehensive examination and comparison of
mmWave versus Wi-Fi communication technologies, assessing them across a spectrum
of metrics such as signal-to-noise Ratio (SNR), bit error rate (BER), average throughput,
packet loss rate (PLT), and latency, among others.

In this vein, ref. [20] conducted an in-depth comparative study of IEEE 802.11p and
mmWave technologies within V2V contexts. Their analysis spans several critical factors,
including antenna configurations, inter-vehicle distances, frequency bands, and beam
alignment techniques. The comparison leverages key performance indicators like path loss,
line-of-sight (LoS) probability, data rate, and outage probability. The results underscore
IEEE 802.11p’s provision of stable and reliable connectivity over short to medium distances.
In contrast, mmWave technology facilitates high-throughput connections but suffers from



Electronics 2024, 13, 1344

3o0f21

greater instability due to its propagation characteristics and the stringent requirement for
precise beam alignment.

For example, ref. [21] explores the efficacy of IEEE 802.11p, LTE, and 5G technologies
within vehicular communication frameworks, specifically focusing on the exchange of
real-time road weather and observation data in both vehicle-to-vehicle (V2V) and vehicle-to-
infrastructure (V2I) contexts. Their evaluation employs metrics such as throughput, packet
loss percentage, and latency to gauge performance. The study highlights 5G’s superiority
in reducing packet loss and achieving ultra-low latency compared to IEEE 802.11p and
LTE, with LTE showing moderate effectiveness and IEEE 802.11p being suitable for limited
operational contexts due to its coverage constraints. This research points towards the
potential of enhancing vehicular communication systems for safety applications through
the integration of a heterogeneous network that amalgamates various technologies.

Additionally, addressing the blockage effect constitutes a critical dimension in V2V
communication analysis. The modeling of V2V systems often employs 1D and 2D frame-
works, with point process theory and stochastic geometry being instrumental in numerous
studies on this topic [22-26].

As an illustration, the work of [23] conducts a coverage analysis in vehicular networks,
employing a 1D homogeneous Poisson point process (PPP) to represent vehicle locations at
a specified density and a Poisson line process (PLP) for road modeling. This study elucidates
the effects of node and road densities on network coverage, tackling the complexities of
calculating interference and the distances between transmitters and receivers. Nevertheless,
it primarily concentrates on the likelihood of coverage, sidelining other vital performance
indicators and network behaviors such as transmission probability, latency, handover
processes, and interference control, which are crucial for a comprehensive evaluation of
vehicular communication systems” dependability.

Conversely, ref. [24] addresses a 2D network scenario, applying stochastic geometry
to examine vehicular networks within orthogonal road layouts, conceptualized as a 2D
Poisson bipolar network. This approach facilitates the derivation of success probabilities,
accentuating the significance of cross-road interference on network dependability. Similarly,
ref. [25] proposes an obstacle-influenced channel model tailored for V2V communications.
This model, based on empirical dual-slope path loss measurements and a two-state Markov
Chain, precisely captures the influence of dynamic obstacles on communication channels,
integrating a Poisson process to mimic vehicular traffic and the alternating conditions
between obstructed and clear line-of-sight caused by moving obstacles.

Furthermore, ref. [26] explores the influence of different urban intersection designs
on V2V communications. Employing a 2D geometric path loss model that accounts for
blockages by buildings, the study assesses communication efficacy through metrics like
packet drop and delivery rates, reception rates, and message longevity, thereby navigating
the balance between minimizing interference and optimizing V2V transmission efficiency.

