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Abstract: An intelligent reflecting surface (IRS) is an array that consists of a large number of passive
reflecting elements. Such a device possesses the potential to extend the coverage of transmission
in future communication networks by overcoming the effects of non line-of-sight propagation.
Accordingly, to present the case for utilizing IRS panels in future wireless networks, in this paper, we
analyze a multi-user downlink network aided by IRS. In particular, by using a realistic 5G channel
model, we compare the performance of the IRS-aided network with a decode and forward (DF)
relay-aided scenario and a network without IRS or relay. Our analysis revealed the following: (i) At
best, communication aided by a DF relay with perfect channel state information (CSI) could match
the performance of the IRS-aided network with imperfect CSI when the channel estimation error
was high and the number of users was large. (ii) IRS-aided communication outright outperformed
the DF relay case when the transmit power was high or the number of users in the network was
low. (iii) Increasing the number of elements in an IRS translated to greater quality of service for the
users. (iv) IRS-aided communication showed better energy efficiency compared with the other two
scenarios for higher quality of service requirements.

Keywords: intelligent reflecting surface; multi-users communications; energy-efficiency; power-

minimization

1. Introduction

The rapid surge in global mobile data traffic has accentuated the deployment of
5G communications in several parts of the world. Based on a recent prediction of the
International Telecommunication Union (ITU), it can be assumed that this trend will
continue to grow exponentially until 2030 [1]. In particular, as per the ITU, the overall
mobile data traffic is expected to reach an astonishing 5 zettabytes (ZB) per month globally.
While 5G is expected to cater to some of these needs, it is almost certain that 5G will reach
its limits before 2030. Accordingly, researchers have started to make inroads towards
analyzing and developing the next-generation mobile communication technology.

Recently, there has been a great deal of interest from both industry and academia in
an evolving hardware technology called intelligent reflecting surface (IRS) [2,3]. An IRS
is a two-dimensional metasurface with reconfigurable properties [4]. In particular, the
reflection, scattering, and diffraction properties of the array of passive discrete elements
of an IRS can be controlled using software. It can be noted that the IRS is neither part
of the transmitter radio nor the receiver radio. It is a novel way to control the wireless
propagation medium, which, until now, had been deemed as uncontrollable.

Accordingly, the fundamental role of an IRS is to affect the dispersion of wireless
signals transmitted by other devices, without producing its own signals. It can be used
in a wireless network to assist communication by generating supplementary propagation
paths, enhancing the characteristics of existing paths, and alleviating interference [5].
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Related work on IRS-aided communication specifically centered on rate analysis has
been carried out by [6,7]. In particular, the authors in [6] proposed a spectrum sharing
solution to cater to large data demands owing to a large number of users in indoor en-
vironments. Next, using IRS, the authors in [8] achieved the same rate performance as a
benchmark massive multiple-input multiple-output (MIMO) system with a significantly
lower number of active antennas. In [9], the error-rate performance was improved by de-
signing beamformers, such that the direct link signal constructively added at the user-side.

By providing an approximation of the achievable data rate, the authors in [10] analyzed
the performance of IRS and derived the required phase shifts of the IRS panels under a
data-rate degradation constraint. Similarly, in [11], it was shown that an IRS-based system
could achieve excellent sum-rate performance by using a moderate number of IRS elements
and a diminutive number of discrete phase shifts. Last but not least, in [7], the authors
optimized the transmit power of IRS-aided communication to maximize the sum rate of
the system.

On a similar note, current communication systems employ decode and forward (DF)
relays to extend coverage in wireless networks [12]. However, the fundamental distinction
of an IRS with a DF relay is that the relay actively processes the received signal before
retransmitting the decoded signal with a certain power, while an IRS simply reflects the
signal passively through beamforming without attempting to decode the signal. With
regard to performance comparison between IRS and relay, the authors in [13] analyzed the
impact of 5G channel models on IRS-aided communication and, hence, compared it with a
DF relay for single user communication.

Next, in [14], the authors compared IRS with a DF relay in terms of the rate and
energy-efficiency for a single-input single-output (SISO) system. In particular, the authors
stated that IRS achieved better energy efficiency compared with the relay for higher rate
requirements. Similarly, the authors in [15,16] compared the energy-efficiency performance
of an IRS-aided multi-user communication network with that of the AF relaying network.
Both works testified that IRS provided more efficient communication than relays.

