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Abstract— A decade back, emergency voice communication
was the only target to support the patient in an ambulance. It is
now evolved from emergency voice communication to vital signal
monitoring and operating the machines from the remote place.
This evolution requires support from technology to meet the high
data rates along with reliability for the specified applications.
The millimeter-wave (mmWave) communication support high
data rate requirements of vehicular communication. However,
in the case of mmWave, the radio signals vary fast. It poses the
implementation challenge to the mmWave system in this scenario.
The other implementations challenges of mmWave are high path
loss, severe blockage and frequent beam updates which inhibit
seamless connectivity (reliability) to vehicular nodes. However,
the reliability is always a prime concern for any vehicular
communication system. This paper addresses these challenges by
implementing a novel energy-efficient strategy based on RSUs
deployment and radio access technology (RAT). The strategy is
to deploy RSUs on either side of the road and use an optimal
combination of mmWave and microwave RAT. The essential
analysis of such a hybrid system involves the evaluation of
parameters based on the analytic model. Hence, this paper
analytically obtains the expression for seamless coverage and
connectivity. The analysis is also extended to rate and energy
efficiency calculations. The analysis is supported by probabilistic
models-based simulations that agree closely with computation
results. The results claim that the proposed model leads to
improved performance in terms of coverage and rate while
maintaining the cost and energy efficiency within the limits.

Index Terms— Vehicular network, millimeter-wave communi-
cation, microwave communication, stochastic geometry, coverage
probability, connectivity, energy efficiency.

I. INTRODUCTION

IN RECENT years, vehicular communication via road-
side-units (RSUs) (which includes vehicle-to-roadside

(V2R) and roadside-to-vehicle (R2V) communication) has
been widely used to support enhanced mobile broad-
band (eMBB) and ultra-reliable low-latency communication
(URLLC) [1]–[3]. The emergency services, including safety
application, fall under URLLC use case, seek reliability,
and low-latency communication. On the other hand, services
like multimedia communication, vital signal monitoring, and
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operating the machines from the remote place to support the
patient in an ambulance, object detection and recognition, etc.,
fall under eMBB use case demand high data-rate [4], [5]. R2V
communication uses the long-term evolution (LTE) connectiv-
ity in the Sub-6GHz band (microwave band), ensuring good
reliability (coverage) [6], [7]. However, eMBB services prove
to be challenging for the microwave network. A solution to
this high data-rate demand can be found in millimeter-wave
(mmWave) radio access technology (RAT) [8], [9]. However,
mmWave is susceptible to high path-loss hence the cover-
age is limited to a shorter distance. Also, increasing RSU
density reduces connectivity, because with the increase in
RSU density, the probability that the vehicular node remains
connected to its associated RSU for the complete duration of
a fixed time slot decreases [10]. Further, the connectivity also
depends on the main lobe beam-width of an antenna at RSU.
It is concluded from the discussion that there are considerable
challenges with mmWave R2V communication.

Considering these challenges of mmWave communication,
a feasible solution is to integrate it with microwave com-
munication. This paper proposes a hybrid of mmWave and
microwave networks. The aim of this study is to offer a method
to achieve high data-rate (to support specified applications)
along with reliability while maintaining the cost and energy
efficiency within the limits.

A. Related Work

The integration of mmWave and microwave communica-
tions requires a detailed analysis of both technologies in the
vehicular communication environment. A large number of
papers are available in the literature that offers detailed studies
of both technologies. The analysis of V2R/R2V communi-
cation involving microwave connectivity is presented in [6],
[7], [11]–[13], while a similar analysis involving mmWave
connectivity is performed in [10], [14]–[19]. The different
methodologies are presented in [14], [15] to optimize resource
utilization in R2V communication. For instance, the placement
of RSUs in highways with multiple lanes are optimized in [14].
The algorithm for complexity reduction is presented in [15].
The performance of the downlink R2V networks in terms of
coverage, rate, and energy efficiency has been investigated in
[6], [10], [16]–[19]. The article [6] considered the dynamic
resource allocation for minimizing power consumption. The
performance improvement in terms of energy efficiency and
delay has been offered in [16] using the femto access points.
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The coverage performance for the mmWave network has been
investigated in [17]. In [18], the authors have developed an
analytical framework to obtain the throughput under coop-
erative communication. The issues of high data rate in the
microwave networks are addressed in [10], [19] by employing
the mmWave network. However, these works pose a significant
challenge in ensuring the reliability of the vehicular system,
especially in non line-of-sight (NLoS) scenario.

In [20], the authors emphasized on the content-sharing prob-
lem in cellular D2D networks. While, in [21], the authors pro-
posed an algorithm to address the dependable content-sharing
issue in Device-to-Device (D2D) cooperative vehicular net-
works, by employing big-data based vehicle trajectory pre-
diction along with coalition formation game based resource
allocation. Some existing works revealed that RSUs can also
be used as fog nodes [22], [23]. They can perform data compu-
tations and afford data storage facilities. In [24], the authors
analyzed the coverage and rate performance of a downlink
cellular vehicle-to-everything communication network. While
some authors have focused on eMBB and URRLC scenarios
in 5G to improve the data transmission rate and reliability
in the vehicular network [25]–[27]. In particular, the authors
in [25] evaluated the performance of the downlink R2V
networks in terms of reliability and latency for 5G autonomous
vehicular networks. Whereas, the authors in [26] proposed a
resource allocation scheme to enhance the video quality of
eMBB services in vehicular networks. The joint scheduling
of eMBB and URLLC traffic in the vehicular network is
considered in [27]. Recently, the authors in [28] considered
the radio resource allocation problem in the downlink of an
R2V networks for URLLC vehicular networks.

It is evident from the literature that the work is progressed
in the direction of a trade-off between coverage and rate.
However, it is possible to achieve both the coverage and
rate if the algorithm is defined to interface mmWave and
microwave communication in a hybrid manner. This paper
addresses this research gap exploiting advantages for both
the technologies. The research on cellular networks operating
in hybrid mmWave and microwave communication has been
pretty widespread (e.g., [29]–[33]). However, there is a very
limited work which considers the vehicular network involving
both mmWave and microwave networks (e.g., [34], [35]).
In [34], Hu et al. proposed a cluster-based algorithm for
vehicular communication which involves hybrid of mmWave
and microwave. In this algorithm, vehicles are divided into
clusters, and each cluster has a cluster head (CH), primary
nodes (vehicles in LOS with CH) and secondary nodes (all
other vehicles). The RSUs communicate with vehicles using
the microwave link, while vehicles communicate with each
other using the mmWave link. The work is not efficient
from the stability point of view. Hence, in [35], Zhang et al.
extended the same work by introducing the cluster-based
broadcast scheduling scheme to maintain the stability of
CH. However, these works [34], [35] suffer from several
problems, from both CH and secondary nodes perspective.
From the CH perspective, it can suffer from heavy load while
serving many primary nodes. Moreover, CH cannot enjoy a
high data rate since it relies on the microwave band for its

Fig. 1. Hybrid vehicular network scenario.

operation. From the secondary node perspective, there may
exist NLoS path; consequently, there is a high probability that
the mmWave interface will not work. This paper proposes a
hybrid of mmWave and microwave vehicular network in R2V
communication environment (see Fig. 1).

