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Mitigating the Impact of Blockages in Millimeter-Wave
Vehicular Networks through Vehicular Relays

Caglar Tunc, Student Member, IEEE, and Shivendra S. Panwar, Fellow, IEEE

With the high data rates and ultra-low latency it provides, millimeter-wave (mmWave) communications will be a key enabler for
future vehicular networks. However, due to high penetration losses and high mobility, mmWave links experience frequent blockages.
We present an analytical framework to evaluate the performance of vehicular relaying, where vehicles on a highway exchange data
with the network, either over direct vehicle-to-infrastructure (V2I) links with roadside units or a combination of a vehicle-to-vehicle
(V2V) sidelink and a V2I link. Both V2V and V2I line-of-sight links can be blocked by other vehicles. We establish continuous-time
Markov chain models of the blockage events that V2I links and vehicular relays experience, and use their steady-state solution to
obtain analytical expressions for the blockage probability, average blockage duration and the SINR distribution. We demonstrate
through numerical examples that relays are helpful especially when the traffic density is high since they can provide intermittent but
more frequent connection opportunities and reduce the blockage duration. We show that relays that are far from a vehicle only have
a marginal benefit since they are blocked with higher probability, compared to the closer relays. The proposed analytical framework
enables fast and accurate assessment of a given deployment scenario, which will benefit researchers exploring mmWave-enabled
vehicular networks.

Index Terms—Latency, Markov analysis, millimeter wave (mmWave) communications, relay nodes, vehicle-to-everything (V2X)

networks

I. INTRODUCTION

With the increased deployment of connected vehicles, future
vehicular networks will need to support use cases such as
cooperative maneuvering, situation/event awareness, and video
streaming, that can have high data rate (~0.1-1 Gbps) and
extremely low latency (~1-10 ms) requirements [[1]]. These use
cases aim to provide high safety, improved driving experience
and, more importantly, high levels of autonomy, with reliable
connectivity to the network. Considering the potential number
of vehicles that are connected to the network, and the amount
of traffic each of them exchanges, this requires a tremendous
amount of bandwidth and network capacity. Fifth generation
(5G) networks will be a key driver for such use cases, since the
main goal for the 5G systems is to satisfy stringent network
requirements with high reliability and availability [2]]. Employ-
ing millimeter-wave (mmWave) frequencies, 5G networks are
envisioned to enable these services and use cases with different
levels of data rate, latency and reliability requirements, such
as enhanced mobile broadband (eMBB), massive machine-type
communications (mMTC), ultra-reliable communications, and
vehicle-to-everything (V2X) communications.

Although mmWave has the potential to provide the data
rate and latency requirements for such use cases, achieving
the network requirements with high reliability and availability
is the main challenge at these frequencies. Due to high
penetration loss at higher frequencies, mmWave radiowaves
experience frequent blockages and outages, which is an even
bigger challenge to tackle in high mobility scenarios, such as
vehicular networks [3]]. Therefore, a well-considered approach
is required to design and deploy mmWave wireless networks
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in order to address the aforementioned coverage challenges.
There are several studies in the literature that consider
mmWave communications for vehicular networks, including
[4]-[12]. Most of these papers use mmWave channel models
and tools from stochastic geometry to analyze the coverage
probability, based on line-of-sight (LOS) and non-line-of-sight
(NLOS) channel models and the resulting statistical signal-to-
interference-noise-ratio (SINR) [4]]-[7]]. However, as we show
in our initial work [8], the latency performance is a greater
challenge for mmWave communications in vehicular networks.
In terms of latency, there are relatively fewer related studies in
the literature. The authors in [9]] use an LOS/NLOS channel
model, where the goal is to minimize an age of information
metric with optimal resource allocation policies. In [12], the
authors propose using backup NLOS links when LOS links
are blocked to reduce a latency violation probability. In the
literature, there are other studies that model the evolution of
LOS and NLOS through simulations [10] and measurements
[11]]. However, as discussed in [10] and [11]], the existence
and robustness of NLOS links in a vehicular network depend
on several factors, including the type/speed of the vehicles,
receiver and transmitter antenna heights, the distance between
antennas, locations and types of buildings/surroundings. More-
over, using mmWave frequencies for vehicular networks is
more likely to provide benefits in the presence of LOS paths
from the transmitter to the receiver [[13]. Measurements show
that blockages caused by large vehicles on a highway can
attenuate the received signal power by more than 20 dB [14].
From a higher-layer perspective, small-scale fluctuations in the
SINR when mmWave links are blocked cause challenges in
higher layers, such as the transport layer, which jeopardizes the
end-to-end performance [[15]]. Therefore, in order to accurately
characterize the limitations of mmWave-enabled vehicular
communications, we focus our analysis on LOS links.

In this study, we focus on a highway scenario where
communicating vehicles (CVs) exchange data over mmWave
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vehicle-to-infrastructure (V2I) links with the roadside units
(RSUs), which are deployed along one side of the highway and
connected to the network with high speed wired or wireless
backhaul. The LOS V2I links from CVs to RSUs can be
obstructed by other vehicles. Such blockages can degrade the
SINR by about 20 dB [16], [I7]. As a widely used link
model in the literature for mmWaves, we assume that LOS
link blockages result in excessive degradation in SINR, and
hence, loss of connectivity [12f, [18]]. Therefore, when all
V2I links are blocked, a CV cannot establish a direct link
to an RSU. On the other hand, if a CV can establish an LOS
vehicle-to-vehicle (V2V) link with another CV, which has a
direct V2I link to an RSU, then this V2V link can be used
as a sidelink to reach the network. V2V sidelinks in a V2X
ecosystem can provide data relaying opportunities to improve
coverage [[19]. 3GPP Release 18 discusses several vehicular
relay use cases to improve coverage and quality-of-service
of mobile users from applicability, requirement, and security
perspectives, which can be adapted to V2V sidelinks and V2V
relaying for future standardization efforts [20]]. For a more
detailed discussion on different use cases and open research
problems, such as security and inter-vendor operability, the
reader is referred to [21].

We consider one-hop and two-hop connections for the
communicating vehicles, which means that a CV either com-
municates with an RSU over a direct V2I link, or through
a vehicular relay. As discussed in [22] for wireless local
area networks (WLANSs), increasing the number of hops in
a traffic relaying network results in several challenges for
the relay nodes. A two-hop connection between a vehicle
and the infrastructure through a single vehicular relay is
shown to improve the connectivity performance of the vehicle
significantly [23]. On the other hand, further increasing the
number of hops in the relay network results in diminishing
performance improvement. For instance, considering a vehic-
ular network with sidelinks, a relay CV has to use most of its
allocated bandwidth/capacity for the relaying purposes, which
introduces additional delays to its own transmissions. For a
two-hop connection the delay can be minimized by optimizing
the scheduling decisions as in [24]; however, the complexity
of the delay control problem grows exponentially with the
number of hops due to the exponentially growing number of
connections. Moreover, the radio access network (RAN) and
RSUs have to coordinate all the relayed traffic, which grows
exponentially with the number of vehicles and the number
of hops allowed to relay the traffic. All vehicles connected
through sidelinks also need to coordinate and synchronize,
in order to allocate resources and decode messages [19].
For a high-mobility scenario that is prone to frequent link
blockages, such as the highway environment we consider,
maintaining synchronization and coordination across vehicles
becomes increasingly challenging as the number of vehicular
hops increases. Therefore, in order to keep the complexity of
traffic forwarding low, and other practicality issues, we only
consider traffic relaying through a single V2V sidelink.