Based on the above, this paper analyzes the potential for using IRS in a multi-user 5G
communication network. In particular, by using 5G channel models defined by 3GPP [17],
we strive to obtain a reasonable correlation between IRS-supported communication and
DF relay-assisted transmission for both the cases of perfect and imperfect channel-state-
information (CSI).

We also analyze the effect of an increasing number of users on the performance of
both systems, while we devise the size of IRS array required to better the performance
of conventional relaying. Further, the problem of transmit power minimization with
constraints on quality of service (QoS) and energy-efficiency (EE) maximization with
constraints on QoS are considered, whereby a holistic comparison of the IRS assisted
network with respect to the DF-relay-based communication is presented. In a nutshell,
we recognize scenarios where IRSs can coexist with classic relaying in a future beyond 5G
wireless networks.

Notation: This paper uses the following notations. x represents a scalar, x represents
a vector, and X represents a matrix. The notation x ~ N(0,0?) denotes that the random
variable x is a complex circularly symmetric Gaussian with zero mean and variance ¢?. For
any vector v, v; is the i-th element of v. R and C denote real and complex number sets,
respectively, and j £ \/—1 is the imaginary unit.

2. System Model and Problem Statement

We consider a multi-user (MU) downlink communication scenario involving a base-
station (BS) and K multiple users. For the sake of analytical tractability, we assume that the
BS and users are all equipped with single antennas. (Note that the multiple-antenna case
will be considered in future extensions of this work). The BS communicates with the user k
through a deterministic flat fading channel represented by /4 € C. We term this form
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of communication as basic MU communication. Then, the signal received at the user k is
expressed as

Yk = hsq j\/Pis + wy, 1)

where p is the transmit power, s is the unit power information signal, and wy ~ N¢(0,0?)
denotes the additive white Gaussian noise at the user k with zero mean and variance 2.
Since the BS broadcasts the same signal to all users in a certain location, the inter-user
interference is neglected. The antenna gains at the transmitter and receiver are incorporated
into the channel for simplification of the notation similar to [14]. Accordingly, the achievable
rate at the k-th user can be given as

2

) : @

k| sd k
Rpasicx = log, (1 + %

However, when the signal passes through a blockage, such as buildings, trees, etc.,
(defined as NLoS), the achievable rate of the user decreases drastically. In this case, the use
of IRS or relay can maintain the channel capacity by compensating for the NLoS effects
and accordingly enhance the coverage of a communication network.

2.1. IRS-Assisted MU Communications

In this scenario, the BS sends the signal to K users in the presence of blockages through
the aid of an IRS as depicted in Figure 1. The IRS is equipped with N passive reflecting
elements. The signals reflected by each element of the IRS and the signals transmitted by
the source can be constructively summed at the destination. Accordingly, the received
signal at user k, withk =1,2,3,...,K, is expressed as

Yk = (hsax + h&Ohyg k) \/Prs + wy, 3)

where hgqx € C, hg € CN, and hyq € CN denote the deterministic channels from the
transmitter to the user k, from the transmitter to the IRS, and from the IRS to the user k,
respectively. © is the phase-shift matrix of the IRS, denoted as

0 = a diag(e®1,... e, ..., eN). 4)

Here, a € (0,1] is the fixed amplitude reflection coefficient and 6, is the phase of the
nth reflecting element of the IRS, which can be optimized. Hence, the channel capacity of
the IRS assisted network is given as follows

plhsa + hsOhyy|>
Rrs(N) = 1 1 5
rs(N) Jmax ogz( T . )
hyg| +a YN o |[hel, [h 2
= log, <1 4 p(|hsal n;lz‘[ st)n [hra]n) ‘ ©)
Accordingly, the achievable rate of the k-th user can be represented as
hsq | + Na|hs||h 2
k d, k d k

Rirs k(N) = log, <1+ s (72| fes) > @)

The expression (7) can be obtained for any given ®. Note that

N
hl®hy =a ) |[heln [haln- 8)
n=1
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Therefore, the maximum capacity or achievable rate can be obtained when the IRS
phase shifts are picked as 0, = arg(hgq) — arg([hsr|n [hyg]n) in order to make every term
in the sum have the same phase as hyq ([18], Section III-B).