However, existing research evaluating V2V communication performance often over-
looks the vehicles” altitude, leading to potential inaccuracies in the analysis of system
performance. This oversight renders 1D and 2D models less effective, particularly in
scenarios characterized by high vehicle density. Such models fall short of capturing the
complexities of real-world environments, where factors like elevation angles, vehicle di-
mensions, and height variations among transmitters, receivers, and obstacles play a critical
role. Consequently, there is a clear need for a more sophisticated and realistic 3D modeling
approach to V2V communications. To our knowledge, the literature has yet to address
the incorporation of 3D modeling in V2V communication systems comprehensively. This
gap underscores the novelty and necessity of our proposed investigation. To illustrate our
distinction from previous research, we present a comprehensive comparison of method-
ologies and tools used in related studies in Table 1, focusing on stochastic geometry-
based approaches.
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Table 1. Related work to V2V system modeling and performance analysis.
Stochastic Geometry Space Channel Performance L
Process Dimension Model Analysis Advantages Limitations Ref.
Metric
- A low performance analysis complex- - A low performance
Nakagami SIR ity. analysis accuracy due [23]
to the use of SIR metric
and 1D modeling.
1-D
- A comprehensive analysis of the signal - Complexity of mod-
fraction (SF)’s performances. eling vehicle interac-
tions in realistic vehi-
) cle network scenarios.
Rayleigh SINR - A low performance [27]
analysis accuracy due
to the use of Rayleigh
channels and 1D mod-
eling.
- Assessment of C-V2X communication - The 3D distances
. Ravleieh SINR performance with flexible mode selec- ~ are not considered. 2
P01§son el tion. - A low performance (2]
Plzgézzs analysis accuracy.
- Analyzing vehicle networks in orthog- - The 3D distances
Rayleigh SIR onal road systems. are not considered. [24]
- A low performance
2-D analysis accuracy.
- Enabling characterization of diverse - A low vehicles’ 2D
- SIR treet tries, including intersec-  distributi
Rayleigh street geometries, including intersec istribution accuracy [28]
STP tions and Tunctions. - A low performance
analysis accuracy.
. - Highlighting the buildings’ role in mit- - The 3D distances
Rayleigh SINR igating co-channel interference, improv- ~ are not considered. [26]
Rice ing V2V communication reliability at ur- - A low performance
ban intersections. analysis accuracy.
. SINR - A 3D representation of vehicular spa- - A high-complexity
3-D Nakagami Link Capacity tial position. performance analysis. [29]
- The use of an accurate stochastic geom- - A low performance
Matern ) etry process. analysis accuracy due
Hard-Core 1-D Rayleigh SINR to the use of Rayleigh [30]

Point Processes

channels and 1D mod-
eling.

1.2. Contribution

This paper is motivated by the gaps identified in the related work and aims to con-

tribute to the field of V2V communications as follows:

We introduce a sophisticated system model employing stochastic geometry. This
model uniquely positions vehicles according to the Matérn Hard Core Process and
utilizes general Nakagami-m fading channels. Notably, it incorporates vehicle alti-
tude—a parameter not considered in previous studies [23-26,31]—offering a more
comprehensive approach to modeling V2V communications.

Expanding upon our preliminary findings, we provide a detailed comparative analysis
between 3D and 2D modeling approaches, particularly emphasizing the role of vehicle
altitude. This analysis seeks to underline the significance of altitude in influencing key
performance metrics and to demonstrate the superior realism and predictive reliability
afforded by 3D modeling in V2V communication studies.

Moreover, we conduct an extensive comparison of mmWave and WiFi technologies
within the V2V communication context. By deriving and examining expressions for
metrics such as the probability of line of sight, average throughput, and successful
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transmission probability, this comparison elucidates the distinct advantages and limita-
tions of each technology. Given their respective roles in automotive applications—WiFi
with its ubiquity but limited bandwidth, and mmWave with its higher bandwidth
but reduced range—this analysis is crucial for optimizing the application of these
technologies in future vehicular communication frameworks.

1.3. Paper Organization

The remainder of this paper is organized as follows: Section 2 meticulously delineates
the system model. The formulation of the successful transmission probability and average
throughput for both line-of-sight (LoS) and non-line-of-sight (NLoS) scenarios, utilizing
WiFi and mmWave technologies, is elaborated in Section 3. Subsequent analytical perfor-
mance evaluation, employing Matlab-based Monte Carlo simulations, is comprehensively
discussed in Section 4. The paper concludes with key findings and insights in Section 5.

2. System Model

This section describes the considered V2V communication system model that has been
used to compare the performances of mmWaves and Wifi communication systems.
Usually, 1D and 2D models are used in the literature. However, these models seem to be
not realistic enough in a high-traffic environment, when different factors should be taken
into account, in order to accurately evaluate the communication performances.

To further explain this point, we present in Figure 1 2D and 3D models in the context of
V2V communications. The scenario consists of transmitter (Tx) and receiver (Rx) vehicles
communicating with each other, in the presence of a number of obstacle vehicles between
them. These vehicles are assumed to be located based on a realistic and reliable Matérn
Hard Core Process (MHCP) of Type II. The parent’s density is denoted by A,,, and the
minimum distance between each two vehicles is denoted by d

min *

2 Go s

@

Tx

o

Tx SRR o E . (((.:]

(b)

Figure 1. Illustration of a V2V communication example with (a) 3D modeling and (b) 2D modeling.

As shown in Figure 1, the impact of 2D and 3D modeling on line-of-sight (LoS)
conditions between Tx and Rx is clear. In fact, within the 2-D modeling scenario, the LoS
between Tx and Rx does not exist. However, within the 3D modeling scenario, some
conditions on vehicle heights can be identified, leading to the presence of LoS. Therefore,
the 2D modeling approach may overlook the impact of vehicle height on the propagation of
electromagnetic waves. Hence, the 3D modeling provides a more accurate representation
of the real-world environment, allowing for the inclusion of these factors.