In our previous work [25]], we analyzed LOS V2I links and
obtained the blockage probability and the average blockage
duration, for arbitrary vehicle classes with any given distri-
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bution for the vehicle dimensions. In this paper, we extend
our analysis in [25] such that V2V sidelinks can be used in
order to relay the traffic from a given CV. Our main goal
is to provide an analytical framework that will enable fast
and accurate analysis of a vehicular relay network, without
the need to run long and extensive simulation. We focus on
the performance evaluation in terms of three main metrics,
namely the blockage probability, average blockage duration,
and SINR distribution. To the best of our knowledge, the
framework we propose in this paper is the first to provide
analytical expressions for the blockage duration in a vehicular
relay network. Moreover, we derive the distribution of the
SINR that a CV experiences, which is computed by taking into
account the probabilities of having V2I and relay connections.
Finally, we also examine the distribution of blockage duration
obtained from the simulations and discuss how it is affected
by the CV probability and vehicle speeds. We summarize the
main findings of this paper as follows:

o Increasing the LOS range for a fixed number of RSUs to
help the CV find more relays results in only a marginal
benefit, since the blockage probability of a V2V sidelink
increases with the distance between the CV and the
candidate relay.

o As the traffic density increases, the blockage probability
goes up due to more frequent blockages; but interestingly,
the probability of finding a relay also increases, which
provide short duration connections that help reduce the
average blockage duration.

o The speeds of the vehicles affect the duration of V2V
and V2I link blockages, and hence the overall blockage
duration.

o Since the average SINR of direct V2I links are higher
than that of a connection through a relay, the SINR of a
CV decreases as V2I blockage probability increases.

o Having more CVs, which translates to more candidate
relays, on the highway reduces the duration of blockages,
and hence the blockage probability.

o Increasing the RSU density reduces the blockage prob-
ability and the average blockage duration. Moreover,
deploying taller RSUs mainly eliminates short blockages
while the remaining long blockages cause a larger average
blockage duration. These findings are consistent with our
observations in [25] for a V2I network.

The main contributions of this paper can be summarized as
follows:

o We propose a continuous-time Markov chain model of
blockages that occur in a vehicular relay network, where
a mmWave-enabled vehicle communicates with the net-
work over vehicular relays.

o The steady-state solution of the proposed model along
with that of the Markov chain model for V2I connections
is used to derive analytical expressions for the blockage
probability, average blockage duration, and the SINR
distribution.

e« We investigate the impact of several highway and
deployment-related parameters, such as the height and
density of RSUs, speed and density of vehicles, on four
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useful metrics: the blockage probability, average blockage
duration, distribution of blockage duration and SINR
distribution.

The paper is organized as follows. We present the related
work in Section In Section [lII we describe different
components of the system model, including the considered
highway scenario, channel and communication models for the
V2V sidelinks and V2I links, the blocking vehicle placement
process and V2V link blockage evolution. We analyze the
coverage performance and derive analytical expressions for
the blockage probability, the average blockage duration and
the SINR distribution in Section We validate the accuracy
of the proposed analytical model, and demonstrate how differ-
ent highway and deployment parameters affect the coverage
performance in terms of the blockage probability, average
blockage duration, SINR distribution and the distribution of
blockage duration in Section [V} In Section we discuss the
implications of our findings and conclude the paper.

II. RELATED WORK

In this section, we summarize the literature in three main
related categories. First, we present the studies on the the
coverage performance of mmWave base stations (BSs) and
RSUs, and then the ones considering mmWave V2V links.
Finally, we discuss the studies on the latency performance of
mmWave networks.

A. mmWave BS/RSU Coverage

There have been many studies analyzing the blockage of
mmWave links and the resulting coverage performance in
a vehicular network, in the context of BSs [4]-[7], [26]-
[28]] and RSUs [29]-[31]]. Blockage of the LOS links due to
large vehicles in the adjacent lane of a designated vehicle is
investigated in [4], and the performance is analyzed in terms
of coverage probability, throughput and link path gain. For
the same metrics, the authors analyze an urban street-level
setting in [26]. A similar blockage model is considered in
[S] for a highway scenario where the vehicles in adjacent
lanes block an LOS connection. A stochastic geometry-based
analysis is derived to obtain LOS coverage probability and the
distribution of coverage rate. Another paper that considers a
highway scenario is [6]], where the objective is to analyze the
connectivity and find the beam coverage probability. A Markov
chain formulation of blockages due to random blockers is
established in [[7]. In [27]], the authors propose a deep learning-
aided beam alignment mechanism to improve the performance
of the mmWave system in terms of spectral efficiency and
received signal strength. Kong et al. [29] outline the main
characteristics of mmWave vehicular systems and provide a
discussion on how to address mmWave design challenges,
including deployment, beamforming and frequent handovers.
In [30], for an urban environment, LTE and mmWave deploy-
ments are compared in terms of the average data rate and the
outage probability. In [31]], the goal is to analyze the optimal
beamwidth and the beam alignment strategy to improve the
data rate.

3

B. mmWave V2V Model and Coverage

Since V2V communication at mmWave frequencies is pro-
posed as a potential technology to improve data rates in
vehicular networks, there have been several studies that report
measurement results of mmWave V2V networks. The authors
in [[11]] conduct measurements of mmWave V2V links between
transmitter and receiver antennas, mounted on mobile vehicles.
Based on the measurements, a statistical model of the path
loss is derived. This model shows that the links blocked by
vehicles can experience an additional signal attenuation of 10-
25 dB, depending on the distance between transmitter and
receiver vehicles, and the number of vehicles blocking the
LOS path simultaneously. This outcome is not surprising,
especially considering that, even at sub-6 GHz frequencies,
which are less prone to penetration loss and blockages, LOS
and NLOS links with a single blocker show quite different path
loss characteristics [32]]. V2V link measurements at 73 GHz
reported in [[14] show that even a single blocker can result in
an additional signal attenuation of over 20 dB. These results
underscore the need to have an LOS link to ensure reliable
communication, especially in a highway scenario where there
are relatively fewer reflectors and scatterers, compared to an
urban environment.

In a vehicular network with mmWave connections between
vehicles and RSUs, using vehicular relays and V2V links to
improve the coverage has been investigated in several studies,
including [[19], [33|-[36]. The analysis in [19] demonstrates
that V2V sidelinks can be a promising technology to improve
coverage and block-error-rate (BLER) performance of a V2X
network. Optimal relay selection policies to minimize multi-
hop relaying while satisfying average SINR requirements are
investigated in [33]]. In [34], it is shown that the coverage
probability of V2I links can be improved with the help of
vehicular relays operating at mmWaves. In the presence of
blockage, the study in [35] proposes a connectivity control
mechanism for mmWave vehicular relays to enhance the
coverage of RSUs. Finally, the authors in [36] propose using a
position-based mmWave beam alignment strategy for highway
scenarios, rather than the standard beam-sweeping procedure,
to improve the throughput performance.

C. mmWave Latency Performance

All of the studies discussed above examine the coverage
performance in terms of throughput, coverage probability, or
an equivalent metric, considering LOS link blockages and/or
NLOS links. However, there are relatively fewer papers focus-
ing on the time an LOS link remains blocked, and the resulting
delay performance of mmWave communications for vehicular
networks, which, as we show in this paper, is the main
performance limitation. In [28]], for urban and rural environ-
ments, latency, average and 5th and 10th percentile through-
puts measured at the User Datagram Protocol (UDP) layer
are obtained through ns-3 simulations. In [37]], autonomous
vehicles connected to mmWave RSUs are considered and the
main goal is to optimize the system performance by jointly
considering latency and reliability. For different protocol layers
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and use types, such as eMBB, mMTC, and ultra-reliable low-
latency communication (URLLC), latency and jitter values are
investigated in [38]], which does not consider any blockages.
The authors in [9] and [39] use a so-called age of information
(Aol) metric to quantify the latency for an URLLC system,
considering a V2V setting. The goal of both papers is to avoid
large Aol metrics, which is an indicator of increased latency,
where the optimal user grouping and power allocation policies
are sought in [9]] and [39], respectively.

