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concentrates on wireless communication systems assisted by single or multiple

distributed IRSs, which are not always effective. In view of this issue, this paper
considers a special double-IRS-assisted wireless communication system, where IRS1
and IRS2 are deployed near the base station (BS) and the user, respectively, and the
transmitted signals reach the user via the cascaded BS-IRS1-IRS2-user channel only.
We cooperatively optimize transmit and passive beamforming on the two IRSs based
on the particle swarm optimization (PSO) algorithm to maximize the received signal
power. Simulation indicates that despite no direct line-of-sight (LoS) path from the
BS to the user, an excellent signal-to-noise ratio (SNR) is available at the receiver with
the aid of two IRSs, which demonstrates that it is feasible to assist communication
by double reflection links composed of two IRSs. Additionally, we unexpectedly find
that when the positions of the two IRSs are fixed, by exchanging the positions of the
BS and the user, the obtainable SNRs are similar.

Keywords: Intelligent reflecting surface (IRS), Channel state information (CSI),
Beamforming, Particle swarm optimization (PSO)

1 Introduction
Due to its ability to smartly control signal reflection with low-cost passive reflecting el-
ements, intelligent reflecting surface (IRS) (also referred to as reconfigurable intelligent
surface (RIS) or large intelligent surface (LIS)) is an innovative and disruptive paradigm
that can boost the spectral and energy efficiency and effectively enlarge the coverage of
wireless communication systems [1-3]. Furthermore, the reflecting elements are typic-
ally made of thin materials, which are light with low power, so IRS can be freely
mounted on related objects in the environment to cater to diverse application scenar-
ios. Hence, IRS has attracted great attention from both academia and industry as an
enabling technology for future 6G communications [4, 5].

The existing literature on IRS mainly focuses on wireless communication systems
assisted by single or multiple distributed IRSs (e.g., [6—10] [11-15]), with each IRS in-
dependently serving related users in range through one-time signal reflection. Such an
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approach, however, is not always effectual. For instance, due to dense blockages in ei-
ther indoor or outdoor scenarios, transmitted signals may not be able reach the re-
ceivers by means of line-of-sight (LoS) paths and/or blockage-free links directly with
only one IRS deployed in the vicinity of the transmitter or receiver. For IRS to play a
vital role in the above scenario, two or more IRSs could be exploited to cooperatively
serve various terminals with the aid of multihop signal reflection to avoid scattered
obstacles.

Inspired by this, this paper proposes a wireless communication system cooperatively
assisted by two IRSs, as shown in Fig. 1. Here, we assume that signals reach the receiver
via double reflection links, namely, the BS-IRS1-IRS2-user link, while other links are
not available because of severe obstacles. Simultaneously, we reasonably and subtly de-
ploy two distributed IRSs in the proximity of the BS and the user (IRS1 and IRS2 are
mounted on Building A and Building B, respectively) to achieve LoS channels from the
BS to IRS1, IRS1 to IRS2, and IRS2 to the user. It is assumed that the channel state in-
formation (CSI) is acquirable. To maximize the received signal power, we employ the
particle swarm optimization (PSO) algorithm to cooperatively optimize the transmit
beamforming and the phase shifts on two IRSs subject to the maximum transmit power
constraint at the BS. The simulation results show that the performance of the wireless
communication system can be guaranteed as soon as two IRSs are appropriately de-
ployed near the BS and the user, despite the lack of a direct LoS path being attainable.
This demonstrates that it is practicable to improve the quality of wireless communica-
tion by double reflection links consisting of two IRSs. In addition, the numerical results
indicate that the obtainable SNRs at the receiver are nearly equal by exchanging the po-
sitions of the BS and the user when the positions of IRS1 and IRS2 are fixed.

The remainder of this paper is arranged as follows: the system model and problem
formulation for double-IRS-assisted wireless communication are presented in Section
2. In Section 3, we adopt the PSO algorithm to address the formulated problem. The
simulation results are discussed in Section 4. The conclusions are drawn in Section 5.

-

IRS1
Building A

Building B

Fig. 1 System model
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2 System model and problem formulation

2.1 System model

In this paper, we contemplate an equivalent multiple-input-single-output (MISO)
downlink wireless communication system enabled by two distributed IRSs, as shown in
Fig. 1, where the BS, IRS1, IRS2, and user are equipped with an M-element uniform lin-
ear array (ULA), N; reflecting elements arranged in an ULA, N, reflecting elements ar-
ranged in an ULA and a single antenna, respectively. Due to the lack of an LoS
propagation path between the BS and the user caused by severe obstructions, IRS1 and
IRS2 are judiciously and constructively deployed on Building A near the BS and Build-
ing B near the user, respectively, to reap a cascaded BS-IRS1-IRS2-user link and im-
prove the system performance. In addition, each IRS is joined to the BS by a dedicated
transmission link to regulate signal reflection and exchange information.