IRS with N elements

Sourc

Figure 1. IRS-assisted multi-user communications.

2.2. Relay-Assisted MU Communications

In this scenario, we employ a DF relay instead of the IRS to extend coverage as
illustrated in Figure 2. The signal transmission from the source to the destination is divided
into two stages. The first stage involves the communication between the BS and the user.
Accordingly, the received signal at user k can be given as

Yar = Nsd /P18 + Wid ks ©)

where p; is the transmit power, s is the unit information signal, and wq ~ Ng(0,0?)
is the noise at the user k. In the same stage, the relay will also receive the signal that is
given as

Yir = gsry/P15 + Wiy, (10)
where gor € C is the channel between the BS and relay and wy, ~ N¢(0, (72) is the noise at
the relay.

Relay

Sourc

Blocking objec

Figure 2. Relay-assisted multi-user communications.

In the second stage, the relay decodes, re-encodes, and then sends the signal to the
user with the power transmit p,. Accordingly, the received signal at the user k can be
given as

Y2dk = 8rdk\/P2S + Wag i, (11)

where g4 € C is the channel between the relay and the user k and w4 ~ N¢(0,0?)
is the noise at the user k. Now, the received signal in (9) and (11) can be constructively
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combined using the maximum ratio combining (MRC) [14], such that the achievable rate at
the user k is given as

1 2 h 2 2
RDF,k:210g2<l+min<pl|§zsr| ,m';zd’k +p2‘f’;§”‘ )) (12)

Here, p1 and p; are the transmit powers in the first and second stage, respectively.
Now, in order to obtain a fair comparison with respect to the IRS scenario, we set p;
and p; optimally similar to [14] for the DF relay case. When |hgq £ |2 > |gsr[?,

2 2
) — p1|gsr’ . (13)

2

+ p2 ‘grél,k
o

o2 ' 2 o?

2 h
min (Pl |gsr|* P1lhsa
The above is maximized by setting p; = 2p and p, = 0, which results in the relay not
being not implemented at all since this condition makes Rgasic > Rpg. Conversely, when
|hsax|? < |gsr|%, Rpr is maximized by assigning p; and p, to attain

pilgsl® _ palisaxl® | palgral? 1
T T (14)

under the constraint p = ’”zﬂ. Hence, the relay-assisted communication needs to choose
between two conditions depending of |/q ¢|? and |gsr|? in such the achievable rate at the
user k in (12) redefine in (15).

heg k|2 .
%logz p";?’“') if |hsd,k|2 > |gsr|2 for Vk,
Rppx = .
, 1 log 2pk‘grd,k|2‘gsr‘2
2702\ (Igse?+[8ra x> Ihsq x[?)o?

) if |hsd,k|2 < |gsr|2 for Vk.

3. Analytical Performance Comparison

In this section, we analyze the performance among the IRS, and relay aided MU
communications. As a benchmark for comparison, we also present the basic MU communi-
cation scenario without the aid of IRS/relay.

3.1. Transmit Power for Given QoS

Let us consider the scenario when the minimum QoS requirement of the network
in terms of the data rate is R. Accordingly, the task is to calculate the power required at
the BS to transmit the signal. Accordingly, the transmit power can be calculated using
Equations (2), (7) and (12) in a way similar to ([14], Corollary). For the required data rate R,
the basic MU case will require a transmit power given as

i o2
PBASICk = (ZR - 1) [T (16)
sa,

Similarly, the IRS-assisted communication needs a transmit power given as

i o2
Prsk(N) = (2" 1 : (17)
( ) (|hsd,k| + Na |hsr||hrd,k)2
and the DF-relay-assisted communication needs a transmit power, which is given as
(22R - 1) ﬁ if |hsq | > [gsr| for VK, )

PDEk = S 2 2_ 2,2
’ 2R (Igsr* +18rak|” —hsarl*)e® .
(2 _ 1) sr z‘gidklz‘hsr‘sz if |hsd,k| S |gSl‘| for Vk.
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3.2. Energy Efficiency

The energy efficiency (EE) of the network is defined as B.R/ P, where the total
power Py, includes both the transmit power and the dissipation at the hardware compo-
nents of the system [14]. In the basic MU scenario, the total power consumption can be
expressed as

Pgﬁlc Z PBAjICk 4P 4Py, (19)
where v € (0, 1] is the efficiency of the power amplifier, while Ps and Py are the hardware-
dissipated power at the source and destination, respectively.

