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Controlled Wireless Channel using Multi-Antenna
Multi-IRS Assisted Communication System: A
Comprehensive Performance Analysis
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Abstract—To  address  societal demands, upcoming
communication systems must manage multiple tasks
simultaneously, thereby increasing circuit complexity and

error rates. These challenges can be mitigated with intelligent
reflecting surface (IRS) by utilizing cost-effective reconfigurable
metamaterials to manipulate wireless propagation channels. The
study investigates the performance analysis of a multi-antenna
multi-IRS-assisted communication system in a generalized n —
fading channel assuming non-line-of-sight (NLOS) scenario
between the base station (BS) and the user equipment (UE)
using the moment-generating function (MGF) approach. The
theoretical expressions for the bit error rate (BER), and
Ergodic capacity (EC) are derived for the system model under
consideration. Energy efficiency (EE) was also evaluated for
completeness. A mean Monte-Carlo (MC) transceiver simulation
test bed is provided to validate the obtained theoretical
expressions. The derived theoretical formulae cover Nakagami-
m, Nakagami-q, and Rayleigh channels as corner cases to
cover the practical indoor and outdoor scenarios. Improved
performance is observed with more antennas at the BS and UE,
more IRSs, more reflecting elements, IRS placement near BS or
UE, high 4, and low 7 values. It was noticed that the triple-IRS
system offers better BER, enhanced EC, more energy efficient
than the single-IRS system, and achieves 8 dB gain at BER
point of 10~°, 2.82 (b/s/Hz) improvement in EC, and 3.5 times
energy efficient at average achievable rate 25 (b/s/Hz). Moreover,
employing multiple antennas achieves 6 dB improvement at
BER value of 107°, enhanced achievable rate, and in turn
improves energy efficiency. Lastly, placing the IRS either near
BS or UE is more beneficial than setting it at mid-way where
the BER reduces from 1072 to 10’9, EC of 2 (b/s/Hz) gain, and
can design a 3 times better energy efficient system.

Link to graphical and video abstracts, and to code:
https://latamt.ieeer9.org/index.php/transactions/article/view/9318
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I. INTRODUCTION

MERGING as a pivotal technology, intelligent reflecting

surfaces (IRS) hold great promise in shaping the evo-
lution of forthcoming wireless communication systems (6G)
[1], [2]. In a broader sense, IRS belongs to the category of
metasurfaces engineered for adaptability, allowing for mod-
ifications in the amplitude, phase, and polarization of the
reflected electromagnetic (EM) field from the surface [3]. IRS
technology is versatile and applicable across diverse scenarios
such as indoor and outdoor wireless networks, 6G cellular
environments, and satellite communication systems [4]. Its
capabilities offer the prospect of enhancing wireless commu-
nication efficiency and performance by addressing multipath
fading, minimizing interference, and expanding coverage areas
[5]. Its primary function resembles that of relay technology,
focusing on enhancing propagation environments like extend-
ing coverage and addressing blind spots. Nevertheless, unlike
relays, which actively process and amplify received signals
before re-transmission, IRS operates passively with low cost
reflecting elements, solely reflecting the EM signals [6].

Despite increasing interest in IRS technology, its adoption in
practical applications requires substantial time and resources.
The investment necessitates that the IRS demonstrate notable
performance benefits compared to established technologies
[7]. Conventional channel models that only consider large-
scale shadowing are not sufficient to accurately represent the
complex propagation effects of 5G and 6G wireless networks,
given their wide range of use cases and applications [8].
The authors in [9] expanded their investigation on the IRS
to include unmanned aerial vehicle (UAV) networks. An
optimization problem was formulated with the objective of
maximizing the achievable throughput for the proposed UAV
system that utilizes IRS technology.