Although the LoS path between the BS and the user is blocked, LoS paths can still be
created in the channels between the BS and IRS1, between IRS1 and IRS2, and between
IRS2 and the user by tactfully deploying the two IRSs in the wireless propagation envir-
onment. The three channels, therefore, can be modeled as Rician fading channels and
expressed as follows [16, 17]:

Hip = (\/ \/1<B+1 ) &
<\/ 1<K241r 1 Koy +1 ) @)

Ko — 1 ~
hu = u hu 4hu 3
2 \/052<\/Ku2+1 2+\/I<u2+1 2) (3)

where HyjpgeCNVM | Hy eCN>*Ni and hypeCV2*! and ayp, @), and a,, denote the
large-scale path losses of the BS-IRS1 link, IRS1-IRS2 link, and IRS2-user link, respect-
ively. Kip, K1, and K, refer to the Rician factors of the BS-IRS1 link, IRS1-IRS2 link

and IRS2-user link, respectively. H;geCN'*M, Hy;eCN>*N1 and h,,eCN2*! represent the

LoS components of their respective links. HpgeCNVM | [, eCN2XN ! and hy,,eCN2*1 de-
pict the non-line-of-sight (NLoS) components of their respective links, whose elements
are independently and identically distributed complex Gaussian random variables fol-
lowing the distribution of CN (0,1).

The LoS components are delineated by the response of the ULA. The array response
of an M-element ULA is as follows:

T
ay(¢) = {1, eAsing | Q2rM-1) sinﬂ "

where ¢ is the angle of arrival (AoA) or angle of departure (AoD) of a signal. In this

CN1><M

case, the LoS component Hze can be defined as follows:

Hip = ay, (¢A0A,1B)aﬁ(¢AODJB) (5)

where @aoa, 15 is the AoA to ULA at IRS1 and ¢a.p, 15 is the AoD from the ULA at
the BS. Similarly, the LoS components Hy eCN>*N1 and hy,eCN>*1 are defined as

follows:
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Hy = ay, (¢A0A,21)aﬁl (¢A0D,21) (6)
FUZ = an, (¢AOD,u2) (7)

where @aoa, 21, Paop, 21, and Paop, w2 are the AoA to ULA at IRS2, the AoD from the
ULA at IRS1, and the AoD from the ULA at IRS2, respectively.

As the BS-IRS1-IRS2-user link is a cascaded channel, the received signal at the user
can be stated as follows:

Y= (h$®2H21®1HIB)WS +n (8)

ECNI XN

. et Al . 0 2
where @, = diag(nie/, ,,,7;711\[131%) and @, = diag(n?e/, ..., vaze’GNZ)e

CN2*N2 denote the reflection matrices of IRS1 and IRS2, respectively. #1,€[0, 1] and r?€]
0,1] are amplitude reflection coefficients of IRS1 and IRS2, while ' €[0, 2] and 67€[0,
27| are the phase shifts introduced by IRS1 and IRS2. For simplicity, we will set 7!,
=57 =1 in the sequel to this paper. we CcM>1 and s~CN(0,1) indicate the transmit
beamforming vector and the transmitted symbol, respectively. n is additive white
Gaussian noise (AWGN) with zero mean and variance ¢*. According to formula (8), we
can obtain the signal power received at the user as follows:

/J) = |(h1:2®2H21®1H13>W|2 (9)

2.2 Problem formulation

. . . T T
Assume that P is the maximum transmit power, 8' = [6;, ..., 6y, ], and 0 = [67, ..., 63, ]
We aim to maximize the received signal power S by cooperatively optimizing the transmit
beamforming w and the phase shifts 8" and 6% subject to the maximum transmit power

constraint at the BS. The corresponding optimization problem can be written as follows:

(1) max | (W@, H,, 0, Hp)w|® (10)
st |w|*<P, (11)

0<6} <27,Ym = 1,...,Ny, (12)
0<07<2m,Vi=1,...,N,. (13)