To further explore the impact of vehicles heights on LoS conditions, different scenarios
and conditions, in the considered 3D model of this work, are described and detailed in the
next subsections.
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In this model, h, , h,_, and h, denote the heights of the transmitter, the receiver,
and the obstacle vehicles, respectively, and hy, is the obstacle vehicles” threshold height,
beyond which there is no LoS between the transmitter and the receiver. The different used
notations throughout the paper are listed and defined in Table 2.

Table 2. The used notations throughout the paper.

Notation Definition
by, The Tx’s height
b, The Rx’s height
h, The threshold height
a The distance between Tx and a given vehicle V
h, The obstacle vehicle’s height
By The maximum vehicle’s height
hoin The minimum vehicle’s height
d The 2D distance between Tx and Rx
r The 3D distance between Tx and Rx

Moreover, further details of the considered WiFi and mmWave-based systems, in the
context of 2D and 3D modeling, are presented in the following subsections.

2.1. WiFi Communications

This work focuses on examining the 802.11p WiFi communication standard. 802.11p
is a short-range communication (SRC) technology that allows data transmission at rates
ranging from 6 to 27 Mbps, covering distances of a few hundred meters. It ensures
dependable, strong communication with minimal delay. Nevertheless, the 802.11p standard
has limitations, including a low throughput during peak loads due to limited available
frequency bandwidth.

To evaluate the reliability of the WiFi transmission link, the following path-loss model
is considered.

2
r
PLyf (1) = PLyyi (1) + Z P, 10log, | (r)' g
¢=1 ‘

where P, and P, present the LoS and NLoS probabilities, respectively, B, is the path-loss
exponent, r denotes the 3D spatial distance between Tx and Rx, and PL.(r,) indicates the
path loss at the reference distance r, (usually is equal to 1 m), which is presented as follows

PL =201 % 2
WiFi (1’0) - 0810 C ’ 2)

here, fc . is the WiFi carrier frequency, and C denotes the speed of light.
Accordingly, the corresponding instantaneous received signal-to-noise ratio (SNR) can
be expressed as follows

2 PP H, A, P
GTTTETw
SNR,;, = ),

¢=1 N

/ )
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In this equation, ¢ is equal to 1 for the LoS case and is equal to 2 for the NLoS case, Bz
indicates the associated path-loss exponent, P, (P,) represents the LoS (NLoS) probabilities,
P denotes the vehicles’ transmission power,  represents the channel gain, P designates
the additive white Gaussian noise (AWGN) power, and A, stands for the coefficient of
WiFi channel attenuation, which is given by

2

C
w = <47chwm‘> , @

In this work, we assume that the signals are transmitted through Rice fading channels
in the case of LOS, while NLoS scenarios incorporate Rayleigh fading channels. Conse-
quently, the probability density function (PDF) of H1 follows a non-central Chi Square
distribution, where its closely approximate PDF expression is provided by [32]

_Kk+1 B _[IC+1]) N(IC[IC+1])” X"
Pr () # eXp( . o Xn;) M1 n!T(n+1)’ ®

here, K represents the ratio between the LoS and NLoS power components, and j.; denotes
the average of H,. For the NLoS case, H, adheres to an exponential distribution, with mean
up and a PDF P, that is expressed as follows

Py, (x) = MlzeXp (—:) (6)

2.2. Millimeter Wave Communications

mmWave communications have gained significant attention in automotive applica-
tions due to their wide frequency range extending from 10 GHz to 300 GHz. This huge
bandwidth overcomes conventional networks and enhances the capabilities of the 5th
generation (5G) systems. However, despite these advantages, mmWave communication
presents limitations due to its transmission characteristics [33] leading to substantial path
loss and resulting in limited communication range. Additionally, mmWave signals ex-
hibit poor penetration and diffraction efficiency, potentially impacting overall channel
performance. In this case, the path-loss model is given by

PLg(ap) = FSPLg(gp) +$§<ds> +]:¢(dB>' 7)

where S, . presents a random shadowing factor, 7, indicates a small-scale fading factor,

and F SPLg(dB) stands for the free space path loss, which is expressed as follows

47Tf CoumWave
FSPLC(dB) =20 IOglo f + 100&5 IOglo(T), (8)

where ¢ is equal to 1 and 2, respectively, for the LoS and NLoS cases, and a; stands for its
associated path-loss exponent. By considering that, the expression of the corresponding
SNR is given by

2 PP.AS. F.r %
SNRmquves = Z %’
(=1 N

where P, and P, stand for the probability of LoS and NLoS, respectively, and A,, =