B. Contributions and Outcomes

The scope of the paper is to combine the merits of mmWave
and microwave communication to improve the performance of
vehicular network in R2V communication environment. The
aim is to achieve high rate (to support multimedia applications)
along with reliability while maintaining the cost and energy
efficiency within the limits. The key contributions of this paper
can be listed as follows:

• Unlike the existing work on the vehicular network, which
considered either the mmWave vehicular network1 or
the microwave vehicular network,2 we modeled/proposed
a hybrid vehicular network, where both the mmWave
and microwave RSUs are used in a hybrid manner. The
number of microwave RSUs deployed in the proposed
network is decided based on the maximum coverage prob-
ability corresponding to the microwave network. We used
the stochastic-geometry to evaluate the performance of
the proposed network. In addition, we introduce an asso-
ciation strategy for the proposed networks, that ensures a
high rate along with a good coverage probability for the
vehicular node.

• The expressions of coverage probability and connec-
tivity are obtained for the proposed network. Further,
the proposed network is compared with the mmWave
vehicular network. It is shown that the proposed network
outperforms the mmWave vehicular network in terms
of coverage probability and connectivity. The numerical
outcomes are validated with Monte Carlo simulations.

• The analysis is extended to average rate and energy
efficiency calculations for the proposed network and
compared with the mmWave vehicular network. It is
shown that the proposed network improves the average
rate and energy efficiency in comparison to the mmWave
vehicular network.

• The impact of various parameters on network perfor-
mance has been analyzed to draw some useful insights

1In mmWave vehicular network, only mmWave RSUs are used.
2In microwave vehicular network, only microwave RSUs are used.
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TABLE I

SUMMARY OF NOTATIONS

into network design. It has been shown that the hybrid
network requires lesser number of RSUs in comparison
to mmWave RSUs. Further, it is shown that difference
in connectivity probability between hybrid and mmWave
networks is significant at a lower density of mmWave
RSUs. However, at a higher density of mmWave RSUs,
the microwave RSUs in the hybrid network acts as a
backup link to mmWave RSUs.

The summary of notations listed in Table I are used throughout
the paper.

II. SYSTEM MODEL

A. Network Model

We modeled a downlink R2V vehicular network consisting
of vehicular nodes and RSUs, which are deployed over a road
of length L and width 2W , as shown in Fig. 2. We assumed
that the total road width is divided into 4 parts, resulting in

Fig. 2. Illustration of proposed network model.

a 4 parallel lanes, each having a width of w = W/2. The
innermost lanes (i.e., Lane 1 and Lane 2) of the road are used
by small and fast-moving vehicles, while the outermost lanes
of the road are reserved for large and slow-moving vehicles,
which acts as an obstacle for the vehicles in the innermost lane
of the road. We have designated this lane as an obstacle lane.
Note that the analysis is carried out for the reference vehicular
nodes3 lie in the innermost lane. Moreover, we assume that
the reference vehicular node is located at the center of the
road.

The modeled network uses both the mmWave and
microwave RSUs in hybrid manner, where the mmWave RSUs
are distributed according to a poison point process (PPP) ξm

with density λm on one side of the road, while the microwave
RSUs are distributed according to another independent poison
point process (PPP) ξμ with density λμ on the other side
of the road. We assume that obstacles of fixed height HO ,
are randomly placed in the obstacle lane. If the straight line
between the RSU and the reference vehicular node does not
cross any obstacles, then the transmission occurs in LoS
propagation conditions; otherwise, the transmission occurs in
NLoS propagation conditions.

B. Channel Model

The transmission of a signal via the wireless channel is
modeled by small-scale fading and path-loss attenuation. Here,
we consider a Rayleigh fading4 and standard power-law path
loss model [37]. We consider two states of a link between
the reference vehicular node and the serving RSU i.e., either
LoS or NLoS, and correspondingly defines the path loss
functions. The path loss function corresponds to the state
of link S separated by a distance r is defined as [38]:

P L Q,S(r) = c0(r2 + H 2
U )

− αQ,S
2 , where, c0 = ( λR

4π )
2 denotes

the path loss at 1 m distance. HU denotes the height of RSU.
Here, the notation R in the subscript distinguish the type of
RAT i.e., either mmWave (m) RAT or microwave (μ) RAT
used by RSU, while αQ,S denotes the path-loss exponents
corresponds to state of link S and RAT Q. The state of a
link depends on several factors i.e., the distance between the
reference vehicular node and serving RSU (r ), the height
of obstacles (HO), the height of RSU (HU ), and type of

3reference vehicular node is the one for which the complete analysis is
carried out.

4It can be seen from the existing literature ( [10], [36]) that considering a
general fading model (i.e., Nakagami-m fading) does not provide any addi-
tional useful insights in comparison to Rayleigh fading, while it complicates
the analysis considerably. Hence, in this work we consider Rayleigh fading,
and leave extensions to more general fading models as future work.
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RAT (Q) used by RSU. These links can be characterized by
its probabilistic behavior. We consider a distance-dependent
probability function for microwave RAT. A commonly used
distance-dependent LoS/NLoS propagation model is the 3GPP
LoS/NLoS model [39], which is characterized by its LoS
probability function Pμ,L(r) = min( 18

r , 1)(1 − e− r
36 )+ e− r

36 .
In contrast, for mmWave, we consider a practical probabilis-

tic model, that considers the link distance, the RSU height,
and blockage density [38]. We denote the blockage density
that defines the number of obstacles in the one-meter distance
by λO . The probability of LoS link for mmWave is given by
Pm,L(r,�) = e−λO�r , where the parameter � = min( hO

HU
, 1).

The actual path loss for mmWave RSU (denoted by L(r))
and microwave RSU (denoted by L̂(r)) that consider the
impact of LoS and NLoS model is given as:
L(r)= Lm,L(r)Pm,L(r,�)+Lm,N L (r)(1−Pm,L(r,�)) (1)

L̂(r) = Lμ,L(r)Pμ,L(r)+ Lμ,N L (r)(1 − Pμ,L(r)) (2)

C. SINR Calculation

The channel fading gain between the reference vehicular
node and mmWave RSU or microwave RSU is considered
to be Rayleigh distributed with unit mean, thereby the cor-
responding channel power gain is exponentially distributed
(i.e., ∼ exp(1)). Both the mmWave and microwave RSUs
are assumed to transmit at a fixed power of Pt . The noise
power corresponds to mmWave RSU and microwave RSU
are denoted by σ 2

m and σ 2
μ, respectively. The SINR ϒm of a

reference vehicular node associated with mmWave RSU, at a
distance r meter is given by

ϒm = Pt g1GS L1(r)

σ 2
m + Im

, Im =
∑
j∈ξm

Pt g j GI L j (r), (3)

where, g1, and g j denote the channel fading power from
the reference vehicular node to serving mmWave RSU, and
interfering mmWave RSUs, respectively. While L1(r), and
L j (r) denote their corresponding path loss functions that can
be obtained from (1). Note that GS and GI denote the gain
of the main lobe, and the gain of interfering link, respectively
for mmWave network. The SINR ϒμ of a reference vehicular
node associated with microwave RSU, at a distance r̂ meter
is given by

ϒμ = Pt ĝ1 L̂1(r̂)

σ 2
μ + Iμ

, Iμ =
∑
j∈ξμ

Pt ĝ j L̂ j (r̂), (4)

where, ĝ1, and ĝ j denote the channel fading power from
the reference vehicular node to serving microwave RSU, and
interfering microwave RSUs, respectively. While L̂1(r), and
L̂ j (r) denote their corresponding path loss functions that can
be obtained from (1).