III. SYSTEM MODEL

In this section, we describe the modeling of vehicles on a
highway segment, and the LOS communication models of V2I
and V2V links.

A. Highway Model

We consider a highway scenario with Ny, lanes, each having
a width of Wy, three types of vehicles, namely standard
vehicle (SV), CV and blocking vehicle (BV). CVs and SVs
have similar length and height statistics (such as passenger
cars). The height of CVs and SVs is fixed and denoted by h¢,
whereas their length is exponentially distributed with mean
1/pe. Both SVs and CVs move with a constant speed of V.
On the other hand, BVs move with a constant speed of Vg,
and belong to a vehicle class which is larger and higher in
general (such as trucks/buses). We denote the fixed height
of a BV by hp, and the length of a BV is exponentially
distributed with mean 1/pp. Note that, as we show in our
previous work [25]], the analysis presented in this paper works
for more general height and length distributions, such as
Gaussian. However, for tractability of the analysis, we assume
fixed vehicle heights and exponentially distributed vehicle
lengths in this paper. Without loss of generality, we assume
throughout this paper that hg > h¢ and 1/up > 1/uc,
indicating that BVs have larger dimensions compared to CVs
and SVs on average. Moreover, unlike SVs and BVs, CVs
are equipped with antennas and communication systems that
operate in mmWave frequencies. A random vehicle in a given
lane belongs to one of the three types of vehicles, CV, SV and
BV, with probabilities pc, ps and pp, respectively. Our goal
is to analyze the coverage of CVs, whose goal is to exchange
data with the network through the RSUs that are located along
the roadside of the rightmost lane{ﬂ In order to model the traffic
intensity, we use an exponential distribution with mean E|[d]
for the distance between the rear bumper of a vehicle and
the front bumper of the following vehicle, which is also in
agreement with the model in [40]. The average inter-vehicle
distance E[d] depends on the traffic density of the considered
scenario. A large average inter-vehicle distance is an indicator
of a low traffic density, and vice versa.

B. Channel Model

In order to tackle high path loss and signal attenuation
at mmWave frequencies, beamforming is used to generate
extremely narrow and directional beams. In this paper, we

'We assume, without loss of generality, right-hand traffic in this paper.
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consider such narrow and directional beams, and ignore the
interference from other V2V/V2I links. Physical blockage of
these beams by other vehicles in a vehicular environment, such
as trucks, results in a signal attenuation by around 20 dB [14].
In a highway scenario with high-speed transmitters/receivers,
rapid signal fluctuations present additional challenges to main-
tain reliable NLOS links, such as fast beam tracking and
recovery [41]]. Moreover, reflective surfaces, such as buildings
and other structures needed to establish NLOS links may not
be present in rural highway environments [42]. Therefore, in
this paper, we focus on an on-off blockage model, where the
links that are blocked by vehicles are assumed to be in outage.
We assume both V2V and V2I LOS links experience Rayleigh
fading with mean 1/pu, i.e. h ~ exp(u), where h denotes the
small scale fading component of the link. We consider a block-
fading channel model where the channel coefficient remains
constant over a frequency-time block. We use standard power
attenuation to model the path loss of an LOS link as d—¢
[4], where d is the Euclidean distance between the transmitter
and receiver, and « is the LOS path loss exponent. Hence, the
received SINR for the LOS links is described as

Prhd=«
—_— 1
N (M)

where Pr is the transmit power and Ny is the noise power.

C. Communication Model for V2I Links

Lanes are assumed to be indexed from 1 to Ny, starting
from the rightmost (slowest) lane. Without loss of generality,
we focus our analysis on a CV that drives along the center
of lane i for ¢ = 2,..., N;. We consider the BVs in lanes
7 = 1,...,4 — 1 driving along the centers of their lanes as
the potential blockers of the LOS V2I links. In order to reach
the network, a CV, say C'V1, in lane i for i = 2, ..., N, first
attempts to establish an LOS V2I link to an RSU. If such
link exists, then C'V can use this link to exchange data with
the network, and therefore is said to be in coverage. On the
other hand, these V2I links can be blocked by BVs in lanes
7 =1,...,4— 1. In particular, if a BV intersects the LOS path
between a CV and an RSU, that particular RSU is said to be
blocked and is not reachable by the CV through a direct V2I
link. If all V2I links are blocked, in order to reach the network,
CV1 can establish a V2V link to another CV, say C'Va, which
is in coverage by at least one RSU through a V2I link. In this
case, C'V5 serves as a vehicular relay for C'V; and forwards
the traffic between the network and C'V;.

Given the channel model described in Section the re-
ceived SINR at a given Euclidean distance determines whether
a packet can be successfully received or not. For analytical
tractability of the blockage model, we assume that there exists
a fixed communication range for the CVs, denoted by R, such
that any data sent over an LOS V2V or V2I link that has a
Euclidean distance less than R can be successfully decoded
at the receiver. In other words, as illustrated in Figure m we
assume that a CV can reliably communicate with an RSU over
a V2I link or with a CV over a V2V link if the length of the
link is less than R, and not blocked by any BV. We denote the
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length of the road segment for which all RSUs have a point-
to-point link distance shorter than R to the CV by R¢, which
is the horizontal distance between the intersection points of
two dotted lines with the roadside in Figure [l We refer to
R¢ as the coverage range. We assume that the inter-RSU
distance, denoted by dpg, is chosen such that Ngp = R /dg is
an integer. Therefore, Ny denotes the number of RSUs that lie
within the LOS coverage range of the CV. Note that without
this assumption, the communicating vehicle can be in the range
of either | Nr| or [N ] RSUs. Using the proportions of time
that the vehicle is served by | Ng] and [Ng] RSUs, one can
relax the assumption that Np is an integer and generalize
the analysis presented in this paper. However, we keep this
assumption for analytical tractability.

& Communicating vehicle
IO Standard vehicle
Blocking vehicle

% Roadside unit

—— Blocked V2I link
- = = Blocked V2V link
LOS V2I link

LOS V2V link

% & 4 \ =
I i =
Fig. 1. Example network with N;, = 3, Ng = 2.

We assume that RSUs are deployed at a fixed height,
denoted by hp. We are interested in scenarios where the
maximum value of hp is limited by the highway regulations,
cost, and the availability of existing structures on which RSUs
can be deployed, and therefore blockages due to BVs cannot
be completely eliminated by increasing the RSU heights
indefinitely.

Depending on CV, BV and RSU antenna heights, lanes
1,...,2 — 1 can potentially block LOS links between a CV
in lane ¢ and RSUs, for ¢ = 2,...,N;. A BV in lane
7 =1,...,5 — 1 will block the CV if its hgi%ht is larger than
the critical height of lane j, denoted by hg’ , which is given
by:

i\j i—J
Ws” & he + (ha = he) . 2)
2
We compute the LOS coverage range of a communicating

vehicle in lane ¢ as follows:

2
RC:Q\/R2—|hR—hC|2— [(z—;) WL] NG

Note that increasing hgr results in fewer lanes potentially
blocking a communicating vehicle, but also a smaller coverage
area R¢c. We illustrate the geometry of equations and
for ¢ = 3 in Figure [2]

D. Communication Model for V2V Links

Similar to the V2I link model, two CVs can establish a V2V
link if the LOS path is not blocked by a BV, and the distance
between the CV antennas is less than R. A potential V2V link
between two CVs in lane ¢ and j for 4,5 = 1,..., N can be
blocked by one or more BVs in the lanes in between, as well
as lanes ¢ and j, as illustrated in Figure [I]

L J
RS
(-1/2)W,

Fig. 2. Illustration of equations (2), () for i = 3.

