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Abstract—Intelligent reflecting surface (IRS) has recently re-
ceived much attention from the research community due to its
potential to achieve high spectral and power efficiency cost-
effectively. In addition to traditional cellular networks, the use of
IRS in vehicular networks is also considered. Prior works on IRS-
aided vehicle-to-everything communications focus on deploying
reflection surfaces on the facades of buildings along the road for
sidelink performance enhancement. This paper goes beyond the
state of the art by presenting a novel paradigm coined Intelligent
Reflecting Vehicle Surface (IRVS). It embeds a massive number of
reflection elements on vehicles’ surfaces to aid moving vehicular
networks in military and emergency communications. We propose
an alternative optimization method to optimize jointly active
beamforming at the base station and passive reflection across
multiple randomly-distributed vehicle surfaces. Performance e-
valuation in terms of sum spectral efficiency under continuous,
discrete, and random phase shifts is conducted. Numerical results
reveal that IRVS can substantially improve the capacity of a
moving vehicular network.

I. INTRODUCTION

Intelligent reflecting surface (IRS), also known as reconfig-
urable intelligent surface, has attracted much attention recently
from the research community [1] due to its potential of realizing
high spectral efficiency in a green and cost-efficient manner.
IRS is a planar surface consisting of a large number of
small, passive, and cheap reflecting elements, each of which
is able to independently induce a phase shift to an impinging
signal. Unlike conventional wireless techniques that can only
passively adapt to a radio channel, IRS proactively modifies it
through controllable reflection, thereby collaboratively achiev-
ing smart propagation environment [2]. By adaptively adjusting
the phase shifts of IRS, the reflected signals can be added
either constructively with the direct signal to increase signal
strength, or destructively to suppress co-channel interference.
Since its reflecting elements (e.g., low-cost printed dipoles or
positive-intrinsic-negative (PIN) diodes) only passively reflect
the impinging signals, radio-frequency (RF) chains for signal
transmission and reception become unnecessary [3]. Thus, it
can be implemented with orders-of-magnitude lower hardware
cost and power consumption than active antenna arrays. Con-
sequently, it is widely recognized that IRS is able to serve as a
key technological enabler for the upcoming sixth-generation
(6G) wireless system to meet more stringent performance
requirements than its predecessor [4].

In addition to traditional cellular networks, the use of IRS
in vehicular networks is also considered. Prior works on
IRS-aided vehicle-to-everything communications [5] focus on
deploying reflection surfaces on the facades of buildings along
the road for sidelink performance enhancement. For example,
[6] leverages IRS to enable indirect transmission for dark
zones of roadside units. [7] studies the resource allocation for
IRS to maximize the capacity of vehicle-to-infrastructure link
while guaranteeing the minimum quality-of-service of vehicle-
to-vehicle links. Reflecting elements are generally low-profile,
lightweight, and conformal geometric. Hence, a surface can
be practically fabricated in arbitrary shapes to cater for a
wide variety of deployment scenarios and be integrated into
wireless networks transparently as auxiliary equipment. Taking
advantage of this technical feature, this paper goes beyond
the state of the art by presenting a novel paradigm coined
Intelligent Reflecting Vehicle Surface (IRVS). It embeds a
massive number of reflection elements on vehicles’ surface to
aid moving vehicular networks in military and emergency com-
munications. We propose an alternative optimization method
to optimize jointly active beamforming at the base station
(BS) and passive reflection over vehicle surfaces. Performance
evaluation in terms of sum spectral efficiency under continuous,
discrete, and random phase shifts is conducted through simu-
lations. Numerical results reveal that the introduction of IRVS
can substantially improve the capacity of a moving vehicular
network.

The remainder of this paper is organized as follows: Section
IT introduces the system model of IRVS-aided moving vehicular
networks. Section III presents the joint optimization design to
maximize sum spectral efficiency. Simulation setup and some
examples of numerical results are demonstrated in Section IV.
Finally, the conclusions are drawn in Section V.