D. Modeling of Beamforming

The actual beamforming model for mmWave RSU is
approximated by a sectored antenna model, which considers
the main lobe beam-width (ψM ), main lobe gain (GS), and the
side lobe gain (gS) of an antenna pattern. The effective antenna

gain pattern of a serving mmWave RSU towards reference
vehicular node is formulated as a function of angle ψ from
the boresight direction, which is given as

G B(ψ) =
{

GS, if |ψ| ≤ ψM
2 .

gS, otherwise.
(5)

Moreover, the interfering links forms beam towards other
vehicles which are modeled as a uniformly random variable in
[−π, π]. Therefore, the effective antenna gain of an interfering
link (GI ) is GS with a probability of PS = ψM

2π , and is gS with
a probability of pS = 1 − ψM

2π .

III. RSU DEPLOYMENT STRATEGY AND

COVERAGE ANALYSIS

In this section, we formulate the strategy for deploying
the mmWave and microwave RSUs along the road for the
hybrid vehicular network, and obtain the coverage probability
expression. We first deploy the microwave RSUs along one
side of the road. The number of microwave RSUs deployed
in a hybrid network is based on the optimal RSUs density
of microwave vehicular network. The optimal RSUs density
is corresponding to the RSUs density for which the coverage
probability of microwave network is maximum. At optimal
RSU density, signal power dominates the interference power.
However, with further increase in density, interference power
starts dominating the signal power. Further, we deploy the
mmWave RSUs on another side of the road. The performance
of the hybrid vehicular network is analyzed under the optimal
density of microwave RSUs.

We assume that the vehicular node would associate either to
the nearest mmWave RAT or to the nearest microwave RAT.
The probability density function (pdf) of the distance from
reference vehicular node to the nearest mmWave RSU is given
by [10] i.e.,

fM (r) = 2λmr

b(r)
e−2λmb(r), (6)

while the pdf of the distance from reference vehicular node to
the nearest microwave RSU is given by [10] i.e.,

fμ(r̂) = 2λμr̂

b(r̂)
e−2λμb(r̂), (7)

where b(i) = √
i2 − W 2, i ∈ {r, r̂}. First, we obtain the cover-

age probability expressions for microwave vehicular networks.
Lemma 1: The average coverage probability expression for

a reference vehicular node served by microwave RSU, and at
a distance of r̂ meter from the associated microwave RSU is
given by

Pcov,μ=
∫ ∞

W

[
exp

{−ϒT σμ
2

Pt L̂1(r̂)

}
exp{−2λμF(r̂ , ϒT )}

]
× fμ(r̂)dr̂ .

(8)

where, F(r̂ , ϒT ) = ∫ ∞
r̂

ϒT L̂ j (x)

L̂1(r̂)+ϒT L̂ j (x)
dx, and fμ(r̂)dr̂ is

given by (7).
Proof: See Appendix A for the proof.

It is important to note that the coverage due to microwave
RSUs peaks at a certain value of λμ. We are interested in
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finding such a value (λμ,opt ), which can be easily obtained by
setting the partial derivative of C Pμ about λμ to zero, i.e.,

λμ,opt = arg
λμ

{∂C Pμ(λμ,ϒT )

∂λμ
= 0

}
(9)

The coverage probability corresponds to optimal value of
microwave RSUs density λμ,opt can be expressed as

Pcov,μ,opt =
∫ ∞

W
exp

{
− ϒT σμ

2

Pt L̂1(r̂)

}
exp{−2λμ,opt F(r̂ , ϒT )}

× f ∗
μ(r̂)dr̂ (10)

where, f ∗
μ(r̂) = 2λμ,opt r̂

b(r)
exp{−2λμ,opt b(r̂)}. (11)

Next, we obtain the coverage probability expressions for the
mmWave vehicular networks.

Lemma 2: The average coverage probability expression for
a reference vehicular node served by mmWave RSUs, and at a
distance of r meter from the associated mmWave RSU is given
by

Pcov,m =
∫ ∞

W

(
exp

{ −ϒT σm
2

Pt GM L1(r)

}
exp{−2λm G(r, ϒT )}

)
× fM (r)dr. (12)

where G(r, ϒT ) = ∫ ∞
r

ϒT G I L j (x)
G M L1(r)+ϒT G I L j (x)

dx, and fM (r) is
given by (6).

Proof: See Appendix B for the proof.

A. Coverage Probability of Hybrid Vehicular Network

A hybrid vehicular network considers both the mmWave
and microwave RSUs, where reference vehicular node would
connect to either nearest mmWave RSU or nearest microwave
RSU based on predefined SINR threshold. If received SINR of
mmWave RSU is greater than the predefined SINR threshold,
the reference vehicular node would connect to mmWave
RSU. Otherwise, it would connect to microwave RSU. Now,
we obtain the coverage probability of the hybrid vehicular
network which involves the calculation of coverage probability
provide by both the mmWave RSU and microwave RSU.

Theorem 1: The average coverage probability provided by
mmWave RSUs in hybrid mmWave and microwave vehicular
network scenario is given by

Pcov,m,PS =
∫ ∞

W
exp

{−max(ϒT , ϒth)σm
2

Pt GM L1(r)

}
×exp{−2λm H (r, ϒT , ϒth)} fM (r)dr, (13)

where, H (r, ϒT , ϒth) = ∫ ∞
r

max(ϒT ,ϒth )G I L j (x)
G M L1(r)+max(ϒT ,ϒth )G I L j (x)

dx,
and fM (r) is given by (6).

Proof: See Appendix C for the proof.
Theorem 2: The average coverage probability provided by

microwave RSUs in hybrid vehicular network is given by (14),
as shown at the bottom of the next page, where F(r̂ , ϒT ) and
G(r, ϒth) are defined in Lemma 1 and Lemma 2, respectively,
while fM (r) and f ∗

μ(r̂) are given by (7) and (11), respectively.
Proof: See Appendix D for the proof.

The effective coverage probability of hybrid vehicular net-
work can be obtained by adding (13) and (14).

Fig. 3. Illustration of an half section of considered vehicular network. Where,
D(r) defines the maximum distance that the vehicular node can cover before
leaving the communication range of its serving RSU. At the beginning of TS ,
the serving RSU is connected and aligned towards reference vehicular node.