E. Model of Blocking Vehicle Placement Process

For a given probability distribution for each vehicle type
in a lane, we use a two-state continuous time Markov chain,
as proposed in [25] and illustrated in Figure 3| to model the
BV placement. This is a simplified two-state model of the
underlying vehicle type distribution that characterizes whether
a vehicle can block an LOS V2I link or not. For the scenario
we consider, since SVs and CVs have the same height, only
BVs can block the LOS V2I links. The rates of this model are
derived using the length distribution of BVs and the average
distance between two BVs, which we also refer to as the inter-
BV distance. These rates, which have a unit of 1/m, will
be combined with vehicle speeds and used to compute the
transition rates of the Markov chain formulation. According
to this model, for a CV in lane ¢, inter-BV distances and
BV lengths in lane j are exponentially distributed with means
1/)\53”) and 1/up, respectively, for j = 1,...,4 — 1. /\g”)
refers to the BV arrival rate and is computed in the following
proposition.

Proposition 1. For a CV in lane i, BV arrival rate in lane j,
for j=1,...,i—1, is given by:

soo - [ (522 Wno+ B+ ) by > 15
’ hp < b7,
4)

Proof. If hp < hg’j ), no vehicle in lane j can block the LOS
link, thus )\g’j) = 0. For the case hp > hg’j), let Dg’j) =
1/ /\g’j ) denote the average inter-BV distance. Also, let N¢
denote the number of vehicles of type CV or SV in between
two BVs. Given ‘NC, we write the average inter-BV distance,
denoted by Dgﬂ\),c, as follows:

DSA. = Ne (1/pc +Eld)) + Bld], )

since there are N¢ vehicles, each of which has a mean length
of 1/u¢, and Ne + 1 inter-vehicle distances with a mean of
E[d] each. Since each vehicle in a lane belongs to types SV,
CV and BV with probabilities pg, pc, and pp, respectively,
N¢ follows a geometric distribution with a success probability
of pp. Therefore, if we take the expectation of @) over N¢,
we have:

D47 = E[N¢) (1/uc +E[d]) + Eld] ©6)
! 2 (1uc + Efd) + Eld) ™)
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A

UB

Fig. 3. BV placement process for V2I link analysis in lane j for a CV in
lane 4, where N and B denote no-BV and BV states, respectively.

)\g/ixj)

i

Fig. 4. V2V link availability process for a reference CV in lane ¢ and a
destination CV in lane j for ¢,7 = 1,..., Nr,. L and B denote LOS and
blocked states, respectively.

which completes the proof. O

FE. Model of Vehicle-to-Vehicle Sidelink Blockages

In order to model the blockages that V2V LOS links
experience, we use a two-state continuous time Markov chain,
given in Figure 4] The given system models the state of V2V
sidelinks between a designated CV in lane 7 and potential
vehicular relays in lane j. /\g’j ) and u(m ) denote the arrival
and departure rates of V2V link blockages, respectively. For
this model, we denote the V2V sidelink blockage probability
by PUsJ), which is the probability that the V2V sidelink
between a designated CV in lane 7 and a relay CV in lane
7 is blocked, for i,7 = 1,..., Np. By using the steady-state
solution of a two-state Markov chain, we have

PUF) = 20D 1067 4w, (®)

As an example evolution of the Markov chain, consider a
scenario where a reference CV in lane % has an LOS V2V link
with another CV in lane j, which indicates that the system
is in state L. For this example, let us assume without loss
of generality that ¢ > j. When this link gets blocked by a
BV in lane j', j/ = j,...,4, the reference CV tries to find
an alternate LOS path with another CV that resides in its
LOS communication range. If it succeeds, then the system
remains in state L. However, if no such path exists, the
system transitions into state B. When an LOS V2V link is
reestablished, the system transitions back into state L and so
on. Note that this system only models the LOS state of V2V
links, which may or may not serve as a relay, depending on
whether the relay CV is in coverage by an RSU with an LOS
V2I link. The rates of this model, which have a unit of 1/s,
will be used together with the V2I blockage probabilities in
Section [[V-BJto characterize the entire vehicular relay network.

The transition rates of the V2V system in Figure |4 depends
strictly on the modeling of specific vehicle movements, such
as lane changing and vehicle passing. Therefore, we propose

6

using either a simulation environment as in [[I0], or do a
field measurement similar to the studies in [11]], [[14] with
the vehicular scenario of interest, in order to obtain the
transition rates of the V2V system. In this paper, similar to
the methodology in [10f], we run simulations for the desired
combinations of ¢ and j for a given set of parameters to
obtain the transition rates /\8” ) and u(L’J ). For this purpose,
we build and use a relatively simple simulation environment
where vehicles are allowed to pass each other in the same
lane, i.e., there is no lane switching. We also denote the fixed
width of BV by wpg, which is chosen wp > 0 in V2V link
simulations, in order to model the blockages in the same lane
and neighboring lanes. Analytically modeling the vehicular
movements and obtaining the state transition rates of V2V
LOS links is beyond the scope of this paper.

IV. COVERAGE ANALYSIS

In this section, we model the blockages of V2I and V2V
links by using two separate continuous time Markov chain
formulations, and discuss how we combine the steady-state
solutions of these two Markov chains to obtain the blockage
probability, average blockage duration, and the SINR distri-
bution of the entire system. We start with the assumption
that V2I and V2V links are blocked independently from each
other, which enables the formulation of these two systems
separately. We note here that in a real highway setting and in
our simulation environment, V2I and V2V link blockages are
correlated. For instance, a BV blocking a V2I link in lane j can
also block the V2V links to relay CVs in lanes j' = 1,..., 7,
if the BV intersects the LOS path of V2V links. However,
as we show in the numerical examples, simulations results, in
which we relax all of our assumptions and simulate the actual
highway environment, are in good agreement with the results
obtained by the proposed analytical framework.

A. Markov Chain Model of V2I Links

We denote the state space of the V2I Markov chain by S.
There are a total of 20-DNr gtates in state space S, and
each state is represented by (i — 1) Nk binary bits, where 4
is the CV lane. The bits from (n — 1)(: — 1) + 1 through
n(i — 1) represent the blockage state of lane j = 1,...,i — 1,
respectively, for the LOS link connecting the CV to the n-th
RSU, for n = 1,..., Ngr. Specifically, if a BV in lane j for
7 =1,...,4 — 1 is blocking the LOS link of n-th RSU, then
((n —1)(s — 1) 4+ j)-th bit of the state is set to 1, or to 0
otherwise. For example, state (011) is used to represent the
case where Np = 1, and BVs in lanes 1 and 2 are blocking
the LOS link, whereas lane 3 is not blocking.

1) V2I Markov Chain State Transitions

In order to obtain the state transition rates in S, we first
define the speed of the pl‘OJCCthIl of an RSU in lane j for a

CV in lane 1, denoted by V "9 for i = =2,.,Np and j =
1,...,2— 1, as follows:
) _ v, J—1/2
Ve = Ve g ©)
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Vém ) measures the relative speed of the projection of an RSU
for each potentially blocking lane. For example, for a CV
moving with a speed of V¢ in lane ¢ = 3, if we consider the
LOS link connecting the CV with a given RSU, the projection
of the RSU, which is the intersection point of the V2I link with
the center of the blocking lanes 7 = 1 and j = 2, move with
a speed of 0.2V and 0.6V, respectively.