[ﬁ]{ F is the small-scale fading power (in watts), which is supposed to conform a

mmWave

©)
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Nakagami-m fading distribution, with various parameters for LoS and NLoS cases; () and
mg, where the PDF expression is expressed by

ps (f) = {gﬂ b {fni;) eXp<—g§f), (10)

here, I'(x) indicates the Gamma function [34]. Moreover, S, is supposed to be lognor-

mally distributed with mean i, s,) and variance (len (5,)’ where its PDF expression is

represented by

—[In(s) — Hm(sé)}z

pe (5) = —— exp( )
S - 2 .
¢ s /271(71211(S§> 20111(5,;)

2.3. Derivation of the PLoS

In this subsection, we derive the PLoS expressions for 2D and 3D spaces.

In the case of a 2D space, the PLoS represents the probability of the event, when no
obstacles are presented between the Tx and the Rx. Consequently, the PLoS expression,
considering the presented system model, is given by [35]

[1—exp(=A, d..)] d), (12)

dmin

(11)

Pop = €Xp <_

where d is the 2D distance between Tx and Rx.
For the 3D modeling, we present in Table 3 the different conditions of LoS and
NLoS scenarios.

Table 3. The different conditions of LoS and NLoS scenarios.

Case Condition Scenario
1 h, <hg <h. LoS
2 Ry <hp, <hg, LoS
3 he, <h, <h, <h,, LoS
4 hy, <h, <h, <hg, LoS
5 hy, <h,, <h, NLoS
6 hy, <hg, <h, NLoS
7 he, <hy <h, <hg, NLoS
8 hy <h, <h, <hg, NLoS

As shown in Table 3, and as illustrated in Figure 2, there are four cases of LoS scenarios:

*  Cases1and 2: In these cases, and as shown in Figure 2a,b, the obstacle’s height is lower
than that of the receiver and the transmitter, i.e., h, < h, < h,  orh, <h, <h,.
Accordingly, the probability of LOS, in this case, can be defined as the probability of
the event when (h, < min(h,_h, )). The derivation of this probability expression is
detailed in Appendix A, which yields to p,, = %

e Cases 3 and 4: The conditions of these cases can be written as {min(h,_ h, ) < h, <
h, < max(h;  hg )}, whereh, presents the maximum vehicle’s height, beyond which
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there is no LoS between Tx and Rx. As shown in Figure 2¢,d, this threshold can be
expressed as follows:

By = S max (i g,) = min(iy,, Jy,)] -+ min(ie,, ), (13)

Based on that, Appendix B details the derivation of the corresponding PLoS expression,
which is given by:
- 11r
p3l4 B 60 (1’ - dmin)

Now, after considering all the LoS possible cases, and taking into consideration a
given number of vehicles between Tx and Rx, the final expression of PLoS, in a 3D
model, is expressed as follows:

, Vr>d (14)

min’

N [(pry 4 ps) (1 —exp(=Ayd, )d]"
P = Z [ 12 34 v ]

n=0 n! d:lnin
X exp (— 1= expﬂ(l_AVdmi“)]d>, with N > 1. (15)
min

Note that while our discussion focuses on LoS scenarios, our analysis inherently
includes considerations for NLoS scenarios as well. This is due to the complementary
relationship between LoS and NLoS conditions. Specifically, the NLoS probability
(PNLo0S) can be expressed as PNLoS = 1 — PLoS. Considering the presented system
model, we elaborate in the following section the corresponding performance analysis.

(d) Case 4: hpy < hy < hyp, < hpy

Figure 2. Illustration of V2V LoS communication scenarios.

3. Performance Analysis

In this section, we detail and derive the expressions of STP and AT for the considered

V2V communication system model in LoS and NLoS scenarios.
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3.1. Successful Transmission Probability (STP)

In this subsection, we derive the STP expression for both WiFi and mmWaves commu-
nication systems. The STP general expression can be written as follows [36]:

STP = Pr{SNR >= %h}/ (16)

where 7, presents the minimum required SN R value to successfully decode the transmitted
signal at the receiver.

3.1.1. WiFi Communications Scenario

The STP expressions in LoS and NLoS WiFi communications scenarios are derived as
follows:

(a) LoS Scenario:

Based on (3), the STP expression in an LoS WiFi communications scenario can be
written as follows:

LoS o = rP1
STRWp:P%SNRMH>=~m}=I%{Hlz;,g} (17)
T "W

where the transmission distance r can be expressed as follows:

r=yd&+x—1, (18)

with # = min(h, , h, ), and x = max(h,_hg, ).
By using the PDF expressions of H,, STPVL\Z; is derived as follows:

st = [ : d
iR /M P () dx
Priw
1 N n 400 n
~ R ) (W> exp (—K) 2 2P exp (— K +1] x> a dx. (19)
M=o # R i n!T(n+1)
T W

By evaluating the integration in (15), with respect to x, using (3.351.2!1) in [34], and af-

ter some simplifications, the expression of STP, ... yields to

n=0 k=0

LoS N (Kt)" no (g XK
STP = Texp (— 17 -K) 1 {n! Tt 1) A\ Kok [ [ (20)

B
2 2. 01

_ K+1 _ 'Yth/PN(d +[X_’7] )T
where T = K= A, .