IV. CONNECTIVITY ANALYSIS

We assume that the beam direction of RSU is updated only
at the beginning of the time slot (TS).5 Initially, the RSU points
its main lobe beam towards the reference vehicular node at
the beginning of every TS , as illustrated in Fig. 3. Let the
reference vehicular node is connected to a particular RSU (let’s
say R∗) at the beginning of time slot with probability Pcov .
Connectivity probability defines the probability with which the
vehicular node remains connected to its associated RSU R∗
for the complete duration of considered time slot [10], and is
given by

Pconn = Pcov PRC , (15)

where, PRC models the conditional probability with which
the vehicular node remains connected to its associated RSU
R∗ for the complete duration of considered slot given than it
is connected to RSU R∗ at the beginning. The PRC of the
reference vehicular node moving with a speed of V km/h can
be expressed as a function of r and main-lobe beam width of
RSU (ψM ) as

PRC
(a)= P[TI > TS] (b)= P[V TS < D(r)]
(c)= P

[
r >

V TS

sin(ψM/2)

(
W

r
sin(η)+

√
1 −

(W

r

)2

×cos(η)

)]
. (16)

The step (a) expressed the PRC in terms of TS and TL , where
TL defines the maximum duration over which the vehicular
node can remains connected to its serving RSU. PRC is
the probability that TL is greater than TS . The conditional
probability, PRC can also be expressed in terms of distance
covered by vehicular node, as in step (b). It is the probability
with which the vehicular node does not cover a distance greater
than D(r) within the slot, where D(r) defines the maximum
distance that the vehicular node can cover before leaving the
communication range of its serving RSU. The expression in
step (c) is followed from the Theorem 2 of reference [10],
where η = π/2 −ψM/2. Note that, the resultant expression is
a function of r , V , TS , W , and ψM . where η = π/2 −ψM/2.
Let PRC,m denotes the conditional probability with which the

5Slot duration defines the duration over which the beam configuration of
RSU is kept fixed.
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vehicular node remains connected to its mmWave RSU for the
complete duration of considered slot given that it is connected
to mmWave RSU at the beginning, and is given by

PRC,m = PRC , (17)

where, ψM is small enough to perform directional beam-
forming to compensate for the high path loss at mmWave.
For the microwave RSU, ψM is assumed to be 180◦, since
the microwave RSU are deployed at the side of the roads,
and they are responsible for providing coverage only in one
direction with a beam angle of 180◦. By setting, ψM = π in
(16), and after some algebraic manipulation, the conditional
probability with which the vehicular node remains connected
to its microwave RSU for the complete duration of considered
slot given than it is connected to microwave RSU at the
beginning is given by

PRC,μ = P

[
r2 > V TS(

√
r2 − W 2)

]
. (18)

For the hybrid vehicular network, the connection probability
is given by

Pconn,PS = Pcov,m,PS PRC,m + Pcov,μ,PS PRC,μ, (19)

where, Pcov,m,PS and Pcov,μ,PS are given in (13) and (14),
respectively, while PRC,m and PRC,μ are given by (17) and
(18), respectively.

V. SPECTRAL EFFICIENCY ANALYSIS

The spectral efficiency (or rate) for a vehicular node is
defined as ηS = E[ln(1 + SINR)]. We first obtain the average
spectral efficiency expressions for a static vehicular node
scenario. The spectral efficiency expressions for a static vehic-
ular node can be obtained directly from coverage probability
expressions by just replacing ϒT with exp(t) − 1, and then
integrating the resulting expression over t [40]. Following
this, the spectral efficiency expression for microwave network
(denoted by ηS,μ) and mmWave network (denoted by ηS,m)
are given as:

ηS,μ =
∫ ∞

W

(
exp

{−(exp(t)− 1)σμ2

Pt L̂1(r̂)

}
exp{−2λμ F̂(r̂ , t)}

)
× fμ(r̂)dr̂ . (20)

where F̂(r̂ , t) = ∫ ∞
r̂

(exp(t)−1)L̂ j(x)

L̂1(r̂)+(et−1)L̂ j (x)
dx .

ηS,m =
∫ ∞

W

(
exp

{−(exp(t)− 1)σm
2

Pt L1(r)

}
exp{−2λm Ĝ(r, t)}

)
× fM (r)dr, (21)

where Ĝ(r, t) = ∫ ∞
r

G I L j (x)
G M L1(r)+(exp(t)−1)G I L j (x)

dx .

In a similar fashion„ we can obtain the spectral efficiency
expression for hybrid vehicular network. The spectral effi-
ciency contributed by mmWave in hybrid vehicular network
is given by

ηS,PS,m =
∫ ∞

W
exp

{−max((exp(t)− 1),ϒth)σm
2

Pt L1(r)

}
×exp{−2λm Ĥ(r, t, ϒth)} fM (r)dr. (22)

Ĥ(r, t, ϒT , ϒth) = ∫ ∞
r

(max(exp(t)−1),ϒth)G I L j (x)
G M L1(r)+max(exp(t)−1),ϒth)G I L j (x)

dx .

The spectral efficiency contributed by microwave in hybrid
vehicular network is given by (23), shown at the bottom of
the next page. The effective spectral efficiency expression for
the hybrid vehicular network can be obtained by adding (23)
and (22).

A. Spectral Efficiency Analysis: Mobile Vehicular Node

In this subsection, we obtain the expression for the average
spectral efficiency of a reference vehicular node moving with a
speed of V km/h. Let Tcov represents the communication dura-
tion (i.e., fraction of slot duration) over which the reference
vehicular node remains in the coverage range of its serving
RSU. In this duration, the vehicular nodes can exchange data,
on an average, with a spectral efficiency of ηS . Then, the
average spectral efficiency over one slot is defined as

ηmob = ηS
E[Tcov]

TS
. (24)

Note that, if reference vehicular node disconnected at the
beginning of TS , then Tcov = 0, hence ηmob = 0. However,
if reference vehicular node connected at the beginning of TS ,
then there may be two possibilities: (i) the reference vehicular
node remains connected to serving RSU for the complete slot
duration; we represent such a duration with Tcov,RC , (ii) the
reference vehicular node remains connected to serving RSU
for a fraction of slot duration; we represent such a duration
with Tcov,DC . Accordingly, the average communication dura-
tion E[Tcov] can be expressed in terms of Tcov,RC and Tcov,DC

as follows,

E[Tcov] = PRCE[Tcov,RC] + (1 − PRC)E[Tcov,DC], (25)

while (25) can be expressed as a function of V and TS using
Lemma 3.