II. SYSTEM MODEL

We consider a moving vehicular network where a multi-
antenna BS serves a number of users with the aid of multiple
surfaces. The BS is mounted on the top of a vehicle that is
dedicated to providing communications service to its nearby
humans or vehicles, while reflecting elements are installed on
the surfaces of some other vehicles. This scenario corresponds
to a platoon of interconnected combat vehicles and battle staff



in the battlefield, or a group of special vehicles and rescue
team members for disaster relief and emergency events. Unlike
cellular networks, where intelligent surfaces are deliberately
deployed on the facades of buildings, walls, and ceilings in a
stationary manner, this paper is interested in a moving vehicular
network where a massive number of reflection elements are
embedded on vehicles’ surfaces. Since reflection elements are
small, lightweight, and passive, it is easy to fabricate surfaces
in any geometry, size, orientation, and arrangement. There
are a plenty of large vehicles involved in either the military
or emergency applications, so the implementation of IRVS is
feasible.

Fig.1 illustrates the schematic diagram of an IRVS-assisted
vehicular network, where S vehicle surfaces are deployed
to assist the transmission from an Np-antenna BS to K
single-antenna user equipment (UE). Due to the orientation
of vehicles, some elements might not be able to reflect the
impinging signals. Without losing generality, we assume the s
surface has N, effective reflecting elements, where s € S £
{1,2,...,S}. Since the IRVS is a passive device, time-division
duplexing (TDD) operation is usually adopted to simplify
channel estimation. The users send pilot signals in the training
period, such that the BS can estimate the uplink channel state
information (CSI), which is used for optimizing downlink data
transmission due to channel reciprocity. To characterize the
theoretical performance, the analysis hereinafter is conducted
under the assumption that the CSI of all involved channels
is perfectly known at the BS, as most prior works [1]-[3],
[8]-[10]. In addition, we assume narrowband communications,
where the channels follow frequency-flat block fading. A
wideband channel suffering from frequency selectivity can be
transformed into a set of narrowband channels through OFDM
[11], making the assumption of flat fading reasonable.

Since the direct paths from either the BS or the IRVS
to UEs may be blocked, the corresponding small-scale fad-
ing follows Rayleigh distribution. Consequently, the channel
gain between antenna element n, € {1,2,..., Ny} and user
ke K = {1,2,...,K} is a circularly symmetric complex
Gaussian random variable with zero mean and variance ai,
ie., fin, ~ CN(0, 0,%). Thus, the channel vector from the BS
to the k** UE is denoted by

T
£ = [fons frao o i M
Similarly, the channel between the s** IRVS to the k*" UE is
modeled as an Ny x 1 vector:
T
8sk = [gsk,lagsk,%ﬂwgsk,Ns} ) 2

where gk, ~ CN (0, agk) is the channel gain between element
n € N, 2 {1,2,...,N,} of the s'" surface and user k, and
o2, is the large-scale fading between surface s and user k. We
write

T
hsn = |:hsn,17 hsn,27 ey hsn,Nb] (3)

to denote the channel vector between the BS and the n'"
reflecting element of surface s. So the channel matrix from

Fig. 1. Schematic diagram of a moving vehicular network, consisting of a
multi-antenna BS mounted on a vehicle, K single-antenna UE for humans or
vehicles, and S reconfigurable surfaces embedded on vehicles.

the BS to the s*" IRVS is expressed as H, € CN-*No | where
the n'" row of H, equals to hZ . In contrast to hand-held UE,
a surface mounted on a vehicle is generally high enough to get
the line-of-sight (LOS) path of the BS without any blockage,

resulting in Rician fading, i.e.,

To2 o2
H, =/ —*H =2 H 4
s Tl Los + T 1 HNLOS: €]

with the Rician factor I', the LOS component Hyog, the
multipath component H ;7 0s consisting of independent entries
that follow CA/(0,1), and the BS-IRVS path loss 02, s € S.