IRS represents an emerging technology that can manage
channel impairments by utilizing various reflective surfaces
[10]. The study delved into performance evaluation of the IRS-
enhanced communication system in outdoor and indoor radio
scenarios, considering Rician distributions, and employing the
Laguerre series method [11], the system’s symbol error prob-
ability (SEP) for the IRS-assisted single-input-single-output
(SISO) system is demonstrated in Rayleigh fading channels
[12]. An analysis is conducted on the symbol error rate (SER)
probability of a wireless communication system assisted by
the IRS over a Nakagami-m fading channel [13], Weibull [14],
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and the BER for the system aided by the IRS is reported in
log-normal fading channels [15] fading models, utilizing the
moment generating function (MGF) methodology and consid-
ering independent and identically distributed (IID) fading dis-
tributions in a NLOS case employing single IRS. Furthermore,
the significant advantages of the IRS make it a commonly
utilized tool in enhancing wireless communications, often
through the implementation of multi-IRS systems to enhance
the coverage and reliability [16]. Therefore, wireless signals
can be efficiently reflected during transmission from the base
station (BS) to the user equipment (UE). [17] has proposed
several multiple-IRS-assisted 6G wireless networks to meet
future demands. Study in [17] suggests that multiple IRSs
can substantially enhance wireless communication coverage,
capacity, and service quality. When multiple IRSs are utilized
cooperatively, the signal power at the UE is significantly
boosted [18]. Additionally, placing IRSs in various locations
ensures that signals can still reach the UE through alternative
paths even if some experience deep fading.

The n—p distribution is a generalized fading framework that
has been extensively used in wireless communication to ana-
lyze the performance of any system model under consideration
[19]. The parameter 1 defines the shape of the channel fading
distribution, whereas the parameter p indicates the number
of multipath clusters or the fading intensity. It is especially
well-suited for describing situations in which both multipath
propagation and interference effects occur, such as urban or
indoor environments. Due to its flexible fading parameters
adjustment, n — p covers some of the well-known fading
distributions such as Rayleigh, Nakagami-m, and Nakagami-
q as special cases [19]. Given the aforementioned points,
it is clear that generalized wireless statistical information
is necessary to cover a wide range of scenarios. Recently,
authors in [20] derived the probability density function (PDF)
of the envelope of 7 — p channel assuming discrete val-
ues of the number of in-phase and quadrature components.
The characteristic function (CHF) of the proposed analytical
expression has been formulated and applied to the single
IRS-supported communication system to derive the outage
probability (OP) and the bit error probability (BER). However,
the mathematical complexity dramatically increases with the
number of reflecting elements and cascaded channels.

Building upon the survey mentioned earlier, it is apparent
that multiple-IRSs can enhance the overall wireless com-
munication system performance. On the other hand, system
analysis under generalized fading channel models covers spe-
cial scenarios as corner cases. It has been observed that the
performance analysis of multi-IRS multi-input-multi-output
(MIMO) systems under generalized fading models is still in
its infancy. Motivated by the above facts, in this work we
consider a multi-IRS supported system model in the NLOS
case with all the wireless channel links as 17—y for the MIMO
scenario. An in-depth analysis of various performance metrics,
such as BER, Ergodic capacity (EC), and energy efficiency
(EE) under different parameter settings namely, the number of
reflecting elements, number of antennas employed at BS and
UE, number of IRSs, location of the IRS, transmit power, and
fading parameters are performed. The key contribution of this

study can be succinctly described as follows:

e Due to the sophisticated nature of the complex channel
between the BS-IRS links, and the channel between the
IRS-user links, we formulated a step-by-step relationship
between the input-output system model of the proposed
MIMO multiple-IRS communication system. In this for-
mulation, we have also considered the distance-based
path loss component to ensure a comprehensive and
realistic representation of the channel conditions.

o With the aid of the derived signal-to-noise ratio of the
system model under consideration, applying central limit
theorem (CLT), we deduced the statistical information of
the overall cascaded wireless channel links in terms of
the mean and variance.

o Using the MGF approach, we derived the analytical
expression of the probability of bit error rate under
generalized n — p fading distribution in terms of the
stakeholder parameters such as the number of reflecting
elements, number of IRSs, number of antennas at the BS
and UE, large-scale path loss, and fading parameters.

e A framework to find the mathematical complexity of
deriving the exact EC, we used Jensen’s inequality to
find out the upper bound of the Ergodic capacity. For
completeness, the energy efficiency comparing the multi-
IRS system to the reference single-IRS system is also
discussed.

o Achieving reliability in the absence of a direct path
between the BS and the UE is challenging. Thanks to
the multi-IRS set-up, with the proposed model, we can
improve the reliability at the UE by adjusting the number
of reflecting elements at each IRS.

o Owing to the importance of the placement of the IRS in
the vicinity of both BS and UE, at a fixed transmitted
signal power we demonstrated the optimal placement of
the IRS.

o Opverall, the derived theoretical expressions and the mean
Monte-Carlo (MC) simulated values are in good match
and thus validated the proposed multi-IRS MIMO com-
munication system under n — p wireless channel en-
vironment. Through detailed analysis, we studied the
importance of each parameter and discussed in length
how those parameters effect the performance metric under
consideration.