Lemma 3: The average communication duration over which
the reference vehicular node remains in the coverage range of
its serving RSU is expressed as:

E[Tcov ] = TS − 1

V

∫ V TS

0
FD(y)dy. (26)

Proof: The first term in (25) represents the average
duration over which the vehicular node remains connected to
serving RSU for the complete slot duration with probability
PRC = P[d > V TS], then E[Tcov,RC] = TS . While the

Pcov,μ,PS =
∫ ∞

W
(1 − exp

{
− ϒthσm

2

Pt GM L1(r)

}
exp{−2λm G(r, ϒth)}) fM (r)dr

×
∫ ∞

W
exp

{
− ϒT σμ

2

Pt L̂1(r̂)

}
exp{−2λμ,opt F(r̂ , ϒT )} f ∗

μ(r̂)dr̂ (14)
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second term in (25) represents the average duration over which
the vehicular node remains connected to serving RSU for a
fraction of slot duration with probability 1 − PRC . E[Tcov,DC]
can be expressed as a function of V and TS as follows:

E[Tcov,DC] = E[D(r)|D(r) < V TS]
V

(a)= 1

V

E(�D(r)<V TS D(r))

P[D(r) < V TS]
(b)= 1

V

∫ V TS
0 y fD(y)dy

(1 − PRC )

(c)= 1

V

(V TS)FD(V TS)−
∫ V TS

0 FD(y)dy

(1 − PRC )
(27)

Here step (a) follows from the definition of conditional expec-
tation and from the condition D(r) < V TS , where �D(r)<V TS

is the indicator function, defined as follows:

�D(r)<V TS =
{

1 if D(r) < V TS,

0 otherwise.
(28)

The denominator in step (b) follows from Eq. (16), while the
numerator in step (c) is obtained by solving the integral by
parts, where FD(y) denotes the CDF of the distance D(r).
Now substituting the expression for E[Tcov,DC] from (27) and
setting E[Tcov,RC] = TS in (25), the simplified expression for
E[Tcov ] is given as

E[Tcov]= PRC TS +
(

TS FD(V TS)− 1

V

∫ V TS

0
FD(y)dy

)
. (29)

Since FD(V TS) = 1 − PRC , hence substituting it in (31)
and after performing some algebraic manipulations, we get
the resulting expression in (26).
Now Eq. (24) can be renovated for mmWave and microwave
network. The average spectral efficiency for mmWave network
over one slot is defined as

ηmob,m = ηS,m
E[Tcov,m]

TS
. (30)

where ηS,m is given by Eq. (22) of manuscript, while the
expression for E[Tcov,m] is followed from Eqs. (26)-(31),
which is given by

E[Tcov,m] = TS − 1

V

∫ V TS

0
FD,m(y)dy. (31)

Similarly, the average spectral efficiency for microwave net-
work over one slot is defined as

ηmob,μ = ηS,μ
E[Tcov,μ]

TS
. (32)

where ηS,μ is given by Eq. (20) of manuscript, while the
expression for E[Tcov,μ] is followed from Eqs (26)-(31), hence

the resultant expression is given by:

E[Tcov,μ] = TS − 1

V

∫ V TS

0
FD,μ(y)dy. (33)

Next, we obtain the average spectral efficiency for hybrid
vehicular network under mobile vehicular node scenario. The
average spectral efficiency for hybrid vehicular network over
one slot is defined as

ηmob,PS = ηS,PS,m
E[Tcov,m]

TS
+ ηS,PS,μ

E[Tcov,μ]
TS

. (34)

The first term in (34) defines the spectral efficiency contributed
by mmWave RSU in hybrid vehicular network under a mobile
vehicular node scenario. While the second term defines the
spectral efficiency contributed by microwave RSU in hybrid
vehicular network under a mobile vehicular node scenario. The
expressions for ηS,PS,m and ηS,PS,μ are given by Eq. (24) and
Eq. (26), respectively in the revised manuscript. While, the
expressions for E[Tcov,m] and E[Tcov,μ] are given by (31) and
(32), respectively. Hence, by substituting these expression into
(34), one can obtain the final expression of average spectral
efficiency for hybrid vehicular network.

VI. ENERGY EFFICIENCY ANALYSIS

In this section, we analyze the energy efficiency
(nats/Hz/Joule) of hybrid vehicular network. Energy efficiency
is defined as the ratio of total average spectral efficiency to
the total power consumption [41]. Essentially, there are two
sources for the total RSU power consumption: transmission
power consumption (Pt ) and circuit power consumption (Pc),
which is given by [16],

PT = Pt

ρ
+ Pc, (35)

where, ρ denotes the efficiency of power amplifier. The
major constitutes for the circuit power consumption are radio
frequency (RF) chains. analog-to-digital converter (ADC),
baseband signal processing, cooling, etc [42]. The circuit
power consumption is given by

Pckt = Nt PRF + Pm + PADC . (36)

Here, Nt denotes the number of antennas at RSU, PRF denotes
the power consumption due to RF chain, while PADC denotes
the power consumption due to ADC, and is given by PADC =
cB [43], where B is the signal bandwidth, while the factor
c depends on gate-oxide capacitance (cox ) and quantization
rate (2RADC ) of ADC, and is given by a = cox2RADC . Pm

denotes the other miscellaneous circuit power consumption
that includes base-band processing, battery backup, cooling,
etc. The power consumption due to ADC has considerable
impact on circuit power consumption, especially for mmWave,

ηS,PS,μ =
∫ ∞

W
(1 − exp

{
− ϒthσm

2

Pt GM L1(r)

}
exp{−2λm G(r, ϒth)}) fM (r)dr

×
∫ ∞

W
exp

{
− (et − 1)σμ2

Pt L̂1(r̂)

}
exp{−2λμ,opt F(r̂ , t)} f ∗

μ(r̂)dr̂

(23)
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since it increases linearly with the bandwidth, thereby limit the
full utilization of available bandwidth at mmWave frequency.
Let Pckt,m and Pckt,μ denote the total circuit power consump-
tion due to mmWave RSU and microwave RSU, then the total
power consumption due to mmWave RSU, and microwave
RSU is given by

PT ,m = Pt,m

ρm
+ Pckt,m , PT ,μ = Pt,μ

ρμ
+ Pckt,μ, (37)

respectively. The energy spectral efficiency for mmWave
vehicular network can be defined as [41],

ηE S,m = ηS,m

PT ,m
. (38)

In a similar manner, we can define the energy spectral
efficiency for microwave vehicular network as

ηE S,μ = ηS,μ

PT ,μ
. (39)

The energy spectral efficiency for hybrid vehicular network
can be defined as [44],

ηE S,PS = ηS,PS,m + ηS,PS,μ

PT ,m + PT ,μ
. (40)

Using (22) and (23) in (40), we can obtain the expression of
energy spectral efficiency for the hybrid vehicular network.

VII. RESULTS AND DISCUSSION

In this section, we provide the simulations to validate the
obtained analytical expressions. We perform the Monte-Carlo
simulations in MATLAB to obtain the results, where each
simulation point is an average result of 105 iterations. For
the simulation, we consider 14.8 m wide road, which is
divided into 4 equal width lanes. We model the obstacles in
the outermost lanes using the practical probabilistic model
as in [10], [38]. The mmWave and microwave RSU are
distributed based on 1-D PPP at either side of the road.
A reference vehicular node is considered at the center of
the road (i.e., at the origin of the road). For the modeled
network, we analyzed the performance in terms of coverage
probability, connectivity probability, average rate, and energy
efficiency. Also we compared these results with the mmWave
vehicular network. Note that the results plotted for mmWave
vehicular network will match the results of the papers [10],
[17] for the same parameter settings. For the simulation of
coverage probability, we first compute the SINR experienced
by a reference vehicular node from the nearest mmWave
RSU and check whether it is above the SINR threshold,
ϒth . If SINR > ϒth , the reference vehicular node would
associate to mmWave RSU, otherwise the reference vehicular
node would associate to microwave RSU. Then, the coverage
probability is calculated by comparing the received SINR
corresponding to associated RSU (mmWave or microwave)
with target SINR (ϒT ). If SINR > ϒT , the reference vehicular
node is considered to be in coverage. For the simulation
of connectivity probability, we assume that the reference
vehicular node is connected to a serving RSU R∗ at the
beginning of a time slot. Now, PN L models the probability
that the vehicle remains connected to its serving RSU. Then,

