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Abstract

In this paper, we have investigated the performance of energy efficiency (EE) for Intelligent Transportation Systems (ITS), which recently
emerged and advanced to preserve speed as well as safe transportation expansion via a cooperative IRS-relay network. To improve the EE,
the relay model has been integrated with an IRS block consisting of a number of passive reflective elements. We analyze the ITS in terms of
EE, and achievable rate, with different signal-to-noise ratio (SNR) values under Nakagami-m fading channel conditions that help the system
to implement in a practical scenario. From the numerical results it is noticed that the EE for the only relay, IRS, and proposed cooperative
relay-IRS-aided network at SNR value of 100 dBm is 30, 17, and 48 bits/joule respectively. In addition, we compare the impact of multi-IRS
with the proposed cooperative IRS-relay and conventional relay-supported ITS. Simulation results show that both the proposed cooperative
IRS-relay-aided ITS network and multi-IRS-aided network outperform the relay-assisted ITS with the increase in SNR.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of The Korean Institute of Communications and Information Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Recently transportation has shown a larger expansion with
the massive vehicles as well as the high pace. The speed
control and safety management of transportation have raised
a challenging task for academia and industry. To address this
problem Intelligent Transportation Systems (ITS) have been
adopted, where the transportation system is connected with
the communication network to control and operate the ITS
in such a manner to avoid accidents, and traffic control. And
also provide seamless connectivity between the vehicles to
share the information that can help to reach the destination in
prior time intervals. The work in [1] summarized the previous
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concepts of many possible ways to operate ITS smoothly with
artificial, computation-based approaches in practical imple-
mentations. And also proposed the framework consists of mul-
tiple artificial transportation systems (ATS), utilized parallelly
to manage the traffic as well as control the ITS. A novel archi-
tecture for sharing information among vehicles has been devel-
oped, allowing congestion and safety to be executed jointly. It
will be achieved by the presented architecture, which carries
(i) sensor networks established by vehicles in a specific area
that share congested road details, (ii) logical features that have
been installed in vehicles for predicting practical knowledge,
and the overall transportation systems information [2]. Authors
in [3] demonstrated the effectiveness of ITS in-emergency
situations by combining vehicle-to-infrastructure (V2I) and
vehicle-to-vehicle (V2V) technologies. In case of accidents,
data has been collected directly from the vehicles, immediate
intimation of accident information to the control unit, and
based on the intelligence of vehicles primary information of
losses has been investigated.
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Fig. 1. IRS-relay Aided ITS Network.

In addition, several research studies were conducted on
the cooperative ITS in Europe to provide a clear overview
of the standardized system guidelines, structures, services,
safety, and supervision including other technologies required
in ITS [4,5]. As the ITS framework has been connected to
several sources, data collection and processing will increase
the complexity and it may turn into a data-driven system.
Nevertheless, the data may be utilized to create new facilities
and services in ITS, in addition to being transformed into
usable information. Whereas the recent works in [6] provide
a comprehensive survey that illustrates the current issues and
research direction to provide the large amount of data required
by the ITS [7]. On the other hand, higher data rates for
ITS with speed and safe transportation lead to an increase
in power consumption. Unlike ITS connected with different
technologies, it consists of multiple sources that consume var-
ious power levels. To alleviate these constraints many recent
advancements have been developed in wireless communication
such as 5G and beyond 5G techniques which have been
identified as key enabling solutions to design energy-efficient
(EE), ITS [8]. The cooperative multiple-input-multiple-output
spatial modulation (CMIMO-SM) is used to build the ITS
model to reduce overall energy consumption [9,10].