The structure of the paper unfolds as follows: Section II
introduces the system model under consideration. In Section
III, we delve into the performance analysis and present closed-
form expressions. Section IV is dedicated to discussing the re-
sults obtained. Finally, Section V encapsulates the concluding
remarks.

II. SYSTEM MODEL

In this article, we discuss a multi-IRS assisted MIMO
system as depicted in Fig. 1, where the BS is equipped with
Zy number antennas and a UE with Z, number antennas.
Assuming a non-line-of-sight (NLOS) scenario between the
BS and the UE, a low-cost efficient L multiple IRSs, placed
at various locations and each IRS with NV, elements, are
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Fig. 1. Improved wireless connectivity using multiple antennas at
the base station, user equipment, and multiple intelligent reflecting
surfaces in non-line-of-sight scenarios.

employed to create a virtual LOS. The received signal at the
UE is the superposition of all the reflected paths from each
IRS and can be represented as [16],

L Ny Zi Z.

v=1>_3 3> briphickiq| s+ )

k=1i=1 p=1q=1

where s represents the data symbols chosen from the binary
phase shift keying (BPSK) modulation scheme with average
energy denoted as E,. n corresponds to the additive white
Gaussian noise (AWGN) characteﬂrized by a zero mean and
a variance of N,. by = d;i 5kipe’j¢kip and cpiq =
d;%ﬁkiqe’jwkiq are the channel coefficients from the p-th
transmitting antenna to i-th element of the k-#h IRS and the ¢-
th element of the k-th IRS to the UE respectively, where dpy,
and dj, 7 are the distance of BS to IRS, IRS to UE respectively,
and also « is the mean path loss exponent. Moreover, dyip
and By, are the channel magnitudes, assumed in this study to
follow the generalized 1 — u fading distribution. ¢y, and Vg4
are the phases of BS to IRS and IRS to UE, respectively. hy;
in equation (1) is the reflection coefficient of the i-th element
of the k-th IRS and is given by [12],

hii = agie’™, i=1,2,--- Ny 2

Here, ay; and 6y; denote the controllable gain and the phase
factor at the i-th element of the k-th IRS, respectively. It is to
be noted that depending upon the values of these parameters,
ar; € [0,1] and 0y; € [0,27), the overall performance of
the IRS-assisted communication system will be varied. For
simplicity, in this work, we considered the optimal phase shift
(OPS) choice of Oi; = ¢rip + Yrig [21], to maximize the
SNR at the UE. Nevertheless, given practical implementation,
one can use discrete phase shift (DPS) to limit the number
of discrete values chosen from a set of phase shifts in [0, 27)
represented by 6j; = 22—’[]" where f =0,1,---,2° — 1 and b
is the number of digits to represent each level [22]. Assuming
perfect reflection at the IRS, |ax;| = 1, the received signal can
be modified as follows,

L Ny Zi Z»

y= YN 3N A kipdy, 5 Brig| s+ )

k=1 i=1 p=1 q=1

The maximum received SNR at the UE can be expressed as
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TABLA 1
1 — p SPECIAL CASES

Description n m
Rayleigh 1 0.5
Nakagami-m 1 m/2
Nakagami-q (Hoyt) ¢2 0.5

[12],
a o 2
L N, Zy Z, —% -2
(Zk:l Zi:kl Ep;1 Eq:l dBlzk 5kipd1k?15kiq) Es
Y= N
T2E
= — s =T%¢ “4)
(Zk:l d%lk d(I]}CU) No
L Ni 2y Z,

where T = (Zk=1 D im Zp=1 Zqzl (;kipﬂkiq)’ ¢ =

Es

(Z£=1 d%zk d?k U) No
the principle of the central limit theorem (CLT), T is expected
to conform to a Gaussian distribution [23]. Consequently, ~y
will adhere to a non-central chi-squared (NCCS) distribution.
Moreover, dr;, and Si; in equation (3) are considered to
be independent and identically distributed (IID) - random
variables, characterized by the following probability density
function (PDF) [19], [24],