When using IRS, the power consumption of the network can be formulated as

PRS(N Z prsi(N) | p by NP, 20)

where P. is the power dissipation in each element of IRS affected by the process of
adaptive phase-shifting. Now, for a given data rate requirement, the maximum energy
efficiency in the IRS-assisted communication can be achieved by minimizing the total
transmit power, which can be obtained by using the optimal number of IRS elements
N [14].

Proposition 1. Assume that both |hs|> and |h.g|? are constants and independent of N. Then, the

total power required in an IRS assisted communication to achieve a data rate of R is a convex function,

which can be minimized using the optimal number of IRS elements obtained by a?\r Ptlftgl(N )=0,

and given as
2R _ 1)g2 1 2
NOPt = ¢ 2( 2 )(72 - |h§d‘ 2 (21)
14 |hsr| |hrd| Pe a ‘hsr‘ |hrd|

Proof of Proposition 1. Taking the second partial derivative of (20) with respect to N,
we obtain

2 2
a PIRS (N) a pIRSV(N) + Ps + Pd + Npe

ﬁ total azN
1 9
= ;ﬂPIRS(N) + ﬂN'P‘?
19 /¢ o? i
R _1 + N.P,
v82N< >(|hsd\ + Nay/Tgel[Bg)? - *N7°
B i 2
_ ii( R_ ) o°N +9n
v oN (|hsa| + Na/|hee|[heq)? ~ ON
6 /& o?N?
=2(2R 1 > 0. (22)
1/( ) (’hsd| + Na |hsr||hrd)4

From (22), we can observe that the function involving the total power consumed
by an IRS-assisted communication in (20) is convex since BQN PRS (N) > 0 for any
given data rate R > 0. O

Similarly, for the DF relay scenario, the power consumption can be represented as

1
Potal = Z PREE 4 2P+ Py + P, (23)

=1

where P; is the hardware-dissipated power at the relay.
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4. Numerical Results and Discussions
4.1. Channel Model
4.1.1. Perfect CSI

Generally, it is a challenge to estimate the IRS channel due to the passiveness of
IRS elements. Several works have been carried out to address the CSI estimation for
IRS-aided wireless communication. Regarding IRS channel estimation, some methods
have been investigated, such as the Brute Force Method [19], compressive sensing
method [20], semi-passive method [21], and three phase channel estimation frame-
work [22]. However, in this work, we adopted a method [23] where the source node
and IRS are integrated through a central control unit (CCU) that is able to collect all
the CSIs information.

We begin by considering an ideal scenario in which the CSI is perfectly known to
the nodes in the network. We implement the 5G channel model as described in 3GPP
TR 38.901 [17] and accordingly define the deterministic model for the channel gain
using the definition of height and distance as illustrated in Figure 3. The concerned
model is also considered in [24], which analyzes FR2 propagation in the range of
0.5-100 GHz.

For the simulation setup, we use fixed values for the height of the BS and the
height of user, defined as dgg = 10 m and dyg = 1.5 m, respectively. The value of
dyp is varied depending on the distance between the BS and the users. The varying

dyp determines the value of dsp with the relation dap = (d3g + d3p + (dps — dUE)z)%.
We use a carrier frequency of 3 Ghz. Table 1 describes the path loss models for
line-of-sight (LoS) and non-line-of-sight (NLoS) propagation. Now, we formulate the
deterministic channel gain (|i|? or |g|?) denoted as the function of dsp by neglecting
the shadowing effect as

(|n|* or |g|*)(dsp)[dB] = Gps[dBi] + Gug[dBi] + PL(d3p). (24)

Here, Ggs and Gyg are the antenna gains for the BS and the user equipment,
respectively whereas the value of PL(d3p can be obtained from the Table 1 depending
on the propagation model (LoS or NLoS). The gain for this deterministic channel
model is depicted in Figure 4 with respect to the distance d3p.