(b) NLoS Scenario:

For an NLoS WiFi communications scenario, and based on (3), the STP expression can
be written as follows:

NLoS Y P Tﬁ 2
> th” N
STP, =~ = Pr{ H, A } (21)
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By using the PDF expression of H,, the expression of STP:\III_L;S can be written as follows

NLoS +oo
TP = p
STE /WhpN(dZHXf'/]Z)TZ P, (x) dx

Pray

+oo 1 X

= ) 2 B —exp | —— | dx. (22)

T PN A7) 2 [25)

Pray

By evaluating the integration in (22), with respect to x, the final expression of STP, VI:,’LI:S
is given by

2 2. P2
T Pud +x—n)7*
STP =~ =exp | — X . (23)
WiFi p PTAW]/{Z

3.1.2. mmWaves Communication Scenario
This subsection details the derivation of the STP expressions in LoS and NLoS mmWave

communications scenarios.

(a) LoS Scenario:
In this scenario, the STP expression can be written as follows:

0 A, S Fr
;imSWaws = Pr{ <7DTM7)]17> >= ’)/th } (24)
N

By employing the PDF expressions of S, and F, STPmmeS is rewritten as follows:

LoS +oo oo
= / ps, (v / x) dx dy, (25)

mquvLa

"1 P
where v; = (;DH;ATST'

By using the expression of p r, (x) and the change in variables: x = %01, and based
1

on (Equation 3.381.3 [34]), the integration in (14), with respect to x, is derived as follows

0S +00
STP' = T(m / T(my, Mo dy, (26)
Q1

mmWaves

where I'(., .) is the incomplete gamma function (Eq. 8.350.2 [34]).
Now, by substituting the PDF expression of ps, (v), the STP, .. expression becomes

2
oo n(y) ~ Hin
_ / 1 exp [ 1 (31)] r(mlz %Ul)d}/. (27)
1

P =
mmwaves 2
! L(my) /270 2in(s, )
Finally, by applying Laguerre theorem, the final expression of STP, . is given by
LoS 1 N w [ln(xn) - Vlr\(S ):| ’ ml
STPmmeres: Z . eXp xn - 2 - r<m1/ 7vl,n> 7 (28)
F(m1) 27‘(0’12n(8 ) n=1 xn ZUln(Sl) Ql
1

P .
_ 2P x; is the roots of the Laguerre polynomial of order N and w,, are

where vy, = PrA, xn”
the correspondmg we1ghts
(b) NLoOS Scenario:
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By analogy with the derivation of the STP expression in an LoS scenario, the corre-
sponding expression in an NLoS mmWaves communication scenario is given by:

2

o N In(x,) = pn(s

STP nNij: ! = Z{w” exp| x, — [ 5 ( 2)] F(mz,gzvz,n>}, (29)
T'(my) anln(sz) =1 | *u Zgln(sz) >

5, Py ro?
— Tu N0
where v, = oA,

3.2. Average Throughput

The average throughput (AT) is a measure reflecting the channel transmission per-
formance in terms of the number of correctly received bits per second [36]. It is directly
proportional to the average ergodic capacity, which indicates the number of properly
received bits per second per hertz.

3.2.1. WiFi Communications Scenario

(a) LoS Scenario:

The expression of the average throughput in an LoS WiFi communication scenario can
be written as follows:

LoS B, ..
AT, = By, E[log, (1+ SNR,,,.)| = (3 ElIn(1 4+ SNRyy,)] (30)
where B, .. is the WiFi bandwidth and AEC,,, is the average ergodic capacity, which can

be derived by using the following theorem [36]:

Theorem 1. Let R be an arbitrary positive random variable, then

E|In 1+§ - [ ﬂ exp(—x) dx, (31)
(e 5)] =

where Ly is Laplace transform, which is expressed by

LR(%) :E[exp<—RPx)], (32)

Based on that, and by using Laguerre theorem, the expression of AT‘Z; is given by

s B O [ wn B Xn
= T (3] &)

B
where R, = PTHlAW(d2 +[x — 17]2)*71. Accordingly, by using the PDF expression of H,,