TABLE II

SIMULATION PARAMETERS

Fig. 4. Coverage probability versus RSU density (RSU/km) for mmWave,
microwave and hybrid vehicular networks. Here, T = 0 dB, λμ = 3 RSU/km
for hybrid network.

we check whether our reference vehicular node, that moves
at a speed of V km/h, is still able to connect to RSU R∗
after a slot of duration TS . In order to verify so, we compute
the SINR experienced by a reference vehicular node from the
connected RSU R∗ (considering the new value of the distance
between the reference vehicular node and RSU R∗ at the end
of the slot) and see if it is above the ϒT . If SINR > ϒT ,
connection is maintained, meaning that the vehicle has not
left the communication range of its serving RSU R∗. The
spectral efficiency (ηS) of the hybrid vehicular network is
calculated according to the Shannon formula (i.e., using the
relation ηS = E[ln(1 + SINR)]. The energy efficiency of the
hybrid vehicular network is calculated by dividing the spectral
efficiency by total RSU power consumption. The parameter
values for simulations are listed in Table II unless stated
separately.

A. Coverage Analysis

Fig. 4 shows the variation of coverage probability with
respect to RSU density for mmWave, microwave, and hybrid
vehicular networks. Note that for mmWave and hybrid net-
works, this RSU density is corresponding to mmWave RSU
density, while for microwave network, the RSU density con-
sidered on x-axis is corresponding to microwave RSU density.
It can be seen that, for microwave vehicular network, the
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Fig. 5. A bar graph illustrating the total numbers of RSU required for a
fixed coverage requirement by mmWave and hybrid networks.

coverage probability initially increases with the increase in
RSU density, where the signal power dominates the inter-
ference power and attains a maximum value for the RSU
density governed by (9). With further increase in density of the
microwave RSU, the coverage probability starts decreasing,
since the interference power starts dominating the signal
power. The density at which coverage is maximum is regarded
as the optimum value of the microwave RSU density. For
mmWave RSU, the coverage probability first increases with
the increase in mmWave RSU density. Then, with further
increase in density of mmWave RSU, the coverage probability
saturate to a fixed value. For the analysis of the hybrid
vehicular network, the density of microwave RSU is set to
an optimum value, while we vary the mmWave RSU density
and observe the coverage probability. Here, the optimum
microwave RSU density (λμ) is considered to be 3. It can
be seen that the coverage probability increases with the
mmWave RSU density. Further, it can be observed that the
coverage probability of the hybrid vehicular network is always
higher than the coverage probability of other two networks
(i.e., mmWave and microwave networks). In other words, the
hybrid vehicular network requires a lesser number of RSU in
comparison to the mmWave vehicular network and microwave
vehicular network for the same coverage probability require-
ments as shown in Fig. 5.

The bar graph shown in Fig. 5 illustrates the total number
of RSU required corresponding to the prescribed coverage for
mmWave and hybrid vehicular networks (which includes both
the microwave and mmWave RSU). It can be seen that the
hybrid vehicular network requires a lesser number of RSU
in comparison to the mmWave vehicular network for the
same coverage probability. The reason is that, hybrid network
considers the combination of mmWave and microwave RSU,
where the number of microwave RSU deployed in the hybrid
network are based on the maximum coverage probability of the
microwave network. The microwave network offers coverage
over a long distance. Hence, the use of microwave RSU in
hybrid network significantly reduces the number of mmWave
RSU required in hybrid network compared to the mmWave
network for similar coverage probability.

Fig. 6 compares the coverage performance of the mmWave
and hybrid vehicular network with respect to the target SINR
for λT = 10 and λT = 20. Note that λT denotes the total
RSU density in hybrid vehicular network, which includes both

Fig. 6. Coverage probability versus T for mmWave, and hybrid vehicular
network. Here, λμ = 3 RSU/km for hybrid network.

Fig. 7. Illustration of individual contribution by mmWave and microwave
RSU in the hybrid vehicular network.

Fig. 8. The variation of conditional connectivity probability vs RSU density
(RSU/km) for microwave and mmWave vehicular networks.

the mmWave RSU density, λm and microwave RSU density,
λμ, where λμ is considered to be 3. It can be seen that the
hybrid vehicular network has higher coverage probability than
the mmWave vehicular network. Moreover, it can be observed
that the difference in that coverage probability is significant at
lower values of the target SINR.

Fig. 7 depicts the individual coverage contributed by
mmWave and microwave RSU in the hybrid vehicular net-
work. It can be seen that the contribution of the mmWave RSU
in the coverage probability increases with the increase in the
mmWave RSU density, since the increase in mmWave RSU
density reduces the distance between reference vehicular node
and serving RSU. Hence the coverage probability contributed
by microwave RSU decreases. In other words, the load on the
microwave RSU for contribution in the coverage probability
reduces with the increase in mmWave RSU density.
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Fig. 9. Connectivity probability versus λm for mmWave and hybrid vehicular network.

B. Connectivity Analysis

Fig. 8 compares the PRC with respect to RSU density for
mmWave and microwave vehicular network. The following
observations can be made from these results. First, it can be
observed that, PRC decreases with RSU density. The reason
is that, in denser scenario, the distance r between reference
vehicular node and serving RSU decreases, consequently
the maximum distance that the vehicular node can cover
before leaving the communication range of its associated RSU
decreases. In other words, PRC decreases with densification of
RSU. Second, it can be observed that, microwave vehicular
network has higher PRC than mmWave vehicular network. The
reason is that, the microwave RSU employs a much wider
beam than the mmWave RSU to serve the vehicular nodes. The
wider beams increase the coverage area of vehicular node from
its serving RSU, hence guaranteeing more durable association
within the slot.

Fig. 9 shows the variation in connectivity probability with
respect to the mmWave RSU density for the mmWave and
the hybrid vehicular network. The results are shown for
three different system configurations. The following common
observations can be made from all these system configurations.
First, it can be observed that the hybrid vehicular network has
a higher connectivity probability than the mmWave vehicular
network. The reason is that the hybrid vehicular network
employs both the mmWave and microwave networks, where
microwave networks has higher PRC than the mmWave net-
works as depicted in Fig. 9. Note that the difference in the
connectivity probability is significant at a lower mmWave RSU
density. However, this difference decreases with increase in
mmWave RSU density. This is because, with the increase
in mmWave RSU density, contribution by microwave RSU
decreases. In such a case, the microwave RSU only serves the
purpose of a backup link in the scenarios where mmWave RSU
are not sufficient to serve the vehicular node due to blockage
effect. Fig. 9 (a) shows the variation in connectivity probability
with respect to the mmWave RSU density for different vehicle
velocity. It can be seen that slow-moving vehicles have higher
connectivity probability than fast-moving vehicles because the
slow-moving vehicles covers comparatively larger distance
than the fast-moving vehicles within one slot. Fig. 9 (b) depicts
the variation in connectivity probability with respect to the

Fig. 10. Coverage probability comparison of hybrid vehicular and hybrid
cellular network. Here, λT = 20 RSU/km, ϒth = −5 dB.