Base Station

A

d3p
d User
BS Equipment
wit
d
\ 4 < 2D >

Figure 3. 3GPP model for Urban Micro (UMi) scenario, which includes the definition of height
and distance.
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Channel gain |h|?(dsp) [dB]

-95

-100
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Distance dsp [m]

Figure 4. Channel gain |h|> with prefect CSI correspond to the distance dsp with the value
10 m < d3p < 180 m in which the antenna gain Ggg and Gyg have been fixed to 8 dBi.

Table 1. Path loss models for urban micro cell (UMi) when dp is less than the break point distance
dpp. Distances are in meters, f. is in Hz, and dgg = 10 m ([17], Table 7.4.1-1).

PLLOS =324+21 loglo(dg])) 420 loglo (fc)/ for 10 m < d2D < dBp

LOS

where dgp = 18f./ (3 x 1078)m for dyg = 1.5 m and dgg = 10 m

PLNLOS = maX(PLLos, PL{\ILOS)’ where PL{\TLOS =2244353 loglo(d3D)

NLOS

+21.31log;,(fe) — 0.15, for dyr = 1.5 mand 10 m < dop < 5km

4.1.2. Imperfect CSI

We also consider the scenario when the nodes in the network have imperfect CSL
Accordingly, the imperfect channels from source to destination, source to IRS, IRS to
destination, source to relay, and relay to destination, which are denoted as flsd, his,
fieg $sr, and gyq, respectively, can be given by [25]

~

hsq =hsq + &sq; (25)
hsr =gy + 85y (26)
g =My + 8.g; (27)
st =8sr + &; and (28)
8rd =8rd T rd- (29)

Here, éy4, &5, and &4 are the corresponding channel estimation errors modeled as
iid. and distributed as N (0,0%), Nc(0,02), and N (0,02)), respectively. For brevity,
we set ésq = €y = €4 = €.

4.2. Simulation Setup

IRS panels/relay nodes are deployed at a fixed distance, ds; = 80 m from the BS
on the top of a building with height dg = 10 m. Since there are several blockages
between the propagation path of the BS and the UEs as illustrated in Figure 5, there
exist only NLoS paths between the BS and UEs. This is the primary use case scenario
of deploying IRS or relay, whereby LoS channels can be carved out between the BS
and UEs.
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Now, the channel gains with respect to the distance d3zp can be calculated using
Equation (24). We define the antenna gain at the BS and IRS/ relay with the same
value of 8 dBi, while the UEs are assumed to be equipped with omni-directional
antennas with gain 0 dBi. The number of elements for the IRS is set to N = 250,
« = 1, and the source transmit power is set at p = 20 dBm. The transmission
bandwidth is B = 10 MHz with the corresponding noise power set at —94 dBm.

Source IRS/Relay
() o
dps dR

Blocking 7
objects dq U, j

Figure 5. The simulation scenario where d; is varied with the same value for all users, while a = 10 m
is the closest user distance from the source and b = 1 m are the distances among users.

Experiments are performed for three scenarios: (i) downlink communication be-
tween BS and users without IRS/ relay (basic MU communication), (ii) downlink
communication between BS and users with IRS, and (iii) downlink communication
between BS and users with relay. The achievable rates for scenarios i, ii, and iii are
calculated using Equations (2), (7) and (12), respectively. Accordingly, Figure 6 depicts
the achievable rate obtained in case i, IRS-aided, and relay-aided multi-users commu-
nication scenarios for varying the number of UEs for both perfect and imperfect CSI
considerations.

It can be seen from Figure 6a (¢ = 0.2 for imperfect CSI case) that, under a perfect
CSI, the IRS-aided communication achieved the highest rate followed by the DF relay-
aided system, which outperformed the basic MU communication without the aid of
either of them. Further, as expected, the achievable rate decreased with the increasing
number of users for the three scenarios. However, the IRS-aided communication fared
better than the rest. In particular, a 250-element IRS could provide higher achievable
rates to 100 users than a DF relay or a set-up without either of them. Figure 6b shows
similar trends but for & = 0.5. Accordingly, at best, the DF relay with perfect CSI
could match the performance of IRS with imperfect CSI when the channel estimation
error was high and the number of users was large.
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T T T T

—&0— DF relay (perfect CSI)
—#— DF relay (imperfect CSI)

—6—IRS (perfect CSI) |
—&— RS (imperfect CSI)
—»— SISO (perfect CSI) ]
—+— SISO (imperfect CSI)

,_.
~
T

\S]
=0

Achievable rate [bit/s/Hz]

10 20 30 40 50 60 70 80 90 100
The Number of Users

(a) Estimated channel error & = 0.2.