Each reflecting surface is equipped with a smart controller,
which can adaptively adjust the phase shift of each element
in terms of the CSI acquired through periodic channel estima-
tion [9]. We write cs, = Bsne’® to denote the reflection
coefficient of the nt" element of the st" surface, with the
induced phase shift ¢5,, € [0, 27) and the amplitude attenuation
Bsn € [0,1]. As revealed by [2], the optimal value of reflecting
attenuation is s, = 1, Vs, n to maximize the received power
and simplify the hardware implementation. Because of severe
path loss, the signals that are reflected by the IRVS twice or
more are negligible. By ignoring impairments such as channel
aging [12] and phase noise [13], the k*" UE observes the
received signal

S N
. m(Z S g b, f> fo
s=1n=1

where x denotes the vector of transmitted signals over the BS
antenna array, P; expresses the power constraint of the BS,
ny is additive white Gaussian noise (AWGN) with zero mean
and variance o2, namely ny ~ CN(0,02). Define the diagonal
phase-shift matrix for surface s as

<I>S:diag{ej¢51,ej¢S2,...,ej¢3NS}, Vs €S, (6)
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Fig. 2. The structure of a TDMA frame.

(5) can be rewritten in matrix form as

S
re =/ Pa (Z gh® H, + f,?) X + 1. (7

s=1
III. JOINT OPTIMIZATION DESIGN

Due to the lack of frequency-selective passive beamforming,
namely the set of phase shifts cannot be tuned differently over
different frequency subchannels, the use of IRVS imposes a
fundamental challenge on frequency-division multiple access
(FDMA). In [14], the authors revealed that time-division mul-
tiple access (TDMA) is superior to FDMA with a substantial
spectral-efficiency gain. Therefore, we adopt TDMA as the
multiple access scheme to analyze the IRVS-aided vehicular
communications, which orthogonally divides a radio frame into
K time slots. Each user transmits over the entire bandwidth
but cyclically accesses its assigned slot. At the header of each
frame, the BS processes the uplink pilot signals to estimate the
CSI. The duration of a radio frame is usually set to less than
the channel coherence time, so that the CSI keeps constant for
the whole frame.

At the k" slot, the BS applies linear beamforming wy, €
CNox1 where |[wg||> < 1, to send the information-bearing
symbol zj, with zero mean and unit variance, i.e., E [|z4|*] =
1, intended for a general user k. According to [15], the
switching frequency of reflection elements made by PIN diodes
can reach 5 megahertz (MHz), corresponding to the switching
time of 0.2pus, much smaller than the typical coherence time
on the order of ms. It implies that the set of phase shifts can
be adjusted specifically for the active user at each time slot.
We write ¢, [k] € [0,27) to denote the phase shift of the n'"
element of surface s at slot k, and define the time-selective
phase-shift matrix as

®,[k] = diag{ej¢sl[k1, ... ei%an. Vﬂ}, kek,seS. (8

Substituting x = wyxzy and ®, = ®[k] into (7), we obtain
the observation of user k at slot k as

s
re =/ Py (Z gl ®,[k|H, + fkT> Wiy +ng. (9)
s=1
By jointly optimizing wj, and ®[k], the instantaneous
signal-to-noise ratio (SNR) of user £, i.e.,

S T T 2
Pd ‘ (Zs:l gsk¢5[k]H5 + fk )Wk‘

Ve = 5
O-TL

(10)

can be maximized, formulating the following optimization

S
<Z gqu)S[k]Hs + fl?) Wik
s=1

st |wi2 <1
bsnlk] € 10,27), Vs € S,Vn € N, Vk € K.

This formula is non-convex because the objective function is
not jointly concave with respect to ®[k] and wy. To solve this
problem, we can apply alternating optimization that alternately
optimizes ®[k] and wy, in an iterative manner [2]. Given an

initialized transmit vector w,(co), (11) is simplified to
max

S
T & [KH, + L | w®
o ‘ (; sk [ ] k k

st. @snlk] €10,27), Vs € S,Vn € N, Vk € K.