With VI(;’] ), we obtain the following two lemmas that char-
acterize the transition rates for blocker arrivals and blockage
duration.

Lemma 1. For a CV in lane i, the LOS coverage du-
ration in lane j is exponentially distributed with rate
AGd) ‘VB V8D fori =2, Np, j =1,.,i— 1, with

)\g’j) defined as i (@)

Proof. First, consider the case Vp > V};(:’j ). For a given
RSU, the speed of the blockers relative to the projection of
the RSU in lane j is Vp — Vg’] ). Assume that the next
blocker is at a distance of [. This results in a coverage
duration of I/(Vp — V}g’j )). Since [ is distributed accord-
ing to an exponential distribution with rate )\g’j), the cov-
erage duration is also exponentially distributed with mean

- SN —1
()\g’j)(VB —VI(%“))) . A similar argument for the case
Ve < Vl(zi’j ) also holds, which completes the proof. O

Lemma 2. The duration of a blockage due to a BV in lane
7 is exponentially distributed with rate up ’VB — Vl(zi’j ) ’ for
1=2,..Np, j=1,...,i—1, where 1/up is the average BV
length.

Proof. We follow a similar argument as in the proof of
Lemma |I} Given the BV length [, the RSU projection in
lane j has to cover a distance of [ with a relative speed
of ’VB - Vlg’J )| with respect to the BV. Since I follows
an exponential distribution with rate pup, the LOS block-
age duration is also exponentially distributed with mean

N~
(MB ‘VB — Vlg’j ) D , which completes the proof. O

For i given, we define A; £ )\g’j) ‘VB ng’j)‘ and

1 2 s ‘VB —Vlg”)‘. Let s = (S1,..., 8n, ..., SNy ) denote
the current state of the system, where s,, denotes the state of
n-th RSU and has a length of ¢ — 1, for n = 1, ..., Ng. With
the transition rates defined in lemmas [T] and 2] we construct
the Markov chain using the following state transitions:

e Blockage arrivals on a lane: For any state s, for n =
1,..., Ng whose j-th bit is 0 for j = 1,...,7 — 1, the
transition rate to a lane blockage state s/, is A;, where
sn, and s), are the same except the j-th bit of s/, is 1.

e Blockage departure on a lane: For any state s, for n =
1,...,Ng whose j-th bit is 1 for j = 1,...,7 — 1, the
transition rate to a coverage state s/, is 4;, where s,, and
s/, are the same except the j-th bit of s/, is 0.

We illustrate a simple example of the Markov chain model

of V2I blockages with state transitions in Figure [5 for
Npr =1, and ¢ = 3. For this scenario, states denoted by (11),

7

(0] : o= (1)
NS

)\2 >\1

Fig. 5. Markov chain model of V2I links for Nr = 1 and a CV in lane
i=3.

(01) and (10) correspond to the cases where at least one lane
blocks the LOS link, hence, the CV is blocked. Thus, by using
the steady-state probability of the blocked state (00) and the
total transition rate out of it, we can obtain the blockage and
coverage probabilities as well as the average blockage duration
of the V2I links. We next generalize this idea for any number
of RSUs and lanes.

2) Blockage Probability of V2I Links

Let Sp and S denote the sets of states for which the
CV is blocked and in coverage, respectively. We also denote
the steady-state probability of state s by 7, Vs € S. For
a given state space and its infinitesimal generator matrix,
denoted by Q, the steady-state probability distribution vector
T = [m1,...,ms|] can be obtained by solving 7Q = 0; s/,
with the additional constraint ) __¢ 7, = 1, where |S| denotes
the cardinality of set S. After obtaining 7, we compute the
blocka§e probability of V2I links for a CV in lane 7, denoted
by P‘(fﬂ, as follows:

B \(/21 = Z Ts-
sESE

3) Average Blockage Duration of V2I Links

We denote the transition rate from state s to state s’ by
rss/. In order to compute the average blockage duration for a
given Markov model of V2I links, we first compute the total
normalized transition rate from unblocked states to blocked
states, denoted by rp, as follows:

B = E § Tss'Ts-

seESc s’€Sp

(10)

(1)

Given state s = {s1, 2, ..., SN, }, recall that state s,, for n =
1, ..., Ny is the binary number representing the blockage state
of the n-th RSU. Let |s,| denote the number of ones in the
binary number s,,, which is the number of blocking lanes for
the n-th RSU. We define N, = min{|s;|,..., |sn|} as the
minimum number of blocking lanes that the CV has to pass
across all Nr RSUs in order to regain coverage. For instance,
for the cases s = {(00),(01)} and &' = {(01),(11)}, N, =
min{0,1} = 0 and Ny = min{1, 2} = 1, respectively.

By using Little’s law [43]], we obtain the following theorem
to compute the average blockage duration of V2I links for a
CV in lane 4, which is denoted by 7.} :

Theorem 1. For a CV in lane i, for i = 2, ..., N1, the average

blockage duration of V2I links is given by
~i) _ E[N]
Tyyr = g

12)
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where B[ Ny] denotes the expected value of N over all s € Sp,

computed as
Z TNy
seESp

E[N,] = (13)
Proof. Little’s law states that for any system with a given
average job arrival rate and service time, their product gives
the average number of jobs in the system. Let us consider the
set of blocked states Sp as the system with random arrivals
and departures. The average arrival rate into the system rp is
given by (TI). Moreover, the average number of blocking lanes
for states s € Sp is E[ V] as given by . Hence, the average
time spent in the system, or the expected blockage duration
of V2I links, can be obtained directly by using Little’s law as
E[Ns]/rpB. O

Finally, we denote the average V2I coverage duration for a
CV in lane ¢ by T( . Note that the blockage probability can
also be computed as T\(/Zzz/( )+ T‘(/%I) Thus, Té) can be
obtained as:

() 7(7)

(1)
. 1- PVQI
var :

Z. (14)
Py

B. Markov Chain Model of Vehicular Relays

We denote the state space of the vehicular relays by S’.
A state in state space S’ is represented by Ny binary bits.
j-th bit of a state is set to one or zero, indicating that the
CV can or cannot be covered by a vehicular relay in lane
j, respectively, for j = 1,..., N. Note that even if there is a
V2V link between two CVs, the relay CV needs to be covered
by an RSU in order to be used as a relay. Since each bit can
take binary values, state space S’ consists of 2VE states.

1) Vehicular Relay Markov Chain State Transitions

In order to define the state transitions of the Markov chain
model of vehicular relays we use the V2V blockage arrival
and departure rates )\( ) and u(m ), as defined in Section [[I-
For a CV in lane i, we define )\’ as the blockage arrival rate
to the vehicular relays in lane j. We compute X by using the
following lemma.

Lemma 3. For a CV in lane 1, the blockage arrival rate to the

vehicular relays in lane j, denoted by X, for j = 1,..., Ny,
can be approximated as follows:
X =7 (1= PY,) + 1T (15)

Proof. By definition, )\8’] ) is the blockage arrival rate to a
V2V link between the CV in lane ¢ and a destination CV
in lane j. Since each CV in lane j is in coverage by at
least one RSU with probability 1 — P‘(,JQ) 7> and V2V and V2I
links are blocked independently from each other, the blockage
arrival rate to the vehicular relays is the blockage arrival rate
of V2V links, thinned by the coverage probability 1 — P‘(,JZ) 2
On the other hand, a relay in lane j is covered by V2I links
for an average duration of Tg ). In other words, the blockage
arrival rate to V2I links of a relay is 1/ Téj ). Since the arrivals
of blockages to relay links and V2I links are assumed to
be independent, the total blockage arrival rate is the sum

8

G T
N

Iz i

Fig. 6. Markov chain model of vehicular relays for a CV in lane ¢ = Ny, = 2.

of the corresponding individual blockage arrival rates, which
completes the proof. [

Similarly, for a CV in lane 7, we define u;- as the blockage
departure rate from the vehicular relays in lane j, which is
given by the following lemma.