_ 2yt E {7#(1%)2;’2} p(1=n*)p
Telp) = VA=) 2T (p) xp 2n Li-y 2n

. As Ny is sufficiently large, according to

where I'(+) is the Gamma function, I,(-) is the n-th modified
Bessel function of the first kind, 1 represents the ratio of
the non-centrality parameter to the scale parameter in the
distribution. It essentially controls the spread or dispersion of
the fading envelope. p is associated with the shape parameter
of the distribution. It influences the skewness of the fading
envelope. The generalized n — p fading distribution serves as
a versatile model capable of encompassing a range of other
distributions, such as Nakagami-m, Nakagami-q, and Rayleigh
fading channels, as corner cases, as shown in Table I. It is
particularly well-suited for NLOS environments, owing to its
ability to capture the complex nature of propagation, includ-
ing non-homogeneous conditions characterized by scattering
elements, reflective surfaces, and diffraction phenomena.

The j-th moment of 7-p distribution is given as [19],

N 2ertI/AT(2u45/2) i1 i 1. (1-9\2
B(P) = Gt ot 4+ Bt di 53 (1)

(6)
where 5 F} () is the Gauss hypergeometric function. Conse-
quently, by utilizing equation (6), we can determine the mean
and variance as follows,

N 2C26+1/21(2)41/2) 3 1. 1. (1-1 2
Am = E(P) = (2+'r1‘1+!/)"+1/$u1/£F(2H)2F1 {u topt ity <1+’;)

(7
where E (-) is the expectation operator. The variance P is
given in equation (8), where Var (-) is the variance operator
(mentioned at the top of the next page).
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III. PERFORMANCE ANALYSIS

In the forthcoming sub-sections that ensue, we formulate
the analytical representations for BER, EC, and EE under the
considered generalized framework. The statistical information
of T is necessary to derive the analytical expressions of each of
the performance metrics under consideration. With this, next
we aim to find the mean and variance of Y. Recalling dj;p
and B4 follow IID n — pu distribution functions, we have the
following,

E [6ipBriq] = E [Okip) E [Briq) = A7, ©)
= Var [0ip) Var [Briq] + Var [6kip] (E [Brig))’

+ Var [Brig] (B [0gip))’
= A2 427,72,

Var [&cipﬂkiq]

(10)

Consequently, T statistics can be derived as,

L N + -
Ae é Zzzzakwﬂkzq] - LNthZ A
k=1 1i=1 p=1¢q=1
(11)
L Np Zi Zr
A, = Var[Y] = Var Zzzz&ﬂpﬁkzq]
k=11i=1 p=1q=1
= LNvZ Z, (A2 4 20,A7,) (12)

A. Bit Error Rate

To derive the closed-form expression of BER, in this sec-
tion, we follow a simple MGF approach. Since « follows a
NCCS distribution with one degree of freedom, the MGF can
be expressed as [25],

M,(s)=E [eSTQC}

- /OO S(T%¢
— 00
oo

eFi 1 5 YA,
= oz ) {‘(zAz‘“)T T }“

—A2
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A 2
(1—SCEA3)]
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% sAgE'S
1 51, 47 o Vo
— k k
M, (s) = 1 _ A, AP T 2sAE,
a5, ds Ny a5, ds Ny

(13)
The average SER of M-PSK signaling is calculated as [25],

1 (1\/[;]1)71- . 9 M
P, — f/ M, (W) v (14)
T Jo sin” v
For M = 2 binary PSK, equation (14) simplifies to,

3 —A2E;
1 ox d%lk d‘I”kUNO sin2 v do
I g e P I gl
BI “I,u™Ne BI ‘I, utte

15)
To solve problem equation (15), expanding exponential series
and following [[26],3.681], the probability of error rate is given

as,
n %777,
—AZE, 2A, B,
1S dr, df, v o dpp, 47, uNo
P.=—-Y
7T

2o
@

Il
3=
o

[NE

— 2A, B,
= ()
3 1
wFr 1,1-n,7, u— (16)
I+ o, &

Even though the probability of error expression consists of
an infinite series, it is observed that less than ten terms are
sufficient to get the desired accuracy of the SER performance.
This indicates that the series converges quickly to get the
desired error rates of 1072 [27].