Moreover, to overcome the challenges and address the EE
problem, Intelligent Reflecting Surfaces (IRS) have been real-
ized as a promising technology. IRS blocks consist of several
passive elements to reflect the incident signal towards the
destination [11], which can be deployed in the ITS to improve
performance with reduced power consumption. The use of IRS
in vehicular mm-wave wireless networks has been envisioned
to optimize resource allocation for autonomous vehicles. More
recently modern public transportation with IRS features in
smart transportation has been investigated to enhance the
signal strengths with lower transmission power [12,13]. In fact,
the propagation of signals must travel longer distances in ITS,
with line-of-sight (LoS) and Non-LoS (NLoS) environments.
The authors in [14,15] analyzed IRS-based Internet of Vehicles
(IoV) with cybertwin in Nakagami-m fading channel, whereby
adjusting m value, channel condition can change from Los to
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NLoS that is more suitable to evaluate the ITS in a practical
scenario [16]. The research described in [17] examines the
realm of energy efficiency in outdoor-to-indoor communica-
tion systems utilizing dual IRS. The work focuses on ways
to improve energy usage optimization and communication
efficacy within such systems, where the base station commu-
nicates with the user located in an indoor scenario by using a
dual IRS model. Prior to this work, we analyzed the EE of an
IRS-aided IoT network, and results showed that the proposed
hybrid and multiple IRS outperformed conventional relay net-
works [18]. From the above research works, we noticed that
IRS and relays are more useful in ITS to improve the coverage
area, resource allocation, and reduce the hardware cost. How-
ever, more research is needed on IRS-based or relay-supported
ITS to improve the performance in terms of EE. The main aim
of the proposed cooperative IRS-relay-aided ITS is to reduce
power consumption over long distances and operate the system
faster as well as safer mode. In our analysis, ITS network
architecture consists of both LoS and NLoS environments with
IRS elements, so the Nakagami-m fading will provide a better
performance in comparison with conventional methods.

In this paper, we analyze the EE of cooperative IRS-relay
assisted ITS and compare the EE in different environments
by adopting Nakagami-m fading and the m value can be
varied to select the certain fading condition. Furthermore, we
examined and realized that multi-IRS has outperformed the
relay-aided ITS with reduced power consumption and deploy-
ment cost. This work allows us to think about the practical
scenario implementation and significance of the cooperative
IRS-relay and multi-IRS-aided networks in ITS development.
The contributions from the paper are summarized as follows.

e To the best of our knowledge, we are the first to study the
deployment of relay-aided, IRS-aided, and cooperative
IRS-relay-assisted ITS networks in terms of EE.

e We compare the achievable rate and EE as a function
of varying signal-to-noise ratio (SNR) values and with
the number of IRS elements in the Nakagami-m fading
channel condition. Furthermore, we realized that multiple
IRS blocks can be deployed randomly with relays to
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increase the EE of the ITS network instead of deploying
multiple relays over longer distances.

The rest of the paper is organized as follows. Section 2
presents the system model, which covers the relay, IRS, and
the hybrid relay-IRS-aided ITS network. Section 3 focuses
on introducing the energy efficiency formulation and perfor-
mance analysis. Section 4 provides the numerical results, and
Section 5, concludes the article with our final remarks.

2. System model

In the ITS model as shown in Fig. 1, the transportation
network is implemented in two different scenarios. Where the
ITS has been assisted by the proposed cooperative IRS-relay
aided network and later with multi-IRS blocks. In phase-I, ITS
has been supported by the cooperative IRS-relay, where both
IRS and relay are propagating the signal received from the BS
to the intelligent vehicle to provide seamless connectivity with
high data rates. In phase-II, multi-IRS blocks are deployed in
the ITS instead of relays to enhance the coverage area and
EE of the network. For simplicity, we indicate the base station
(BS), relay, IRS, and ITS as B, R, I, and v, respectively. The
channels between the B to R, R to the v, B to I and I to the
v are represented as hgg € C, hg, € C, hg; € C", and
hp, € C", respectively.

All these channels are modeled to follow the Nakagami-m
fading. Most of the distributions follow uniform scattering in
Rayleigh fading and Rician fading. These two different fading
channels are used separately in LoS and NLoS scenarios.
However, the Nakagami-m fading channel can be used as
Rayleigh as well as Rician by adjusting the parameter m. The
parameter m denotes the shape and {2 denotes the spread of
the signal. The major advantage of Nakagami-m fading is more
suitable for practical measurements. And also depends on the
m value scenarios that can change from LoS to NLoS prop-
agation. The Nakagami-m fading probability density function
is given as

2myp@m=1) (2
P == —tar ) 1
R() = oo (1
where the parameters
2y2
- O 2=, @

=y
where I'(m) represents the gamma function, m, and {2 are the
shape and spread parameters respectively.