Lg, (%) can be rewritten as follows:

Py
X\ _ _PTHlAW(dZ—i—[)(—ﬂ]Z)_Txn
e () ‘E{ex% Py

2 2P
N /o+ Pu, (v) exp (PTyAW Wt ) 2 ) dy (34)




Electronics 2024, 13, 1344

13 of 21

By using (3.351.3) in [34], and after some simplifications, the final expression of Lg, (g—") is given by
N

Xn \ _ N (]CT)k —k-1
Lg, (P—N) Texp(—lC)kZO{r(k+l)‘Y . (35)
where,
Py (@ + [y =) x
Y = T"W — n

T+ P, , (36)

Hence, the final expression of AT,,... is given by

LoS Bw,,;; N w, N (/CT)k k-1

AT = ;1{%[1—Texp(—mg){r(k+l)w H ot (37)

(b) NLOoS Scenario:

For an NLoS WiFi communication scenario, and based on (33), The expression of the
average throughput can be written as follows:

NLoS By N W |, Xn
A ‘1n<2>,;1{xn (5]} )

B
where R, = P.H,A, (d + [x —n]")~ 7. Accordingly, by using the PDF expression of H,

Lr (4% ) can be rewritten as follows:
2 PN

By
Xn | _ 7IPTH2Aw(d2+[X_7ﬂ2)_7xn
e, (5:) =2 [P< P,

B
oo P.yA, & +x—n") Tx
-/ pH2<y>exp( A LX) S g, 39)
N

After evaluating the integral in (39), the final expression of L R, (7’)‘—”) is given by:
N

Ly (x> _ Py , (40)
2 PN 2 2\ _Po
W PrA(d +[x —y]") " Txn + Py
}. (41)

Hence, the final expression of AT, is given by

NLs  Bw,,... w P
AT 7 = WiFi Z { n [1 _ N
1ri ﬁ
WiF. 111(2) Xn VZPTA(dZ + [X o U]Z)_szn + PN

3.2.2. mmWaves Communications Scenario

(a) LoS Scenario:
In an LoS mmWaves scenario, the average throughput expression is derived as follows:

LoS

AT, = Bu E[log, (14 SNR)) |

mmWaves
_ 1 PyA,S, Fr
- BmmWaves lrl(z)]E|:ln (1 + P—N . (42)
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By using Theorem 1 and Laguerre theorem, the expression of AT:::WWS can be rewritten
as follows:

LoS

_ BmmWaves y Wn Xn
ATmmWﬂves - 11’1(2) 2 {xn |:1 LR <PN : (43)

n=1

By using the PDF expressions of S, and F,, L R, (5~ ) is derived as follows
N

xp\ [T +oo my my ym-1 (_ {ml anTAMzr*”%])
LR (PN) —/0 ps, (z)/0 {QJ T0my) exp a +7PN dy dz. (44)

Based on (Equation 3.381.4 [34]), L R, (- ) can be expressed as:

(7)< ) s

By replacing the PDF of S, with its expression and using Laguerre theorem, Lg, (%)
N

— —m
" [ml + XnPrAyzr al] dz, (45)

foN Py

is finally expressed by:
Xn 1 {ml } "N,
IR | =5 | = —F/—— |~ — exp | x
R1<PN) 27T01211(8) M I<:Z:1 x P\
1
2
- [ln(xk) - Vln(sl)] ) {ﬂ N Xn P A, xer ]ml} )
201211(81) Ql PN
Finally, based on (43) and (46), the expression of z‘lemvmeS is given by
mq
0 B N w [%}
ATL SW = mmWaves Z {" |:1 _ 1
In(2) = | xn 271(71211(51)
2
X %, T exp [ 2 - [ln(xk) _ym(‘%)}
k=1 (% 205(s,)
o {@ n XnPr A X" H } (47)
1 Py

(b) NLOS Scenario:

For an NLoS mmWaves communication scenario, and by analogy with the derivation
of (47), the final expression of the average throughput is given by

B N [B]" a [In5k) = pins: )r
ATVS — PmWaves. Z e P St B 2 D exp |xp— ———— 2=
mmWaves ln(Z) Xn Yk 205

n=1 27T(712n<sz) k=1 In(S,)

my | Xy PrA,xer"2 "
m | aaPpdyn ] H} (48)

N

X

4. Simulation Results

This section is dedicated to presenting the different simulation results and evaluating
the performance of the proposed system model in the cases of mmwave and WiFi using the
R2020a version of MatLab tool. Without loss of generality, the used simulation parameters
are set to be: N = 150, d;y;y = 5m, A, = [le —22¢ —23¢ — 2| m -1 fc = 5 GHz,
fe = 30,50,70 GHz, Bw,,.,, = 2 MHz, B =100 MHz, P, =10 dB 73 = —100

ConmWaves WiFi

dB, Yo = 2, Ny = 2.2, Ny = 3, ﬁl =2, ﬁz = 2.8, .uln(Sl) = -2, yln(Sz) = —4, (Tln(Sl) =1,

mmWaves
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012r1(52) =20 =10 =08 m =1, m =2, =1, up =09, K = 09. They are

displayed in Table 4.