B. Ergodic Capacity
Typically, the EC in the context of a fading channel is
expressed as follows [23],

C =E[logy (1+7)]

Given that ~ follows the NCCS distribution with one degree
of freedom, deriving the closed-form EC expression is quite
challenging. Therefore, employing Jensen’s inequality, we
establish the upper bound of equation (17) given as [28],

Cup =log2 (1 +E[v]) (18)

From (4), E[y] = E [Y%(] =(CE [TQJ. Using the definition of
variance, E [Y?] = Var[Y] + [E[Y]]” we have the following,

a7

El] = ¢ (Var[T] + [E[1]]) (19)
Accordingly, Cyp can be rewritten as,
Cup =logs (1+¢ (VarlX] + [E[Y]))  0)
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TABLA 11

SIMULATION PARAMETERS [18], [29]
Description Values
Number of reflecting elements, N 16 — 512
Distance between BS to UE, d [m] 100
Height of IRS (hrrg) [m] 15
Height of BS (hpg) [m] 10
Height of UE (hy g) [m] 2
Path loss Exponent, « 3
Carrier frequency (f.) [GHz] 3
Transmit power (Ps) [dBm] [0, 30]
Power dissipated, P;; [mW] 7.8
Power conversion efficiency (&) 80%

Circuit dissipated power at BS (PCBS) [dBm] 10
Circuit dissipated power at UE (PYF) [dBm] 10
Bandwidth (BW) [MHz] 10
Noise Figure (NF) [dBm] 10
Modulation scheme

hps = 10m

d = 100m

v L.
BS z
< >
Yy

Fig. 2. Simulation setup of the proposed system model in NLOS
scenarios using multiple antennas at both the base station, user
equipment, and multiple IRSs.

Now using equation (11), the upper bound for the EC can be
written as,

Cup = logz (1 +¢ (A, +A2)) 1

C. Energy Efficiency

The energy efficiency (EE) of a system aided by an IRS can
be elucidated as [18],
)
Ptotal

Here, B represents the bandwidth, while R signifies the target
spectral efficiency. Piota represents the total power of the
system, which can be computed as [18], [29],

EE =B x ( (22)

Piotal = Ps + PHP4 + PPS + LN, Py + PYF - (23)
Here, P, represents the transmit power at the BS, PP4 = L=
is the power utilized by the high-power amplifier (HPA) with
¢ being the efficiency of power conversion [30], P2 is circuit
dissipated power at the BS, P;; is the power dissipated at the
it" IRS element of the k' IRS, and PYF is circuit dissipated
power at UE.
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MC-Sim, N = 256
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Bit Error Rate (BER)
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Fig. 3. BER versus SNR performance using binary phase shift keying
(BPSK) signalling for varying N with Z; = Z, =2,n =1, 1 = 0.5,
and S-IRS.

IV. RESULTS AND DISCUSSIONS

In this section, we provide the results of the derived BER,
EC, and EE of the system model under consideration for
single-IRS (S-IRS), double-IRS (D-IRS), and triple-IRS (T-
IRS). A mean Monte-Carlo (MC) simulation set-up is made
according to the parameter setting in Table II, not only to
verify the correctness of the derived analytical expressions
but also to get more insights about the variables affecting the
overall system performance. The comparison among multiple
IRSs is conducted by ensuring the number of reflecting ele-
ments in S-IRS, D-IRS, and T-IRS systems were all equal to
N, specifically i.e. Ny = 2Ny = 3N3 = N, where Ny, No,
and N3 as the numbers of reflecting elements in the S-IRS,
D-IRS, and T-IRS, respectively. The simulation set-up is made
according to Fig. 2.

In the following subsections, we have detailed the effect of
the number of reflecting elements and distance parameters on
each of the performance metrics. However, this analysis was
carried out assuming the impact of the other parameters chosen
in Table II as constant. In brief, we would like to highlight
the following points:

o Increasing the heights hpg or hyg will improve the
overall performance since the IRSs will be closer to both
the BS and the UE which inturn increases the received
signal strength.

o Increasing the h;pg will degrade the performance of the
considered system model as the received signal strength
at the UE will be reduced due to farther distance from
the IRSs.

o From equation (4), we can conclude that increasing the
value of path-loss will reduce the  value and hence will
degrade the system performance.

e Also, from (22) we can observe that the P, is a
function of P,, PHPA pPBS P, and, PV, We can
observe that an increase or decrease in the values of
these power components will reduce or enhance the
performance respectively.
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A. BER Results