Lemma 4. For a CV in lane 1, the blockage departure rate
from the vehicular relays in lane j, denoted by u;-, for 7 =
1,..., N1, can be approximated as follows:

= 6 (1 P P+ (1 PERY) PER T
(16)

Proof. We follow similar arguments as in the proof of
Lemma[3] When a CV is connected through a relay, a blockage
can depart either from the V2V sidelink if the relay is already
connected to an RSU, or from a V2I link if the V2V sidelink
is alread connected. The first case occurs with probabil-
ity P, V2V’ and the corresponding blockage departure rate

is (1= PY);) ui?). Similarly, V21 links are blocked with
probability P‘(/jg) ; and the corresponding blockage departure
rate is (1 - P‘(,EJ&) / T‘(,J2) 7» since the blockage departure rate is

equal to the reciprocal of the average blockage duration, T‘(,JQ) 2
Due to the independent blockage assumption, the average
blockage departure rate can be computed as the sum of the
two rates, weighted by their corresponding probabilities. [

With )\’ and u; defined, we have the following state
transitions:

e Blockage arrivals to vehicular relays: For any state s €
S’ whose j-th bit is 1 for j = 1,..., Np, the transition
rate to a vehicular relay blockage state s’ is \:, where s
and s’ are the same except the j-th bit of s” is 0.

e Blockage departures from vehicular relays: For any state
s € 8§ whose j-th bitis O for j = 1, ..., N, the transition
rate to a vehicular relay coverage state s’ is p}, where s
and s’ are the same except the j-th bit of s’ is 1.

An example scenario with ¢ = Ny = 2 is illustrated in
Figure [6] Blockages to the vehicular relays in lane j arrive
with a rate of )\;, whereas the departure rate of blockages for
the vehicular relays in lane j is ,u;-, for j =1,2.

2) Blockage Probability of Vehicular Relays

We denote the steady-state probability of state s by 7%, Vs €
&’. Similarly, we denote the infinitesimal generator matrix of
S’ by Q’. The steady-state probability distribution vector 7w/ =
[, es WIIS,‘] can be obtained by solving 7'Q’ = 0, s/|, with
the additional constraint ) s m = 1. The only state with
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no vehicular relay in coverage is the state with all zero bits,
which is the first state of the state space S’. Therefore, the
blockage probability of vehicular relays for a CV in lane 1,
denoted by P(l), is equal to the steady-state probability 7.

3) Average Blockage Duration of Vehicular Relays

The average blockage duration of vehicular relays is the
average time spent in the first state, which is the state where
all vehicular relays in lanes j = 1,..., N are blocked. Note
that the transition rate from this state to the state where there
is a vehicular relay in lane j is ,u;, which is the blockage
departure rate from the vehicular relays in lane j, for j =
1,..., NL. Therefore, we obtain the average blockage duration
of vehicular relays for a CV in lane i, denoted by T(z), as

follows:
-1

Zug :

since the average time spent in the blocked state is the
reciprocal of the total transition rates out of this state.

T{ = (17)

C. Overall Blockage Probability

With the blockage probability of V2I links, P{'y,, and the
blockage probability of vehicular relays, P(Z), we can compute
the overall blockage probability by using the following lemma.

Lemma 5. The overall blockage probability of a CV in lane
i, denoted by Pp, is given by

Py = PG, P9 (18)
Proof. The proof of the lemma follows directly from the
independence of the blockages of V2I links and vehicular
relays. O

D. Average Blockage Duration

Although the exact distributions of the blockage duration
of V2I links and vehicular relays do not follow exponential
distributions, we approximate each of these distributions by an
exponential distribution. In particular, the blockage duration of
V2I links and vehicular relays are assumed to be exponentially
distributed with rates 1/ T‘(,l% ;and 1 /T‘(f ), respectively. With
this assumption, we use the following lemma to approximate
the average blockage duration.

Lemma 6. The average blockage duration of a CV in lane i,
denoted by T(l), is approximated as

75 = (1, +11?) (19)
Proof. The blockage duration of V2I links and vehicular
relays are 1ndependent and exponentially distributed with rates
1/ Tvg ;and 1/T, M), respectively. Since the CV can be covered
either by V2I links or vehicular relays, the blockage duration is
the minimum of two exponential random variables with rates
1/T{), and 1/T). Therefore, the blockage duration is also
exponentially distributed with rate 1 /T‘(,g ;+1 /T‘(/z ), which
completes the proof. O

9

E. SINR Distribution Analysis

The data rate that a CV experiences depends on whether
it communicates with the network over a direct V2I link or
through a relay, and the received SINR as given in (I). When
the CV uses a direct V2I connection, it experiences a data rate
of Wlog(1l+ S), where S and W denotes the SINR of the
V2I link and the channel bandwidth, respectively. On the other
hand, if the CV uses a vehicular relay to reach the network,
the experienced data rate depends on the SINR of both V2V
and V2I links. We assume that each potential relay vehicle is
equipped with at least two radio frequency (RF) chains; hence,
during data exchange, it can simultaneously receive data from
the designated CV and transmit the data to the connected RSU.
Let Sy and S; denote the SINR of V2V sidelink and V2I link,
respectively. Then, the overall data rate is limited by the link
with smaller SINR and given by Wlog(1l 4+ min(Sy, Sy)).
We denote S £ min(Sy, S7), which we will refer to as the
effective SINR for the coverage through a vehicular relay.

For simplicity, we set the transmit power to 1 W, i.e., Pr =
1. We denote the random variable associated with the path loss
by L. Given the path loss of a link [ = d~¢, the probability
density function (pdf) of the received SINR, denoted by f(s|l),

is given by
hl
r (No N S) = el

Removing the condition on the path loss, the SINR distribution
can be obtained as

- / Foi (sl fo(l) dl = / pe = No/Lp (1) i, (21)

where f,(1) is the pdf of path loss.

The link length d and the resulting path loss [ are random
variables, whose values are determined by which relay and/or
RSU the CV is connected to. We define d,,;, and d,,qz
as the minimum and maximum link length of an LOS link,
respectively, i.e., d € [dmin, dmaz)- Recall that the maximum
LOS link length is d,,., = R for both types of connections.
On the other hand, the minimum link length can take different
values for V2V and V2I links. As illustrated in Figure @ dmin
is equal to (¢ — 1/2)W, for a V2I link. We set dyi, = Wi
for a V2V link, which is the minimum distance between a CV
and a vehicular relay in the neighboring laneﬂ

Assuming uniformly distributed link lengths between d,,;p,
and R, the pdf of the path loss can be obtained as follows:

fsip(sll) = (20)

/a1

fL<l>—{“<R-dm>a dpin <1< R,

min

. (22)
0, otherwise.

For a = 2, which is a typical value for LOS links, this
implies that for uniformly distributed link lengths, the resulting
path loss distribution f7,(I) scales with /=9, In a highway
environment, the longer a V2V/V2I link is, the higher the
probability that it is blocked, since the probability that a
BV intersects the LOS link increases with the link length.