Table 4. The values of the simulation parameters.

Parameter Value
N 150
Aiin 5
Av [le — 22¢ — 23¢ — 2
fewiri 5 GHz
Seummwases 30,50,70 GHz
Buwyiri 2 MHz
BiuimWaves 100 MHz
Pr 10 [dB]
Py —100 [dB]
Yth 2
&1 2.2
%) 3
B1 2
B2 2.8
c 38
Hin(sy) -2
Hin(s,) —4
Ulzn(Sl) 1
‘712n(52) 2
oM 1
0, 0.8
mq 1
my 2
2} 1
H2 0.9
K 0.9

Figure 3 illustrates the PLoS variations versus the transmission distance between
vehicles, incorporating various vehicle density values within two modeling scenarios, e.g.,
2D and 3D. As shown in this figure, the LoS probability increases with the decreased
distance between vehicles. This is due to the fact that decreasing the transmission distance
decreases the number of vehicles between the transmitter and the receiver, and hence the
LoS probability increases. In addition, it is shown that the larger the density of obstacle
vehicles is, the lower the PLoS is, which is expected. This is because the probability of the
line of sight decreases in a high-traffic environment in both 2D and 3D modeling scenarios.

Figure 4 illustrates a comparison between the performance of WiFi and millimeter
waves in an LoS scenario, depicting the evolution of the relevant STP versus the trans-
mission distance, in a 3D modeling scenario. The results clearly demonstrate that as the
distance between vehicles increases, the STP value decreases. Notably, the STP for WiFi
remains nearly constant and does not decrease. In contrast, millimeter waves exhibit a
significant decrease in STP as the distance between vehicles increases. Moreover, for mil-
limeter waves, the STP decreases with the increase in frequency bandwidth. Thus, the main
interpretation of these results lies in the observation that millimeter waves present poor
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transmission properties over long distances compared to WiFi, resulting in inferior STP
performance for millimeter waves.

1 ‘
3-D (Theo.)
0.9 * 3D (Sim) |
— ——-2-D (Theo.)
08 > 2D (Sim) |1
0.7
\
= \ %
Eo06F
o N
B N
S 05 A
a \[\>
n
3 0.4 L
0.3+
k
0.2+
0.1+t ~p i
LS
0 1 1 1 1 1 1 1 1

10 20 30 40 50 60 70 80 90 100
Distance Tx - Rx [m]

Figure 3. LoS probability vs. transmission distance with different vehicle densities values.
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Figure 4. STP vs. transmission distance in an LoS scenario.

Figure 5 illustrates the STP variations versus the distance separating the transmitting
and receiving vehicles, providing a comparative analysis between WiFi and millimeter
waves in an NLoS scenario. The results significantly underline that the STP decreases with
the increase in the transmission distance between vehicles. Particularly, WiFi outperforms
millimeter waves by showing a slight STP decrease with increasing transmission distance,
while millimeter waves experience a significant STP decrease. Furthermore, in the case
of millimeter waves, a larger frequency band leads to a decrease in STP. Thus, the main
conclusion that emerges from these results is that millimeter waves exhibit low transmission
capacity over extended distance compared to WiFi, which is more resistant to long distances
in the context of NLoS scenarios.

Figure 6 depicts the average throughput (AT) variations versus the transmission dis-
tance between vehicles, providing a detailed comparison between WiFi and millimeter
waves in an LoS scenario. The results notably highlight that, as the distance between vehi-
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cles increases, both millimeter waves and WiFi experience a decrease in average throughput.
However, mmWaves exhibit superior AT compared to WiFi, especially with a larger fre-
quency bandwidth. Therefore, the mmWaves demonstrate notably higher throughput
than WiFi in an LoS scenario, explained by the advantage of mmWaves that use a wider
frequency band compared to WiFi. However, in an NLoS scenario, as depicted in Fig-
ure 7, the AT for WiFi bands experiences a slight decrease as the transmission distance
increases, whereas mmWaves exhibit a significant decrease with the increase in distance be-
tween vehicles. Furthermore, it can be inferred that mmWaves initially demonstrate higher
throughput, particularly with a wider frequency band, compared to WiFi. Conversely, WiFi

exhibits greater resilience to long distances.

e o 9
N o ©

o
o

Successful Transmission Probability (STP)
© o o 9o
n w B (6,

o
Y

A NLoS Scenario

X

— — — WiFi (Theo.)