Fig. 11. Spectral efficiency variation with respect to mmWave RSU density
for mmWave and hybrid vehicular network.

mmWave RSU density for different values of time-slot. It is
shown that connectivity probability increases with the decrease
in time-slot, since the beam alignment is repeated more
frequently, hence the disconnection probability is reduced.
Fig. 9 (c) shows that connectivity probability increases with
ψM , since the broader beams widen the area, hence reduces
the probability for the vehicular node to get disconnect from
its serving RSU.

Fig. 10 compares the coverage probability of hybrid vehic-
ular network with hybrid cellular network [33]. To perform
the simulations for the hybrid cellular networks, we model
the two-tier network, with first-tier of sparsely deployed
microwave base station (BS) and second-tier of densely
deployed mmWave BS. The hybrid cellular network [33]
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Fig. 12. Spectral efficiency variation with respect to λm for mmWave and hybrid vehicular network under mobile vehicular node scenario.

considered a maximum received power based association strat-
egy, that is, the user is associated to either nearest mmWave or
nearest microwave BS for which the received signal is max-
imum. The parameters are kept same as of hybrid vehicular
network. It can be observed that, hybrid vehicular network has
high coverage probability than hybrid cellular network.

C. Spectral Efficiency and Energy Efficiency Analysis

Fig. 11 compares the spectral efficiency (nats/Hz) for the
mmWave vehicular network and the hybrid vehicular net-
works. It can be seen that the hybrid vehicular network has
higher average rate than the mmWave vehicular network. The
reason is the noise power increases linearly with the bandwidth
(B) as noise power Pn = N0 B , where N0 denotes the noise
power spectral density. It leads to a reduction in SINR for a
wide-band mmWave network. Hence, mixing the narrow-band
microwave network with mmWave network leads to improve
in average rate of the hybrid vehicular network.

Fig. 12 shows the variation of spectral efficiency with
respect to λm for mmWave and hybrid vehicular network under
mobile vehicular node scenario. We vary λm and plot the
spectral efficiency curves for different system configurations.
It can be observed that, spectral efficiency follows the same
trend for all configurations. In particular, the trend is similar
to the spectral efficiency analysis under static vehicular node
scenario, that is, the spectral efficiency increases with λm for
sparse networks, however after some density threshold, spec-
tral efficiency decreases. Moreover, it can be observed that,
the hybrid vehicular network has higher spectral efficiency
than the mmWave vehicular network. Fig. 12 (a) shows that
the spectral efficiency increases as velocity decreases, because
the probability of disconnecting the vehicular node from its
serving RSU during the slot decreases. Similarly, Fig. 12
(b) shows that the spectral efficiency increases with decreasing
time slots, as the beam alignment is repeated more frequently,
hence the disconnection time is reduced. From Fig. 12 (c),
it can be noticed that spectral efficiency increases with ψM ,
since the broader beams widen the area in which the vehicular
node can get coverage from its serving RSU.

Fig. 13 depicts the variation in spectral efficiency with
respect to ϒth for the hybrid vehicular network. It can be
seen that spectral efficiency for the hybrid vehicular network

Fig. 13. Average spectral efficiency variation with respect to ϒth for hybrid
vehicular network and hybrid cellular network.

Fig. 14. Energy spectral efficiency variation with respect to mmWave RSU
density for mmWave and hybrid vehicular network.

increases gradually with the increase in ϒth . However, above
a certain ϒth , spectral efficiency decreases sharply. The reason
is as follows: for smaller value of ϒth , the most of the
vehicular nodes get served by mmWave RSU, while for larger
value of ϒth , the most of the vehicular nodes get served by
microwave RSU. Furthermore, the number of mmWave RSU
deployed are more than the microwave RSU, hence the average
spectral efficiency contributed by mmWave RSU is more than
the microwave RSU. In between these two extreme values,
the vehicular nodes get served by both the mmWave and
microwave RSU, and the spectral efficiency attains a maximum
value for particular ϒth threshold, where both the mmWave
and microwave RSU efficiently utilizes their resources to
serve the vehicular nodes. Moreover, the plots compare the

Authorized licensed use limited to: Indian Institute of Technology (Ropar). Downloaded on June 29,2021 at 20:37:53 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

12 IEEE TRANSACTIONS ON INTELLIGENT TRANSPORTATION SYSTEMS

spectral efficiency of hybrid vehicular network with the hybrid
cellular network. It can be observed that the hybrid vehicular
network has higher spectral efficiency than the hybrid cellular
network, as the association strategy for the hybrid vehicular
network is based on SINR, rather on the received power for
hybrid cellular network. Furthermore, the association strat-
egy for a hybrid vehicular network prioritizes the associa-
tion of reference vehicular node with mmWave RSU based
on ϒth .

Fig. 14 compares the energy efficiency (nats/Hz/watt) for the
mmWave and hybrid vehicular network. It can be observed
that hybrid vehicular network has higher energy efficiency
than the mmWave vehicular network because hybrid vehicular
network has higher spectral efficiency than the mmWave
vehicular network as depicted in Fig. 11. Moreover, the circuit
power consumption due to ADC is a decreasing function of
bandwidth, that is, the circuit power is significantly high for
mmWave networks. Consequently, the hybrid vehicular net-
work, that employs both mmWave and microwave networks,
has comparatively less circuit power consumption than the
mmWave networks.

VIII. CONCLUSION

In this work, we consider the downlink vehicular communi-
cation scenario, where both the mmWave and microwave inter-
faces are used together. The performance of such a scenario
is analyzed in terms of coverage probability, connectivity,
and energy efficiency of the system and compared these
analysis with the existing mmWave vehicular communication
scenario and microwave vehicular communication scenario.
It is concluded that hybrid vehicular network ensures high
reliability (in terms of coverage) of the system. In future work,
the performance of the hybrid vehicular network would be
analyzed on upper layers network parameters, especially on
the latency of the system.