>There can exist a vehicular relay in the CV lane which has a link length
smaller than W . However, considering realistic inter-vehicle distances and
vehicle lengths, we ignore such cases.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/0JITS.2021.3100856, IEEE Open

Journal of Intelligent Transportation Systems

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER <

Therefore, it is more probable to establish an LOS link with
a relay/RSU that is within a shorter distance. Following this
observation and (22), we model the pdf of the path loss as
fr() = Al™', where A = (aln(Rdy,))” " is a constant
satisfying

R®

/fL )dl = / Al7Ydl = 1.

min

(23)

Note that in a real vehicular environment, the distance dis-
tribution to relays, hence the path loss, can depend on the
traffic density, which is parameterized by E|[d] in our analysis.
Derivation of the SINR distribution for more general path-loss
models is left as future work.

Proposition 2. For a link with length d € [din, R] and the
path loss distribution fr,(1) = Al~1, the corresponding SINR
distribution can be written as

gt = an (1 (0,250 ) 1 (05550 ) )

where T'(.) denotes the incomplete Gamma function.

Proof. Replacing fr(1) in (21) with Al~!, we have

e
fs(s) = / peHsNo /AT ] (25)
" usNo/R e~ U
usNo/d% . u

= —Au / € duf/ ¢ du
usNo/de . u usNo/Re U

" 27)

N, N,
() e (0529)
R dmzn
where we used u = pusNy/l , and the definition of the
Gamma function (28). O

(28)

Corollary 1. The SINR distribution of the V2I links, denoted
psNo

by fs,(s), is given by
_ psNo\ (g #slo
= an (1 (0.152) -1 (0. 7= 3w ) )
(29)

Similarly, the SINR distribution of the V2V links, denoted by
fsv(8), can be written as

J(s) = Ap (T (0,220 _p (g, 2000) ) 30
fo (9) M( < R« Wi

Proof. The proof follows directly from Proposition [2| by
replacing d,,;, with (i — 1/2)W, and W, for V2I and V2V
links, respectively. O

fSI (5)

We define the following lemma to derive the cumulative
distribution function (cdf) of the SINR, which will be used in
the computation of the effective SINR distribution.

10

Lemma 7. The cdf of the SINR distribution given by ([24)) can
be written as
o N
Fs(s) =Ap (fNO (1 - e*’fﬁ”) + 5T (0, “;f)
ds . _usNo usNg
— R AT —e Fmin | —sI' (0, . (31
e (1)~ (0 52)) - o

Proof. For tractability of the derivation, we first focus on the

following integral:
0 ‘“‘NO

Changing the order of the 1ntegrals and the limits, (32) can be
written as follows:

RO oo S
e Tz dudr + e *x
wsNo [
RQ

0 0
}L;ZO e~ TR o
:/ N dx +/ se Tz tdx
0 1tNo e

_ msNg /JSNO
- 1 — e " ) r(o #0)
1Ny ( ‘ e ( R~ )

Given the pdf 24), we compute the cdf as
. Ny by
F, = Ap (T (0 -I(o, d
s = [ (1 (055 ) = (000 )
S N S N
:Au</ r(o,“” O) du—/ r(o po O) du>.
0 R~ 0 d%’nn
(34)

Plugging (33) into (34) completes the proof. O

2o dz du.

(32)

L dudx

(33)

Similar to the corresponding pdfs, we obtain the cdfs of
the SINR of V2I and V2V links by replacing d,,;, in (31)
with (i — 1/2)Wp, and Wi, respectively. In the following
lemma, we derive the distribution of the effective SINR Sg
of a connection through a vehicular relay.

Lemma 8. For a CV that is covered through a vehicular
relay, the pdf of the effective SINR, denoted by fs,(s), can
be expressed as

fSE (S) = fSI(S) (1 - FSV (S)) + va (S) (1 - FSI (S)) - (35)
Proof. We can write the pdf fs,(s) as follows:

fsg(s) = P (min(Sr, Sy) = s) (36)
:P(S] =35,Sy > S)-‘,—P(SV =s5,571> S) 37
:P(S]:S)P(SV 28)+P(SV:S)P(S]ZS)
(38)

= fSI(S) (1 - FSV(S)) + va(S) (1 - FSI(S))v
(39

where we used the assumption of independence of V2V and
V2I links, going from (37) to (38). O

Theorem 2. Considering both direct V2I coverage and cov-
erage through a relay, the SINR distribution of a CV, denoted

by fSc (S), is given by fSc (S) =

(1= P01 fsi(s)+ (1= PY) PY fsu(s) >0
Pg)7 s=0.
(40)
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Proof. The case s = 0 indicates that the CV is out of coverage,
which occurs with probability P(Z) = P‘(/Z; IP(Z) On the other
hand, the CV can be covered w1th SINR s > 0 elther over
a direct V2I link, which happens with probability 1 — I
or through a vehicular relay, with probability P‘(;Q (11— P( %
Hence, by using the law of total probability, we can write the
SINR distribution as follows:

fsc(s) =P(Sc = s) (41)
—P(s; =) (1- P},
+ P(Sp = s) (1 _ P“)) Py, (42)

o) (1- ~P) )

(43)

V2I) + fsi(8) (1

where we used the independence of V2I and V2I link states

going from @I)) to @2). O

Parameter Description Value
Vg (km/h) Speed of a BV {60,100}
Ve (km/h) Speed of a CV/SV 1.2Vp
hc (m) Height of a CV/SV 1.6
hp (m) Height of a BV 3
1/pc (m) Average length of a CV/SV 5
1/pp (m) Average length of a BV 13
hg (m) Height of an RSU {2,6}
Ng Number of RSUs in coverage range {1,2,3,4}
PB BV probability 0.5
pC CV probability [0,0.5]
Ps SV probability 0.5 — pc
Np, Number of lanes 4
% CV lane 4
W (m) Lane width 4
R (m) mmWave LOS communication range | {200,400,800}
E[d] (m) Average inter-vehicle distance {30,50,70}
o Rayleigh parameter 1
«@ Path loss exponent 2

TABLE I
NOTATION AND VALUES OF PARAMETERS FOR EXAMPLES I, IT AND III.

V. NUMERICAL RESULTS

We use MATLAB to implement a discrete-event simulator
of the considered highway scenario. First, we randomly gen-
erate vehicles according to the highway and vehicle-related
parameters; at each time step, the vehicles move with the
specified speeds and then the LOS link state is checked. If
a direct LOS V2I link is found between the CV and an RSU,
the link state is recorded as connected and the next time step
is executed. However, if all V2I links are blocked, all possible
V2V sidelinks are calculated as candidate relay connections.
If any of the candidate relays has a V2I connection to an
RSU, then the link state is connected. However, if no path
can be established through a relay to an RSU, then the link
state is recorded as blocked. At each time step, blocked
and connected intervals are checked and recorded for the
calculation of blockage and coverage duration. For each data
point illustrated in this section, we run the system for 10°
time steps, or equivalently 10° ms, where we reinitialize the

11

vehicle deployment every 10° ms. The MATLAB code for the
discrete-event simulator is publicly available on GitHub [44].

The descriptions and values of the parameters that are fixed
throughout the numerical examples are summarized in Table I}
For the given set of parameters and a CV in lane i = N, = 4,
we obtain the V2V link transition rates A\{"?) and p{”) for
7 = 1,2,3,4, and a BV width wp = 3 m. We use these
transition rates in the analytical solution.