Figure 3 presents a comparison between the theoretical, and
simulated results by fixing n = 1, u = 0.5 for the various
number of reflecting elements, N € {16,32,64,128,256}.
It can be noted that in accordance with Table I, this fading
parameter setting boils down the system model to the Rayleigh
channel. The following insights can be observed:

o As the value of N increases, the precision of both the
theoretical and MC simulated results remains consistent.
The reason for this can be attributed to the fact that
the analytical expressions derived in Section III rely on
the CLT assumption. Consequently, a larger value of N
results in a more accurate Gaussian approximation and
more tightness of the derived expression and the MC
simulations.

e The reliability of an IRS-supported communication sys-
tem can be improved by increasing the number of re-
flecting elements. For example, at an E,/Ny = 60
dB, the BER values are 10~2, 0.01, 0.14, and 0.29 for
N € {128,64,32,16} respectively. This implies that low-
cost energy efficient passive IRS elements play a crucial
role in improving the reliability of the information.

o On the contrary, to achieve a fixed BER, an increase in the
number of reflecting elements can be traded off with the
E./Ny. As an example, to attain a BER value of 1074,
the F;/Ny required is approximately 80 dB, 71 dB, 65
dB, 59 dB, and 52 dB for N € {16, 32,64,128, 256}
respectively. This implies that depending upon the re-
sources available at the BS, the number of reflecting
elements can be traded off.

In Fig. 4(a), the BER performance is illustrated by varying
the parameter p for a fixed n = 1. This simulation parameter
setting covers the Nakagami-m fading channel as a special
case which is reflected in Table I. The analytical expression
and MC simulated results agree, and as p increases, the
BER decreases due to the quantity of multipath clusters. For
instance, when p value increases from 0.5 to 1.5, a gain
of ~ 2 dB is achieved at a fixed BER of 107°. Fig. 4(b)
shows the impact of fading parameter 7 for a fixed p = 0.5,
covering the Nakagami-q fading channel as per Table I. The
BER expression matches the simulated results, showing that
an increase in 7 decreases the error rate, as it enhances the
power of dominant waves.

Fig. 5(a) illustrates the comparison of BER performance
between OPS, DPS, and random phase shift (RPS). The choice
of OPS is clearly understood to yield the optimal BER perfor-
mance, as it assumes perfect phase compensation. Conversely,
if the IRS elements phase shift values are randomly selected
from the range [0,27), the BER performance of the RPS
becomes less dependable. Curiously, the DPS will be closer to
the optimal choice depending on the value of b. It is observed
that the BER performance for 3-bit level phase shifts is nearly
equivalent to that of the OPS case. Quantitatively, at F,/Ny
of 70 dB the BER values are 0.0001, 0.0001, 0.0007, 0.0444,
and 0.2569 respectively for OPS, DPS (b = 3), DPS (b = 2),
DPS (b = 1), and RPS.

Bit Error Rate (BER)

o MC-Sim, p=0.5
104E| % MC-Sim, =15
A MC-Sim, p =6

——— Theoretical

40 45 50 55 60 65 70
ES/N0 [dB]

(a)

Bit Error Rate (BER)

» MC-Sim, n = 0.04
* MC-Sim, n=1
——— Theoretical

40 45 50 55 60 65 70
E /N, [dB]

(d)

Fig. 4. BER versus SNR analysis with varying fading parameters (a)
n=12+=2,=1, N=64,S-IRS(b) u =05, Z: = Z, =1,
N = 64, S-IRS

Fig. 5(b) demonstrates the influence of the placements of
IRSs on the BER of the D-IRS system by altering the number
of antennas at BS and UE, denoted as Z; and Z,. The
improvement in the BER performance of the D-IRS system
is clearly observed when IRS; and IRS, are positioned in
greater proximity to the BS and UE, respectively. In addition,
as expected increasing the number of antennas will decrease
the BER.

Fig. 6(a) displays the BER performance of a multi-IRS
system. The theoretical expressions discussed in Section III
matches exactly with the mean Monte-Carlo simulations. For
a fair comparison, we set Ny = 150 for S-IRS, while D-
IRS has two IRSs positioned consecutively along the BS-UE
route, each configured with N; and Ny set to 75, and T-
IRS has three IRSs positioned consecutively along the BS-UE
route, each configured with N, N,, and N3 set to 50. The
plot shows that increasing the number of IRSs along the path
leads to improved system reliability. A gain of 4 dB and 6
dB are observed at a BER of 10~° when the number of IRS
stages changes from S-IRS to D-IRS and D-IRS to T-IRS,
respectively.