APPENDIX A
PROOF OF LEMMA 1

The average coverage probability for a reference vehicular
node served by microwave RSU is given by

Pcov,μ =
∫ ∞

W
P[ϒμ > ϒT ] fμ(r̂)dr̂

(a)=
∫ ∞

W
P

[ Pt ĝ1 L̂1(r̂)

σ 2
μ + Iμ

> ϒT

]
fμ(r̂)dr̂

=
∫ ∞

W
P

[
ĝ1 >

ϒT (σ
2
μ + Iμ)

Pt L̂1(r̂)

]
fμ(r̂)dr̂ . (41)

where (a) follows from (4) by substituting the expression of
ϒμ. Since ĝ1 ∼ exp(1), the probability term inside (41) can
be written as

P

[
ĝ1>

ϒT (σ
2
μ+ Iμ)

Pt L̂1(r̂)

]
=exp

{−ϒT σ
2
μ

Pt L̂1(r̂)

}
EIμ

[
exp

{ −ϒT Iμ

Pt L̂1(r̂)

}]

= exp
{−ϒT σ

2
μ

Pt L̂1(r̂)

}
LIμ

( ϒT

Pt L̂1(r̂)

)
, (42)

where LIμ(t) is the Laplace transform of random variable Iμ
evaluated at t and is given by

LIμ(t) = EIμ [exp{−t Iμ}] = Eξμ,ĝ j

[
exp{−t

∑
j∈ξμ

Pt ĝ j L̂ j (r̂)}
]

= Eξμ

[ ∏
j∈ξμ

Eĝ j

(
exp{−t Pt ĝ j L̂ j (r̂)}

)]
. (43)

Since ĝ j ∼ exp(1), (43) can be expressed as

LIμ (t) = Eξμ

[ ∏
j∈ξμ

1

1 + t Pt L̂ j (r̂)

]

(b)= exp
{

− 2λμ

∫ ∞

r̂

(
1 − 1

1 + t Pt L̂ j (x)
dx

)}
(c)= exp

{
− 2λμ

∫ ∞

r̂

t Pt L̂ j (x)

1 + t Pt L̂ j (x)
dx

}
. (44)

Here (b) follows from the probability generating func-
tional (PGFL) of 1-D PPP, while (c) is obtained after some
algebraic manipulation. Substituting t = ϒT

Pt L̂1(r̂)
in (44),

we get,

LIμ

( ϒT

Pt L̂1(r̂)

)
= exp

{
− 2λμ

∫ ∞

r̂

ϒT L̂ j (x)

L̂1(r̂)+ϒT L̂ j (x)
dx

}
= exp{−2λμF(r̂ , ϒT )}, (45)

where F(r̂ , ϒT ) = ∫ ∞
r̂

ϒT L̂ j (x)

L̂1(r̂)+ϒT L̂ j (x)
dx . Substitute (45) in

(42), and then substitute the resulting expression in (41),
we get (8).

APPENDIX B
PROOF OF LEMMA 2

The average coverage probability for a reference vehicular
node served by mmWave RSU is given by

Pcov,m =
∫ ∞

W
P[ϒm > ϒT ] fM (r)dr

=
∫ ∞

W
P

[ Pt g1GM L1(r)

σm
2 + Im

> ϒT

]
fM (r)dr

=
∫ ∞

W
P

[
g1 >

ϒT (σm
2 + Im)

Pm GM L1(r)

]
fM (r)dr. (46)

Since g1 ∼ exp(1), the probability term inside (46) can be
written as

P

[
g1 >

ϒT (σm
2 + Im)

Pt GM L1(r)

]

= EIm

[
exp

{ −ϒT σm
2

Pt GM L1(r)

}
× exp

{ −ϒT Im

Pt GM L1(r)

}]

= exp
{ −ϒT σm

2

Pt GM L1(r)

}
LIm

( ϒT

Pt GM L1(r)

)
, (47)

where, the laplacian functional LIm (t) is given by

LIm (t)= EIm [exp{−t Im}]=EIm

[
exp{−t

∑
j∈ξm

Pt g j GI L j (r)}
]

= Eξm ,g j

[
exp{−t

∑
j∈ξm

Pt g j GI L j (r)}
]

= Eξm

[ ∏
j∈ξm

Eg j

(
exp{−t Pt g j GI L j (r)}

)]
. (48)
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Since g j ∼ exp(1), (48) can be expressed as,

LIm (t) = Eξm

[ ∏
j∈ξm

1

1 + t Pt GI L j (r)

]

(d)= exp
{

− 2λm

∫ ∞

r

(
1 − 1

1 + t Pt GI L j (x)
dx

)}
(e)= exp

{
− 2λm

∫ ∞

r

t Pt GI L j (x)

1 + t Pt GI L j (x)
dx

}
. (49)

Here, (d) follows from the PGFL of the 1-D PPP, while (e)
is obtained after some algebraic manipulation. Substitute t =

ϒT
Pt G M L1(r)

in (49), we get,

LIm

( ϒT

Pm GM L1(r)

)
= exp{−2λm G(r, ϒT )}, (50)

where G(r, ϒT ) = ∫ ∞
r

ϒT G I L j (x)
G M L1(r)+ϒT G I L j (x)

dx .

Substitute (50) in (47), and then substitute back the resulting
expression in (46), we obtain the average coverage probability
expression for vehicular node served by mmWave RSU,which
is given by (12).

APPENDIX C
PROOF OF THEOREM 1

The average coverage probability contributed by mmWave
RSU is given by,

Pcov,m,PS =
∫ ∞

W
{P[ϒm > ϒT |ϒm > ϒth]P(ϒm > ϒth)}

× fM (r)dr. (51)

Upon applying Bayes’ rule, (51) can be rewritten as

Pcov,m,PS =
∫ ∞

W
P[ϒm > ϒT , ϒm > ϒth] fM (r)dr

=
∫ ∞

W
P[ϒm > max(ϒT , ϒth)] fM (r)dr

=
∫ ∞

W
P

[
g1>

max(ϒT , ϒth)(σm
2+ Im)

Pt GM L1(r)

]
fM (r)dr.

(52)

Since g1 ∼ exp(1), the simplification of (52) follow the
steps (46)-(50), just replace ϒT with max(ϒT , ϒth). The final
expression for Pcov,m,PS is given by

Pcov,m,PS =
∫ ∞

W
exp

{−max(ϒT , ϒth)σm
2

Pt GM L1(r)

}
×exp{−2λm H (r, ϒT , ϒth)} fM (r)dr, (53)

where

H (r, ϒT , ϒth)=
∫ ∞

r

max(ϒT , ϒth)GI L j (x)

GM L1(r)+max(ϒT , ϒth)GI L j (x)
dx .

(54)

APPENDIX D
PROOF OF THEOREM 2

The coverage probability contributed by microwave RSU is
given by

Pcov,μ,PS = P[ϒμ,opt>ϒT |ϒm<ϒth](1 − P(ϒm > ϒth)).

(55)

Upon applying Bayes’ rule and under the assumption of g1
and ĝ1 are i.i.d., (55) can be rewritten as

Pcov,μ,PS = P[ϒμ,opt > ϒT ](1 − P(ϒm > ϒth)). (56)

Here, the first term in (56) i.e., P[ϒμ,opt > ϒT ] follows
from Lemma 1 and (10), while the second term in (56) i.e.,
P(ϒm > ϒth) follows from Lemma 2. The final resulting
expression is given by

Pcov,μ,PS = exp
{

− ϒT σμ
2

Pt L̂1(r̂)

}
exp{−2λμ,opt F(r̂ , ϒT , ..)}

×
(
1−exp

{
− ϒthσm

2

Pt GM L1(r)

}
exp{−2λm G(r, ϒT )}

)
.

(57)

The average coverage probability contributed by microwave
RSU in the hybrid vehicular network can be obtained by
averaging the resulting expression (57) over its pdf, which
is given by (14).
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