2

max
D, [k], wi

Y

2

12)

The objective function is still non-convex but it enables a
closed-form solution through applying the well-known triangle
inequality

s
‘ <Z gl @, [k]H, + f] ) wy
s=1

S
S gl @k Hw
s=1

< (13)

+ ’fkT w,(co)‘ .
The equality achieves if and only if

S
arg (Z gi@[k]Hw?) =arg (£ w)”) £ g0, (14)
s=1

where arg(-) stands for the phase of a complex scalar.
Define an N, x 1 vector to model the overall channel from
all surfaces to the k** UE

T
8k = 81k ks - 85k) (15)

where N, = Zle N, is the total number of reflecting
elements over all surfaces, and the overall phase-shifts matrix
at slot k

k] = diag{ejd’“[k],eml?[k], s eIPsng k] }7 (16)

and an N,. X N, channel matrix from the BS to all surfaces as

T
H- bl H] - HE| . (17)

Thus, (14) is transformed to
arg (g{@[k]waf)) = arg (fgw,go)) £ ook (18)

. H .
Defining qx = {qu[k], qi2[k], - -, asn [k]} with
Gsn[k] = €79 (19)
and

X = diag(g] ) Hw}”, (20)



we have
gl ®kHw” = qf’x;. 1)

Ignoring the constant term | w,(co) , (12) is transformed to

max ‘quXk:’
qk
st |gsnlk]| =1, Vs € S,n e N, k € K,
arg(quXk) = Y0k

The surfaces should be tuned such that the reflected signals
and the signals over the direct link are phase-aligned to achieve
coherent combining. Consequently, the solution for (22) is

(22)

ql(cl) = eI (por—arg(xi)) — ej (SOO’“_arg(diag(ng)Hw’(ﬂm)). (23)
Once the required phases, i.e.,
@[k = diag {a{"’ } . 24)

are determined, the optimization is alternated to update wy. The
BS can apply maximal-ratio transmission (MRT) a.k.a. matched
filtering to maximize the strength of a desired signal, resulting
in

H
T& (1) T
o (efeWmH+E)

kT :
|eroWpm + £

w (25)

After the completion of the first optimization iteration, the
BS gets ®V[k] and w,(ql), which serve as the initial input for
the second iteration to derive ®® [k] and w,(f). This process
iterates until the convergence is achieved with the optimal
transmit vectors and phase-shift matrices denoted by wj and
®*[k], k € K, respectively. Then, we can derive the achievable
spectral efficiency of user k as

2
Pi| (g & (WH + £ )wi

1
Cp=—=log |1+

K o2
1 T &+ 7|’ Pa
:K10g<1+‘gk¢>[k]H+fk U%)’ (26)
and the sum rate of this IRVS-aided vehicular system as

1 K
C:E;Ck

1 & °P
d
k=1 n

A. Discrete Phase Shifts

Although continuous phase shifts are beneficial for opti-
mizing performance, it is practically difficult to implement.
PIN diodes have been widely adopted for fabricating reflection
elements due to fast response time, small reflection loss, and
relatively low hardware and energy costs. By adding different
biasing voltages, a PIN diode is switched to either ON or OFF
state, inducing a phase-shift difference of 7. Finer controlling

g ®*[KIH + £

is realized by integrating multiple diodes. For example, imple-
menting 8 discrete phase shifts needs at least log, 8 = 3 PIN
diodes [16]. Higher resolution imposes not only high hardware
cost and design complexity but also a large burden of wireless
or wired backhaul between the BS and smart controllers. Since
a surface usually contains a large number of reflecting elements,
it is practical to implement only a finite number of discrete
phase shifts denoted by 6, Vs € S,n € N,. Let b denote the
number of bits for representing L = 2b different levels, the set
of discrete phase shifts can be expressed as

D= {o, NO,200, ..., (L — 1)A9} (28)
with A@ = 27/L. To optimize active beamforming at the BS
and discrete reflection at the IRVS, we propose to apply a two-
step alternative optimization method, which gets the optimal
continuous phase shifts ®*[k] first, and then quantizes each
phase shift to its nearest discrete value. Each phase shift is
quantized into a finite number of phase-control bits before
sending to its corresponding smart controller through a wireless
or wired link. The quantization can be simply implemented
through a mid-tread uniform quantizer as

I AGL sn +o.5J , (29)

SN Ae

where the notation |-| denotes the floor function.