Fig. 6(b) compares the theoretical and simulated results of
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Fig. 5. (a) BER versus SNR analysis for different phase schemes with
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distance for fixed Es/No =50 dB, n =1, u = 0.5, N = 240.

a multi-IRS assisted system for various number of antennas at
the BS, UE (Z;, Z,) € {(2,2), (4,2), (4,4), (6,6)}. Increasing
the number of antennas at the BS can significantly improve the
BER performance. For example, at Es/Ny of 30 dB the BER
values are 0.3146, 0.1673, 0.0267, and 0.00021 respectively
for (Z:, Z,) € {(2,2), (4,2),(4,4), (6,6)}.

Fig. 7 illustrates the comparison of the BER performance
between SISO, MISO, and MIMO. From the plot, one can
observe that employing multiple antennas decreases the error
rates providing an improved reliable system. This can be
justified by the fact that by using multiple antenna systems,
the signal can follow multiple independent paths resulting in
an improved BER performance. The theoretical expressions
discussed in Section III match exactly the mean Monte-Carlo
simulations. An improvement of around 10 dB is observed
when switching from SISO to MISO and from MISO to
MIMO at a BER of 1074,

B. EC Results

In Fig. 8(a), the effect of the location of IRS on the EC
is plotted for a fixed P, = 10dBm, and fading parameters
n=1 and p = 0.5. It can be noted that this setting boils down
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to the EC analysis under Rayleigh fading channel. Similar to
the observations made from other performance metrics, the
achievable rate is maximum when the IRS is closer to either
BS or UE. Interestingly, the attainable EC remains constant
when the IRS is positioned in a similar location to both the
BS and the UE. For instance, when the distance between the
IRS and the BS as well as the distance between the IRS and
the UE is 40m, a capacity value of 16 (b/s/Hz) is achieved
with N = 64. In addition, the EC reaches to minimum exactly
when the IRS is at the midpoint of BS and UE. Lastly, the
EC values increase when the N value increases.

Fig. 8(b) shows Ergodic capacity versus N, for varying d
with fixed P, = 10 dBm, = 1 and g = 0.5. From this
plot, we can observe that the EC values increase exponentially
in accordance with the number of reflecting elements. For
example, with NV = 300, the EC values of 20.27, and 22.71
b/s/Hz are achieved when IRS is 50m, and 10m away from
BS respectively.

Fig. 9(a) illustrates the benefit of multiple-IRSs on the EC
performance. The illustration shows that as the transmit power
P increases, the EC of the system also increases for a constant

#  MC-Sim, S-IRS
30+ %  MC-Sim, D-IRS |
A MC-Sim, T-IRS N
Theoretical L
25 *
O
g
2
Zo0f
2
f=%
&
O
215
8
o
20
b
5t
0% L L L
-80 -60 -40 20 0 20 40
P\ [dBm]
(@)
45
* MCSim, Z,=2, =2 k
40 0 MC-Sim, Z =2, =4 5
* MC-Sim, Z, = Z, = 6
sk A MC-Sim, Z =2, =8 »
- Theoretical
O3l
) 30
2
5 25
g
i=%
&
220
=
o
L?ﬁ” 15+
10 -
5|
0d
-100 -80 -60 40 220 0 20 40
PQ [dBm]
(b)

Fig. 9. Ergodic capacity versus source transmit power, P, with (a)
n=1L,u=1,N=60, Z; = Z,=2 (b) N =300, n = 1,u =1, and
T-IRS.

N value. This phenomenon arises due to an increased Pk,
resulting in an enhanced signal at the UE. As a result, the
ability to transmit a larger amount of information reliably
is enhanced. As anticipated, when the value of N remains
constant, the EC of the systems exhibits a growth pattern
(T-IRS > D-IRS > S-IRS) that corresponds to the increase
in transmit power P;. Based on the observations from Fig.
9(a), we can conclude that the upper bound derived in Section
III-B aligns well with the simulated results for the multi-IRS
scenario.

Fig. 9(b), we analyze the effect of the number of antenna
elements (Z;, Z,) on the EC in the presence of multi-IRS.
As the transmit power Ps increases, the EC of the system
also increases proportionally for a given Z;, Z, values. For
example, at a fixed value of P; = 40 dBm, for the T-IRS
system, the attainable EC values are 36.34, 40.19, 42.53, and
44.19 (b/s/Hz), corresponding to (Z;, Z,) values of (2,2),
(4,4), (6,6), and (8, 8), respectively.