We postulate that CSI is always acquirable. Therefore, for any specific ' and 07, it is
not difficult to find that the maximume-ratio transmission (MRT) is the optimal trans-

mit beamforming method for the optimization problem (P1) [18], ie, w*'= VP
(hCIZQZH‘Zl@lHIB)H

méwMRT. By substituting w" into formula (10), (P1) can be transformed

to the following equivalent problem:

(P2)  max | (h,@:Hn®,Hyp)|” (14)
st. 0<@ <2m Vm=1,.. Ny, (15)

0<07<2m,Vi=1,...,N,. (16)
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Although constraints (15) and (16) are convex, problem (P2) remains a non-convex
optimization problem because of the non-concave objective function with respect to 8"
and 02 In practice, there is no standard solution to such a non-convex optimization
problem. Accordingly, we propose to resort to the PSO algorithm to optimize problem

P2, which will be analyzed in the next section.

3 Method
In this section, we first describe the fundamental principle of PSO and then capitalize
on the PSO algorithm to address the proposed non-convex optimization problem.

3.1 Particle swarm optimization
As a stochastic global optimization solution, PSO has been proven to be robust and fast
in solving non-linear, non-differentiable, continuous variables, and multimodal prob-
lems [19, 20]. PSO is derived from real life (i.e., a flock of birds or a school of fish) and
swarming theory. As indicated by the name, PSO consists of a swarm of particles, simi-
lar to a group of flying birds. Here, each particle is a candidate or potential solution to
the optimization problem. During the optimization process performed by the PSO algo-
rithm, suppose that there is a cluster of particles randomly distributed in a multidimen-
sional space, and each particle has its own fitness value determined by its spatial
position and velocity. Then, each particle hunts for the optimal position in the search-
ing space based on its current position. Each particle, in every iteration, abides by the
following two “extremums” to adjust its position and velocity. One extremum is the in-
dividual optimal position pbest, which is searched by itself; based on this position, the
individual best fitness value can be determined. The other is the global optimal position
gbest, which is searched by the whole swarm; this position can be used to calculate the
global best fitness value.

Assume that x,(i=1, 2, ..., D) are the initial positions of the optimization problem
(with D as the swarm size). Each particle is updated according to the following

equations:
Vit = wvl + ey (pbest;—xt) + cors (gbest,—x!) (17)
R as)

where x; and v; represent the position and velocity respectively, w is the inertia
weight, ¢; and ¢, are the learning factors, and r; and r, are two random numbers be-
tween 0 and 1. Note that the velocity v; € [~Vimaw Vmax] is generally bounded between
the maximum v, and the minimum -v,,,. It is worth mentioning that if the velocity
is too high, the best solution may be missed, while if the velocity is too low, there may
be insufficient searching space.

3.2 Optimization procedure
According to the abovementioned principle, the optimization procedure for problem
(P2) based on PSO is as follows:

Step 1: Initialize the swarm size D, the maximum number of iterations 7,,,, the par-
ticle position x; € [0, 2], the velocity v; € [~Vimax Vimax)» W» ¢1, ¢2 and 11, r2.

Step 2: The fitness value of each particle is obtained according to formula (14).
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Step 3: For each particle, when the fitness value at the current position is greater than
the previous best fitness value, set the current position as pbest.

Step 4: For each particle, when its best fitness value is greater than the global best
fitness value of the swarm, set the best fitness value of this particle as the global best
fitness value, and set its corresponding position as gbest.

Step 5: Adjust the velocity and position of each particle based on formulas (17) and
(18), respectively.

Step 6: If the maximum number of iterations is reached, stop iterating, save, and
output the results, or return to Step 2.

In this paper, the main parameter set for PSO includes D = 30, Tyax = 100, Viax = 0.1,
w = 0.1, and r; = ry = 0.5. These parameters are chosen based on the results of many
simulations.

4 Results and discussion

All results in this section are attained by averaging over 1000 independent trials. The
simulation layout is shown in Fig. 1, where d1, d2, and d3 are the straight-line distances
between the BS and IRS1, IRS1 and IRS2, and IRS2 and the user, respectively. The
simulation parameters are as follows: M = 9, N = N, = N, o> = - 110 dBm, P = 11
dBm and Kjg=K;; = K, =10. We choose different d1, d2, d3, and N to verify the
performance of the double-IRS-aided wireless network. The large-scale path loss could
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Fig. 2 Received SNR vs. Number of reflecting elements
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be calculated by a = W, in which d denotes the corresponding link distance and ple

represents the associated path-loss exponent. Angles of the LoS components in the
respective channels is randomly set within [0, 21t]. When d1, d2, and d3 are less than
10 m, the corresponding path-loss exponents of a;p, a1, and a,, are 2, while when d1,
d2, and d3 are equal to or greater than 10 m, the associated path-loss exponents of a1,
as1, and a, are 2.5.