2.1. Cooperative IRS-relay aided ITS network

In the first time slot, the relay and IRS receive the transmit-
ted signal from the B. The signal arrived at the relay is given
as

Y& = v/ Pp(hgr + (hh; Ohig)x) + ng, 3)

where Pp is the transmit power at the BS, x denotes the mes-
sage signal, ng is the Additive White Gaussian Noise (AWGN)
with zero mean and variance o2. And @ = diag(nleﬂ’l,
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n2e/%, . .nye/) denotes phase-shift matrix, where in n; €
[0,1] and 6; € [0,27] for i = [1,2,3,..., N]. The SNR
received at the relay is derived as

_ Pgl(hpr + (h, Oh )|

2
OR

“

YR

In the second time slot, relay and IRS elements propagate the
message signal x to the user v. The signal received at the v is
expressed as

Yo = v Prlliry + (h; Ohp)x} +n,, &)

where Py denotes the transmission power at the relay and n,
is the AWGN at the ITS user v. So the SNR at the user v is
obtained as

_ PR|hRu + (h]T” 9h1v)|2

2
gy

Q)

Yo

2.2. Multi-IRS aided ITS network

We have analyzed the EE of a multi-IRS-aided ITS net-
work, where multiple IRS blocks are placed to provide the
required coverage to the ITS with less power consumption
compared to the relay-aided network.

As in the previous transmission, the signal received from
the B at the I is given as

M
Vigy =V PB(Z hpi,)x +ny, .,

n=1

(N

where /(,), ny,, denotes the number of IRS blocks with n =
1,2,3,..M and noise at multi-IRS blocks respectively.
Similarly, the signal received by the ITS user v is derived
as
M
Yoty = NV P hyron)x + ). ®)
n=1
where n,,(, represents the Additive White Gaussian (AWG)

noise at the user v. The SNR at the multi-IRS blocks and the
ITS user v are defined respectively as

M
PR| Zn:l hBI(,,)|2

Vi) = p 9
Oy
_ NP gl (10)
! a2l(n) '

3. Energy efficiency performance with the proposed
model

Energy efficiency is defined as the ratio of the sum rate to
the total power consumed by the communication network and
is formulated as

qum

EE =

bits/J, (11)

Total
where Ry, is the sum rate and Py, denotes the total power
consumption.
In this proposed cooperative IRS-relay assisted ITS network
adopted both the IRS and relay to improve the system perfor-
mance. Moreover, all the reflecting elements should be well
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designed to get a higher rate and better performance in terms
of EE. Hence we need to calculate the sum rate of both the
IRS and relay-aided network as well total power consumed by
the cooperative network.

The achievable rate of cooperative IRS-relay-aided ITS is
obtained as

1
Roum = Sloga{l + (yr. yu)}- 12)

2
The energy consumption of the IRS block is determined by
the nature and resolution of each reflecting element that prop-
erly adjusts the phase shift of the incident signal. Hence the
power dissipation of IRS blocks with N-reflecting elements has
been denoted as N P,. Therefore the total power consumption
at the IRS block is given as,

Pigrs = Pp+ P, + NP, (13)
and the total power consumption at the relay is given as

Py 1
PDF:T+PU+EPB+PV‘7 (14)

where P,, P,, and v are the power dissipation at the relay, ITS
user v, and efficiency of the power amplifier, respectively.

Hence from (13) and (14), the total power utilized by the
ITS with the cooperative IRS-relay network is given as

Protat = Prrs + Ppr. (15)

4. Numerical results

Numerical results are presented in this section to analyze
the EE performance for the ITS in different scenarios. In
both the cases of IRS-aided or relay-aided only networks, we
consider that there is no direct connection between the BS
and the vehicle. The path loss exponent is fixed to 2.2. The
fading channel Nakagami-m parameters are adjusted from 0.5
to 3. For the multi-IRS scenario, the reflection coefficients
are selected close to 0.8 for all IRS elements. The velocity
has been assumed as 50 km/h, and the direction of the ITS
is moving towards the IRS. To find the maximum EE, our
simulation setup includes the power dissipation of each IRS
element P, = 3 mW, and BS = ITS = R = 50 mW to
implement in the real-time scenario.