C. EE Results

In Fig. 10(a), the EE that can be attained for a target
achievable rate is studied in accordance with the equation
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(22). From the plot, we can notice that for low data rates
with R = 176 b/s/Hz, where R represents the crossing point,
N = 64 is a better EE system compared to N = 128. In
addition, when higher data rates are required, N = 128 results
in a better EE system than N = 64. A similar observation
can be made when N = 128 and R being 101 b/s/Hz as
illustrated in Fig. 10(a). In short, for low data rate applications,
the lesser the IV value, the better the EE, and for high data rate
applications vice-versa. Comparing Fig. 8(b) and Fig. 10(a)
we can get some insights in terms of the practical design
perspective. For instance, as shown in Fig. 8(b), increasing the
number of IRS elements significantly enhances EC, making it
ideal for high-capacity systems, while smaller /N values are
better suited for energy-constrained scenarios as indicated in
Fig. 10(a). Hence depending on the requirement, a trade-off
can be chosen by the designer between the EC and EE.

The effect of distance on the achievable rate is shown in
Fig. 10(b). The position of the IRS highly influences the
capacity of the system. To be precise, the closer the location
of the IRS to BS higher the value of the EC. For instance, to
achieve a rate of 25 b/s/Hz, the EE (in Mbits/Joule) obtained
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at d; € {5,10,20,40}m are {181.81,157.87,116.49,64.91}
respectively. This suggests that the IRS’s placement helps in
designing a green communication system in terms of EE.
Fig. 11, considering the total power consumption which
is a superposition of circuit power dissipation of both the
BS, UE, and hardware impairments of IRS elements, we
assess the EE of S-IRS, D-IRS, and T-IRS systems with
same number of reflecting elements with the target spectral
efficiency (R) with respect to equation (22). Firstly, the T-
IRS system outperforms the D-IRS and S-IRS systems for a
fixed average achievable rate. For instance, to achieve a rate
of 25 b/s/Hz with (Z;, Z,) = (8,8), the EE (in Mbits/Joule)
obtained at S-IRS, D-IRS, and T-IRS are 208.51, 410.8, and
607.65 respectively. In addition, for high values of achievable
rate, employing multiple-IRSs is more beneficial than the S-
IRS system. Secondly, for a fixed number of IRSs, when
the number of antennas at the BS increases the the energy
efficiency increases to achieve the same achievable rate. For
example, to achieve a rate of 25 b/s/Hz for D-IRS with
(Z:, Zr) € {(2,2),(8,8)}, the EE values are 166.58 and 410.8
respectively. The above two observations can be justified by
the fact that, in accordance with the discussion of the results
in Section III-B, the T-IRS achieves a better rate compared to
D-IRS and S-IRS and can be traded off with the target average
achievable rate with the energy efficiency in equation (22).

V. CONCLUSIONS

In this article, we analyzed the BER, EC, and EE perfor-
mance analysis of a multi-antenna multi-IRS assisted com-
munication system assuming the envelope of all the channel
links follows a generalized 1 — p distribution. By applying
CLT, the statistical information of the received SNR for the
system under consideration has been derived in terms of first-
order and second-order moments. Thus, due to this, the closed-
form theoretical expressions of BER, and upper bound of EC
were evaluated. The exactness of the analytical expressions
is validated through the MC simulated results and is intact
for large values of reflecting elements. Further, the derived
expressions cover Rayleigh, Nakagami-m, and Nakagami-g
fading channels as corner cases. Under the same simulation
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setup, after rigorous analysis, we found that a multi-IRS
system offers an enhanced performance compared to the S-
IRS system. In addition, we also focus on the EE of the
overall system is discussed in length and we observed that the
T-IRS system outperforms D-IRS and S-IRS systems. It has
been noted that increasing the number of antennas at the BS
and UE, the number of IRSs between the transceiver link, the
number of reflecting elements, and the placement of the IRS
plays a vital role in the optimal performance of the considered
system model. Also, the interplay between the tradeoff of the
stakeholder parameters depending upon the resources available
at disposal is discussed. In brief, low-cost reflecting elements
can be used to achieve the target BER with low SNR values
and the target EC, multi-IRSs in the vicinity of either BS or
UE can be employed to high energy efficiency which can be
traded with the transmit power at the BS. In conclusion, a more
generalized system model has been considered under the n—pu
fading channel to cover a wide range of scenarios, which can
be integrated with the existing wireless networks.
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