1 6 T T T T T T T T T
—&— DF relay (perfect CSI)

14k —*— DF relay (imperfect CSI) | |
——IRS (perfect CSI)
—&—]RS (imperfect CSI)

129 —»— SISO (perfect CSI) 4
—+— SISO (imperfect CSI)

—
=)

[}

@)}

Achievable rate [bit/s/Hz]

10 20 30 40 50 60 70 80 90 100
The Number of Users

(b) Estimated channel error & = 0.5.

Figure 6. The achievable rate for different number of users where d; and dg; are set to fixed values of
100 m and 80 m, respectively, in terms of perfect and imperfect CSI.

Next, in Figure 7, we study the effect of transmit power for the perfect CSI case
on the achievable rate and two different considerations of the total number of users.
While, for the case with K = 10 users, the IRS-aided communication outperformed the
rest throughout the entire range of transmit power. For the case of K = 100 users, a
crossing point between the IRS and DF relay can be seen at p = 14 dBm. Accordingly
it can be concluded that the IRS-aided communication outright outperformed the DF
relay case when the transmit power was high or the number of users in the network
was low.
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18 T T T T T T T
—*—SISO
16 | —e—IRS 1
. —O— DF relay
N 14 1
am
~~ K
2}
=12 1
=,
g 10 1
&
< 8 ]
s
g ° 1
g
< 4 7
2 .
0 L 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Transmit Power (dBm)
(a) K = 10 users.
15 T T T T T T T )
—*— SISO
—6—IRS
. —&— DF relay
N
m K
~~
= p
E 10
=2
3
<
~
=
=
g’ 1
=
(&)
<
q
0 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40

Transmit Power (dBm)

(b) K = 100 users.

Figure 7. The achievable rate based on varying transmit power with different numbers of users.

Figure 8 shows the required transmit power with respect to distance (d;) for
two data rate scenarios R = 6 bit/s/Hz and R = 8 bit/s/Hz. Here, the number of
users K = 100. It can be seen from the figure that, under low data rate requirements
(R = 6 bit/s/Hz), the DF relay transmitted the least power among the three scenarios.
However, when the data rate requirement increased to R = 8 bit/s/Hz, the IRS- aided
frameworks with 150 and 200 elements outperformed the rest. Accordingly, higher
QoS requirements can be satisfied in wireless networks by using IRS panels, where
the number of elements are greater than 150.
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(b) R = 8 bit/s/Hz.

Figure 8. The transmit power based on varying distance d; with the number of users K = 100.

Additionally, in Figure 9, we analyze the energy-efficiency of the three scenarios
for perfect CSI with respect to the achievable rate as discussed in Section 3. Here,
v=205 P =Py =P =100 mW, and P. =5 mW [15], d; = 100 m. We apply the
optimal element number for IRS as derived in Equation (21) in order to find the
maximum energy-efficiency. It can be seen from the figure that, although the peak
energy-efficiency obtained for the DF relay case was higher than the scenario with
IRS, the IRS-aided network maintained significant energy-efficiency levels throughout
the entire range of the rate. Accordingly, it can be concluded that the IRS-aided
communication showed better energy-efficiency compared with the other two scenarios
for higher QoS requirements.
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Figure 9. The energy efficiency based on the achievable rate R with a different number of users.

Finally, we study the IRS performance in the case of achievable rate and energy
efficiency with respect to the transmit power as shown in Figure 10. In this sim-
ulation, we assign the number of users, K = 10 users, and the power dissipation
in each elements of IRS as P. = 5 mW. We set a different defined number of IRS
elements instead of the optimal number of elements that we applied in Figure 9. From
Figure 10a, it is known that the achievable rate of IRS will be enhanced as long as
the number of IRS elements and the transmit power increase as we obtained based on
Equation (6). Figure 10b indicates that the IRS with the lowest number of elements
attained the highest energy efficiency. The higher number of IRS elements increased
the power dissipation in each element as defined in Equation (20), and thus the energy
efficiency suffered.
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Figure 10. The achievable rate and the energy efficiency based on the transmit power with different
IRS elements.