B. Random Phase Shifts

In addition to the joint optimization of passive reflection
and active beamforming, we study the simplest solution as a
baseline. Randomly setting the phase shifts of all reflecting
elements denoted by ®,[k], k& € K, each entry of which
takes value uniformly and randomly from continuous phase
shifts [0,27), or ©,[k], k € K that takes value uniformly
and randomly from discrete phase shifts D. Then, its transmit
beamforming is optimized as

(gEGT[k]H + f,cT) "

Hgg@r[k}ﬂ n fkTH '

(30)

Wi =

Random reflection does not need CSI acquisition, reflection
optimization, and backhauling, which not only simplify the
system design but also improve the network robustness, with
the price of some performance loss.

IV. PERFORMANCE EVALUATION

This section first presents the simulation setup and then
illustrates some representative numerical results of the IRVS-
aided vehicular system in terms of achievable sum spectral
efficiency. As shown in Fig.3, we consider a geographical
area with the dimension of 1km x 1km covered by a moving
vehicular system. The BS equipped with N, = 16 antennas
is located at the central point (500,500) of the coordinate
system, while S = 2 or 5 vehicle surfaces and K = 2 or 20
users are randomly, uniformly distributed in this area. Without
losing generality, each surface is assumed to contain N, = 200,
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Fig. 4. Simulation results of an IRVS-aided vehicular network under continuous (CPS), discrete (DPS), and random phase shifts (RPS): (a) CDFs of the sum
spectral efficiency with two users and two surfaces, and (b) CDFs of the sum spectral efficiency with twenty users and five surfaces.

TABLE I
95%-LIKELY AND 50%-LIKELY SUM SPECTRAL EFFICIENCY.

K=258=2 K =20,S=5
M TDMA NOMA | RPS DPS-1bit | DPS-2bit | CPS TDMA | NOMA | RPS DPS-1bit | DPS-2bit | CPS
95%-likely [bps/Hz] 1.98 221 8.78 15.42 16.43 16.82 | 4.20 7.76 14.23 21.83 22.83 23.14
Median [bps/Hz] 5.23 6.62 12.67 19.15 20.17 20.49 5.40 11.82 15.60 | 23.03 24.02 24.33
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Fig. 3. Simulation scenario of an IRVS-aided vehicular network, where the

BS serves K users in an area of 1km X 1km with the aid of S surfaces. Both
the users and vehicle surfaces are randomly distributed within the area.

Vs € S reflecting elements. Referring to the practical LTE
and NR specifications, the maximum transmit power of BS
is selected to be P; = 20W over a signal bandwidth of
B,, = 20MHz, corresponding to a power density of —30dBm.
The variance of white noise is figured out by 02 = k-B,,-To-N [’
with the Boltzmann constant x, temperature Ty = 290Kelvin,
and the noise figure Ny = 9dB.

The distance-dependent large-scale fading of the BS-UE and

IRVS-UE channels, i.e., the variances o and o2, can be

computed by 10755> with path loss P and shadowing fading
S ~ N(0,02,). As [17], the path loss can be calculated by the
COST-Hata model, i.e.,

—L — 35log;,(d), d>dy
P=<—-L-15 10g10(d1) — 20 loglo(d), do <d<d,
—L —15log;,(d1) — 201logy(do), d <dp

€1y
where d represents the propagation distance, dy and d; are the
break points of the three-slope model, and

L = 46.3+33.91og,, (f.) — 13.821og;q (hs) (32)
- [1.1 logyo(f.) — 0.7] hr + 1.561og,g (f.) — 0.8,

where the carrier frequency f. = 1.9GHz, the antenna height
of BS hg = bm, the height of IRVS hg = 3 m, and the antenna
height of UE hp = 1.65m. The break points of the three-slope
model in (31) take values dy = 10m and d; = 50m, while
the standard derivation for shadowing fading is 0,4 = 8dB. In
contrast, the path loss for the LOS channel between the BS and
IRVS can be computed through

L
2 0
= — 33
US d_a ) ( )
where Ly = —30dB is the path loss at the reference distance

of 1m, a = 2.5 means the path-loss exponent, and the Rician
factor in (4) is set to I' = 5.