In the first example, we validate the accuracy of our
proposed analytical framework by comparing the results with
those obtained by the discrete event simulator, for E[d] = 50
m, hg € {2,6}, pc € {0,0.5}, Vg € {60,100} km/h,
R € {400,800} m and Ng € {1,2,3,4}. For all cases the
simulation results almost always overlap with the analytical
solution in terms of the blockage probability, whereas there is
a small gap for the average blockage duration. The first reason
behind this phenomenon is that we assume blockages across
V2I and V2V links occur independently from each other. How-
ever, in a real network, and also in our simulation environment,
blockages can be correlated since a large vehicle can block
multiple V2V and/or V2I links at the same time. Moreover,
our assumption of exponentially distributed blockage duration
for the relay and V2I links can lead to some inaccuracies in the
results for the blockage duration. Nevertheless, the results are
in good agreement with the simulations, which underscores the
practicality and accuracy of the proposed analytical framework
to analyze a vehicular relay network.

We observe from Figures [/(a) and [7(c) that the vehicle
speeds do not affect the blockage probability, as expected,
while faster vehicles result in shorter blockages on average as
observed from Figures [7(b) and [7(d). The difference between
pc = 0 and poc = 0.5 cases indicates that significant
performance improvement can be achieved by utilizing V2V
sidelinks and relays. On the other hand, interestingly, given
that N is fixed, increasing the LOS range does not help
reduce the blockage probability or the average blockage du-
ration. This is due to the fact that the relays designated by a
CV are usually at a relatively short distance from the CV
as compared to the LOS range, since further away relays
are blocked by BVs with higher probability. An alternative
way to improve the performance might be to use multi-hop
relaying scheme where relays are allowed to forward the traffic
to another relay. However, for such systems, the operational
complexities and overheads discussed in Section |I| such as the
routing, scheduling, exponentially increasing traffic, etc., need
to be further analyzed. Finally, we observe that deployment
of taller RSUs eliminates short term blockage events. This
reduces the blockage probability but drives up the average
duration of the remaining blockages, which is also consistent
with our findings in [25].

In our second example, we investigate how the blockage
duration is distributed for different vehicle speeds and CV
probabilities. For this purpose, we collect blockage data from
the discrete-event simulator and plot the distributions of the
recorded blockage durations in Figure[8] for Np = 1, hg = 2,
R = 400 m and E[d] = 50 m. For fixed p¢, the blockage
durations are significantly longer for Vg = 60 km/h compared
to the case Vz = 100 km/h. The underlying reason is that the
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Fig. 7. Blockage probability and average blockage duration as functions of the available number of RSUs Ng for (a), (b) hg = 2 m and (¢), (d) hg = 6 m,
pc € {0,0.5} R € {400,800} m and Vi € {60,100} km/h. Increasing the speed of BVs from 60 km/h to 100 km/h reduces the blockage duration, while
the blockage probability remains constant. Having vehicular relays (po = 0.5) improves the performance in terms of both performance metrics, compared
to the case with only V2I links (pc = 0). Interestingly, increasing the LOS range while keeping Ni constant has marginal effect on the performance.
Deployment of taller RSUs eliminates short term blockage events and drives up the average duration of the remaining blockages.

speed of a BV relative to the speed of the RSU projections
as defined in (9) is larger for Vz = 100 km/h, hence
blockages occur more frequently but are shorter. On the other
hand, note that larger pc potentially yields a higher number
of candidate relays. For both vehicle speeds, having more
candidate relays shifts the distribution of blockage duration
to the left, indicating that relays help shorten the blockages.

08¢
061
L
[
[S)
041
i/ V=100 km/h, pc=0.25
0.2 i — V=100 km/h, po=0.5 |{
4 —--V5=60 km/h, pc=0.25
i - -V3=60 km/h, pc=0.5

0 0.5 1 1.5 2 2.5 3
5 (s)

Fig. 8. The cdf of the blockage duration for Vg € {60,100} km/h and
pc € {0.25,0.5}. Increasing the CV probability shifts the cdf to the left for
both speed values.

Increasing traffic density causes more frequent blockages,
but also provides a CV with more potential relays as link
distances get smaller. Note that smaller inter-vehicle distance
E[d] is an indicator of higher traffic density and vice versa.

In the third example, we vary E[d] to examine the effects of
traffic density on the performance. For E[d] = 30, 50 and
70 m, we vary pc from 0 (no CVs) to 0.5 (all non-blocking
vehicles are CVs) and demonstrate the blockage probability,
average blockage duration and the cdf of the normalized SINR
in Figures [9fa), P(b) and Pc), respectively. For other system
parameters, we set hg = 2 m, Np = 1, R = 200 m and
Vi = 100 km/h. We observe that as E[d] decreases, a higher
traffic density results in higher blockage probability and lower
SINR, but interestingly, lower average blockage duration for
pc > 0.1. This is because for pc large enough, having
closer relays with the increased traffic density can potentially
provide more frequent but intermittent connections, which
helps shorten the blockage duration. Although these intermit-
tent relay connections reduce the average blockage duration,
frequent blockages due to the high traffic density can also
introduce significant packet retransmission delays. For some
use cases, such as several advance driving scenarios and sen-
sory information share, data from the interrupted transmissions
can be discarded and fresh information can be transmitted
once the connection is reestablished. However, for most of the
V2X use cases, including autonomous driving/maneuvering
and vehicle platooning, the radio access network needs to
provide high reliability and manage link interruptions and
the resulting retransmissions without requiring application-
layer message retransmissions [45]. Retransmission of the
packets buffered during blockages needs to be considered
while designing the system as it can cause significant overhead
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Fig. 9. (a) Blockage probability and (b) average blockage duration as functions of CV probability pc, for E[d] € {30,50,70} m, and (c) cdf of SINR, for
pc = 0.5 and E[d] € {30,50,70} m. Although smaller E[d] indicates a higher traffic density and results in higher blockage probability and lower SINR,
average blockage duration benefits from having more for potential relays as the traffic density increases for po > 0.1. Simulation results for 9(a) and 9(b)

are not displayed for clarity; they almost overlap the analytical results.

and delay, depending on the use case and the type of data
exchanged with the network. Higher layer mechanisms can
be utilized to manage retransmissions, employing efficient
resource allocation and scheduling techniques [46]. Finally,
the change in the SINR distribution which is derived in (0)
and illustrated in Figure O[c) is due to the difference between
the SINR distributions of V2I and relay links, and the changing
blockage probability of V2I and relay links as traffic density
varies.

VI. CONCLUSION

In this paper, we investigate the limitations of mmWave
communication for vehicular networks, which is a promising
technology to enable future vehicular use cases with the
tremendous capacity it offers. We consider mmWave commu-
nications between CVs and RSUs, either over direct V2I links
or through vehicular relays, in terms of blockage probability,
average blockage duration, SINR distribution and distribution
of blockage duration. To analyze the system, we establish
Markov chain formulations of blockages that V2I links and
vehicular relays experience, and by using their steady-state
solutions, we obtain analytical expressions for the performance
metrics of interest. We first validate that the results obtained
by solving the proposed analytical model are in good agree-
ment with those obtained by simulations for a wide set of
parameters. We then examine the impact of different system
parameters on the performance. Keeping the number of RSUs
in the LOS communication range constant, we show that
increasing the LOS communication range of a CV does not
improve its coverage performance, since further away relays
are blocked with a high probability. We demonstrate that
V2V sidelinks and relays improve the system performance for
different vehicle speeds. More interestingly, for high traffic
densities, relays can reduce the average blockage duration by
providing intermittent but frequent connection opportunities to
the CV.

In future work, we will analyze a similar vehicular relay
network with NLOS paths for V2V and V2I links. Also, in
this paper, we assume extremely directional beams with very
small beamwidths. Another interesting research direction to

examine is to optimize the beamwidth in order to minimize
blockages due to highly directional beams, while maintaining
the coverage performance with the increased signal attenuation
as the beamwidth increases.
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