Fig. 2 demonstrates the achievable rate versus the SNR val-
ues. It can be seen that the rate of cooperative IRS-relay-aided
ITS achieved better performance compared to the remaining
two scenarios as only-IRS and only-relay-aided network. And
it is clearly observed that when SNR is increasing, the rate
also increases. The achievable rate for IRS and cooperative
IRS-relay-aided ITS at SNR 50 dBm are 22 b/s/Hz, and 27
b/s/Hz however with a relay-aided network it is 5 b/s/Hz.

Results in Fig. 3 compare the EE of the proposed coop-
erative IRS-relay with the IRS, relay-aided ITS network with
fixed IRS elements by varying the SNR. As we can see, the
noticeable differences observed in the figure, the cooperative
IRS-relay aided ITS reaches a maximum EE of 55 bits/J at
the SNR value of 110 dBm. Whereas only IRS and relay-
aided ITS network gained the highest EE around 22 bits/J
and 30 bits/J. However further increments in SNR values have
affected the EE and it started decreasing after the 110 dBm.
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Fig. 4 illustrates the impact of EE versus SNR with the
range of IRS elements deployed in ITS. In this simulation
setup power dissipation of each IRS element has been consid-
ered to obtain the EE, due to this reason the EE is decreased
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with an increase in the number of IRS elements. It is clearly
noticed that maximum EE reaches 55 bits/J] with N = 400
and later gradually it decreases. For other cases with N =
[800, 1200, 1600] the maximum EE is attained to 45 bits/J,
42 bits/J, and 38 bits/J respectively. Due to a large number of
IRS elements the power dissipation factor, P, also increases
which declines the EE of the network.

Fig. 5 investigated the EE versus SNR with cooperative
IRS-relay and multi-IRS-aided ITS. For the multi-IRS case, all
the IRS blocks are deployed with a fixed number of elements
as N = 400. Evidently, the multi-IRS-aided ITS has shown
better performance in terms of EE for all the SNR values. It is
clearly observed that the 4-IRS blocks-aided network outper-
forms the conventional IRS, relay, and proposed network with
the EE of 65 bits/J, whereas the cooperative IRS-relay aided
ITS network gained the EE of 48 bits/J. From this analysis,
we realized that the multi-IRS can help the ITS in certain
scenarios with reduced power consumption and hardware cost.

Fig. 6 describes the performance of EE versus SNR by
varying the Nakagami-m parameter with m = 0.5 and m =
3. The performance analysis shows the impact of m for all
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Table 1
The EE of Proposed IRS-relay aided ITS network.
m = 0.5 m=73
SNR (dBm) 60 100 120 60 100 120
EE (bits/J) proposed cooperative 28 52 25 25 50 36
EE (bits/J) only relay 12 29 12 12 28 18
EE (bits/J) only IRS 14 24 14 11 25 19

three scenarios IRS, relay, and proposed cooperative IRS-
relay-aided ITS network. From these results, we realized that
EE increased for both the m values and decreased gradually
for high SNR. More specifically the EE of the IRS, relay, and
IRS-relay network are increased till the SNR value reaches
100 dBm, and later it is decreased. Moreover, it is good to
know that the EE for m = 3 is better than m = 0.5 even
after the SNR value of 100 dBm. From this analysis, it is
justified that the Nakagami-m fading condition can be used in
different scenarios with the m value for the lower and higher
SNR values to improve the EE depending upon the channel
conditions. And we have presented the EE of the proposed
network with different m values in Table 1.

5. Conclusion

This paper analyzed the achievable rate and EE with IRS,
relay, and cooperative IRS-relay-aided ITS. Initially, we calcu-
lated the rate versus SNR, later we analyzed the performance
of ITS in terms of EE in various environments such as only
IRS or relay and cooperative IRS-relay aided ITS with fixed
as well as varying IRS elements. In this Nakagami-m fading
channel conditions are adopted, where by adjusting the m
factor we can change one scenario to another that is more
suited to real-time implementations. Finally, we compared
the EE of the proposed cooperative IRS-relay-aided ITS with
the multi-IRS network. Simulation results show that EE is
enhanced with the proposed cooperative IRS-relay-aided ITS
as well as with the multi-IRS model.
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