*  WiFi (Sim.)
mmWave (Theo.)
X mmWave (Sim.)

N S N

10 20

Figure 5. STP vs
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3D-Transmission Distance [m]

. transmission distance in an NLoS scenario.
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Figure 6. Average throughput vs. transmission distance in an LoS scenario.
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A NLoS Scenario
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Figure 7. Average throughput vs. transmission distance in an NLoS scenario.

5. Conclusions

In conclusion, the comprehensive analysis conducted in this paper sheds light on
a comparison between the performances of WiFi and mmWaves-based V2V communi-
cation systems, using realistic stochastic geometry tools. Through rigorous examination
encompassing LoS and NLoS scenarios in both 2D and 3D modeling contexts, the corre-
sponding STP and AT expressions for both considered technologies have been derived.
Then, numerical results have been provided and analyzed to validate the derived expres-
sions and to investigate the corresponding transmission performances. The results show
that the transmission distance and the vehicles” density have significant impacts on the
overall system performances of both technologies. In fact, for a short transmission distance
and a low vehicle density, the mmWaves offers a higher transmission performance than that
of the WiFi system, However, the WiFi communication systems is more efficient for long
transmission distances. Furthermore, the findings underscore that in V2V communications,
3D modeling consistently outperforms 2D simulations, highlighting the crucial role of
vertical space in optimizing system performance.
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Appendix A. Derivation of PLoS Expression for Cases 1 & 2: p,,

In this Appendix, we derive the PLoS expression for the cases / event (1 or 2), denoted

by Piy-

As explained in Section 2.3, this probability can be expressed as follows:

P = Pr{hv < min(hn/hm)}

[T a0 sway (A1)
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where y = min(h,_, h, ) and th is the PDF of h,, which is assumed to be uniformly
distributed, between the minimum vehicle’s height, denoted by 4, , and the maximum
vehicle’s height, denoted by &, .

Accordingly, the expression of fhv is given by

fi, = (A2)

Consequently, the PDF expression of y can be derived, from the relevant cumulative
distribution function (F), as follows:

fily) = dl;(yy )

dr .
= dy _Pr{mln hp hy,) < y}}
dr .
= d—y _1 — Pr{mln(ththX) > y}:|
_ (i/ 1 Pr{h,, >y} Pr{hy, > y}]. (A3)

Now, by using the PDF expression in (A2), the expression of f, is given by

W= [1 [ w0 dx]

¥ Y

d [1 . hmax +y _thaxy‘|

B di]/ (hmax - hmin)z
_ 2(hy — y)z. (A4)
(hmax - min)

By using the expressions of f"v and f,, (A1) can be rewritten as follows:

h
max 2(h _ y) /-y 1
= ——max ol —dx | dy. A5
p1/2 ‘/h ; (h —h,, : ( hin hmax - hmin * Y ( )

min max min )

After evaluating the integrations in (A10), with respect to x and y, and after some
simplifications, the final expression of p, , is given by

1
Pip = 3 (A6)

Appendix B. Derivation of PLoS for Case 3 and 4: p,,
This Appendix details the derivation of the PLoS expression for cases 3 and 4, denoted
by p,,-

According to Section 2.3, the p, , expression can be written as follows:

he) <h, <h, <max(h he)}

Tx’

p;, = Pr{min(h

Tx’

- / f(a / hmax / £y / f,, (x) dx dy dz da (A7)

ml?l

where y = min(h,, h, ),z = max(h, hy ), f, is the PDF of 4, and f, is the PDF of z, where

Tx’""Rx
f, expression is derived as follows:
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£.2) = & [Pr{max(hy, h,) < 2}]
- di [Pr{,, <z} Pr{h, <z}]. (A8)

Now, by using the PDF expression in (A2), the expression of f, is given by

f:(z) = % [/hz fu, (x) dx /hz fu, (X) dx]

— d 22 + hfnin B 2hminy
a dZ (hmax - hmin)2
— 2(2 — hmin) . (A9)

(hmax - hmin)2
By using the expressions of f"v , f,+ f.,and f,, (A1) can be rewritten as follows:

Fz—yl+y

_ L 2ety) 7 2 —y) 1
p3,4_./ r—d A (h )2/,, ( hmin)z/ ﬁdxdydzda (A].O)

- i —h_. . (h - v max
min min in max min min \ max y min

After evaluating the integrations in (A10), with respect to x, y, z, and 4, and after some
simplifications, the final expression of p,, is given by

11r
P3s = g r—d_ (A11)
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