In Fig. 2, we assume that d1 and d3 are both equal to 5 m. In this context, to com-
pare received SNRs with different distances between IRS1 and IRS2, we select three
different distances of d2, which are 10 m, 20 m, and 30 m. We can observe in Fig. 2
that when IRS1 and IRS2 are composed of fewer reflecting elements, the received SNRs
at the user are large and guaranteed, despite there being no direct LoS path available
from the transmitter to the receiver. Nevertheless, as the distances from IRS1 to IRS2
are increased, the received SNRs decrease. The reason is that the signals are further
attenuated with increasing distance. In the meantime, with d1 = d3 =5 m and d2 = 10
m, we also acquire different SNRs when the phase shifts on IRS1 and IRS2 are O,
random, and optimized, respectively. It is obvious that in Fig. 2, the received SNRs rise
significantly after the phase shifts are optimized. Accordingly, the curves in Fig. 2
indicate that it is feasible to deploy two distributed IRSs in the immediate vicinity of
the BS and the user to create a cascaded BS-IRS1-IRS2-user channel and ensure system
performance. However, it remains unknown whether the received SNRs at the user
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Fig. 3 Received SNR vs. Number of reflecting elements
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could be accepted and guaranteed when the IRS1 and IRS2 are deployed far from the
BS and the user. Hence, this must be verified via simulation.

Considering that longer traveling distances of signals will increase signal attenuation,
we select the two IRSs composed of more reflecting elements to maximally offset
attenuation. We fix d2 = 30 m first and then set d1 = d3 = 10 m, 15 m, and 20 m, as
displayed in Fig. 3. When d1 and d3 are too large, the received SNRs cannot be
accepted despite more reflecting elements on IRS1 and IRS2. Specifically, when d1 = d3
=10 m and d2 = 30 m, the received SNRs rise with an increasing number of reflecting
elements and most of the SNRs are greater than 0 dB. However, when d1 = d3 = 20 m
and d2 = 30 m, the received SNRs remain less than 0 dB although the number of
reflecting elements has reached 500. Fortunately, according to Fig. 3, as long as the
number of reflecting elements on the two IRSs continues to rise, the SNRs will be
greater than 0 dB again; thus, the system performance can be guaranteed. Conse-
quently, it is suggested that farther transmission of signals is at the expense of signifi-
cantly increasing the number of reflecting elements on an IRS.

In addition to the above two situations, we simulate the system performance when
IRS1 and IRS2 are fixed, while the BS and user exchange positions. Specifically, when
d2 is fixed at 30 m, the received SNRs under the conditions of d1 = 12 m, 18 m, and
24 m, while d3 = 5 m, are nearly equal to the SNRs when d3 = 12 m, 18 m, and 24 m,
while d1 = 5 m. As we can see from Fig. 4, the maximum differences between the SNRs

1 0 T T T T T T T

N
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N
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Fig. 4 Received SNR vs. Number of reflecting elements
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when the user and base station exchange positions are no more than 1 dB, and they are

sometimes equal.

5 Conclusion

In this article, we have investigated how to utilize two IRSs to improve the wireless
communication system performance when there is no direct LoS path between the
transmitter and the receiver. To be specific, we deploy two distributed IRSs (IRS1 and
IRS2) in the vicinity of the BS and user to achieve a cascaded BS-IRS1-IRS2-user chan-
nel. By cooperatively optimizing the transmit and passive beamforming on the two IRSs
based on the PSO algorithm, the received SNRs at the user are derived. The simulation
results imply that with a short distance from the BS to the user, the obtainable SNRs at
the user are large, even if each IRS consists of fewer reflecting elements. The results
also indicate that it is essential to significantly increase the number of reflecting
elements on the IRS to achieve an accepted SNR when there is a long distance between
the BS and the user. In the meantime, we unexpectedly find that when the positions of
the two IRSs are fixed, the obtainable SNRs are nearly equal when exchanging the
positions of the BS and the user. In summary, it is feasible to improve the quality of
wireless communication via double reflection links composed of two IRSs, which
undoubtedly can provide a powerful solution for achieving seamless global coverage in
future 6G wireless communications.
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