Cumulative distribution functions (CDFs) of sum spectral
efficiency in bits-per-second per hertz (bps/Hz) are evaluated
as the performance metric for the IRVS-aided vehicular sys-
tem. Simulation results when the phase shifts are continuous,



discrete with b = 1 and b = 2 phase-control bits, and random
are provided. To highlight the performance gain of employing
vehicle surfaces, two schemes are applied as the baseline for
performance comparison:

¢ Conventional TDMA without the aid of IRVS, where the
BS sends the information-bearing symbol x; towards the
kth user at the k'" slot. The antenna array applies MRT
by setting wj = f;/||fx|| to achieve matched filtering in
the BS-UE direct link.

o Non-orthogonal multiple access (NOMA): at the trans-
mitter side, all information symbols are superimposed
into a single waveform x = 2211 Vo wrxy, where
oy represents the power allocation coefficient. We set
ay =2k/K(K +1), Yk € K subjecting to Zszl ap = 1.
The optimal order of successive interference cancellation
(SIC) is detecting the user with the weakest channel
gain to the user with the strongest channel gain. Each
user decodes the weakest user first, and then subtracts
its component from the received signal. In the second
iteration, the user decodes the second weakest user using
the remaining signal. The cancellation iterates until each
user gets its own signal.

First, we observe the numerical results of a simple setup
with 2 vehicle surfaces and 2 users, as shown in Fig.4a. In
our simulations, the number of iterations for alternating opti-
mization is set to three, which is sufficient for the convergence
of optimization. The 95%-likely spectral efficiency, which is
usually applied to measure the performance of cell-edge users,
and the 50%-likely or median spectral efficiency of different
configurations are listed in Table I. As we expected, NOMA
is superior to the conventional TDMA due to advanced signal
processing (i.e., superposition coding and SIC). It is observed
that the use of vehicle surfaces brings substantial performance
improvement for such a moving vehicle network. Even though
random phase shifts are applied, both the 95%-likely and 50%-
likely rates increase approximately 7 bps/Hz compared with the
absence of IRVS. If the phase shifts are smartly adjusted, even 1
phase-control bit can bring another growth of around 7 bps/Hz.
Second, we also illustrate the performance evaluation of these
schemes in the case of 20 users with the aid of 5 surfaces, as
shown in Fig.4b. We observe that the distribution of achievable
sum rate becomes more concentrated, and the superiority of
NOMA enlarges, with the increasing number of active users.
In this case, the use of vehicle surfaces still bring an obvious
performance improvement over NOMA and TDMA, especially
for the 95%-likely spectral efficiency. The IRVS with 2 phase-
control bits results in four-fold and five-fold rate increase of
95%-likely and 95%-likely spectral efficiencies, respectively.
In a nutshell, the numerical results justify the effectiveness and
superiority of applying IRVS in moving vehicular networks.

V. CONCLUSIONS

This paper focused on applying the technology of intelli-
gent reflection surface to boost the capacity of moving ve-
hicular networks in military and emergency communications.

We presented a novel paradigm coined Intelligent Reflecting
Vehicle Surface or IRVS, which integrates a massive number
of reflection elements on the surfaces of vehicles. Moreover,
an alternative optimization method was proposed to optimize
jointly active beamforming at the base station and passive
reflection at the vehicle surfaces. Performance evaluation in
terms of sum spectral efficiency under continuous, discrete, and
random phase shifts was conducted, in comparison with the
performance of the conventional TDMA and NOMA schemes
in the absence of IRVS. Numerical results revealed that the
introduction of IRVS can substantially improve the capacity of
a moving vehicular network, even if the IRVS operates in a
blind mode with random phase shifts.
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