5. Conclusions

We made a performance comparison among IRS-aided MU communication, DF re-
lay aided MU communication, and basic MU communication in terms of the achievable
rate, transmit power, and energy efficiency. We observed that, at best, a DF-relay-aided
communication with a perfect CSI could match the performance of the IRS-aided
network with an imperfect CSI when the channel estimation error was high and the
number of users was large. We also observed that IRS-aided communication outright
outperformed the DF relay case in a network with high transmit power and a lower
number of users. Lastly, when the QoS requirements were high, the IRS-aided com-
munication showed better energy efficiency compared with the other two scenarios.
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Abbreviations

The following abbreviations are used in this manuscript:

3GPP 3rd Generation Partnership Project

5G 5th Generation

BS Base Station

CsI Channel State Information

DF Decode and Forward

EE Energy Efficiency

FR Frequency Ranges

GHz Giga Hertz

ITU International Telecommunciation Union
IRS Intelligent Reconfigurable Surface

LoS Line of Sight

MIMO  Multiple Input Multiple Output
MRC Maximum Ration Combining
MU Multi Users

NLOS Non-Line of Sight

QoS Quality of Services

ZB Zetta Bytes

References

1.  Tariq, F; Khandaker, M.R.A; Wong, K.-K.; Imran, M.A.; Bennis, M.; Debbah, M. A Speculative Study on 6G. IEEE Wirel. Commun.
2020, 27, 118-125. [CrossRef]

2. Basar, E.; Renzo, M.D,; Rosny, ].D.; Debbah, M.; Alouini, M.-S.; Zhang, R. Wireless Communications Through Reconfigurable
Intelligent Surfaces. IEEE Access 2019, 7, 116753-116773. [CrossRef]

3. Guo, H; Liang, Y,; Chen, ].; Larsson, E.G. Weighted Sum-Rate Maximization for Reconfigurable Intelligent Surface Aided Wireless
Networks. IEEE Trans. Wirel. Commun. 2020, 19, 3064-3076. [CrossRef]

4. Tang, W.; Chen, M.Z,; Chen, X,; Dai, ].Y.; Han, Y.; Di Renzo, M.; Zeng, Y.; Jin, S.; Cheng, Q.; Cui, T.J. Wireless Communications
With Reconfigurable Intelligent Surface: Path Loss Modeling and Experimental Measurement. IEEE Trans. Wirel. Commun. 2021,
20, 421-439. [CrossRef]

5. ElMossallamy, M.A.; Zhang, H.; Song, L.; Seddik, K.G.; Han, Z.; Li, G.Y. Reconfigurable Intelligent Surfaces for Wireless
Communications: Principles, Challenges, and Opportunities. IEEE Trans. Cogn. Commun. Netw. 2020, 6, 990-1002. [CrossRef]

6. Tan, X;; Sun, Z,; Jornet, ]. M.; Pados, D. Increasing indoor spectrum sharing capacity using smart reflect-array. In Proceedings of
the 2016 IEEE International Conference on Communications (ICC), Kuala Lumpur, Malaysia, 23-27 May 2016; pp. 1-6. [CrossRef]

7. Huang, C.; Zappone, A.; Debbah, M.; Yuen, C. Achievable Rate Maximization by Passive Intelligent Mirrors. In Proceedings of
the 2018 IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP), Calgary, AB, Canada, 15-20 April
2018; pp. 3714-3718. [CrossRef]

8. Yu, X; Xu, D.; Schober, R. Optimal Beamforming for MISO Communications via Intelligent Reflecting Surfaces. In Proceedings of
the 2020 IEEE 21st International Workshop on Signal Processing Advances in Wireless Communications (SPAWC), Atlanta, GA,
USA, 26-29 May 2020; pp. 1-5. [CrossRef]

9. Li, A;Song, L.; Vucetic, B,; Li, Y. Interference Exploitation Precoding for Reconfigurable Intelligent Surface Aided Multi-User
Communications With Direct Links. IEEE Wirel. Commun. Lett. 2020, 9, 1937-1941. [CrossRef]

10. Zhang, H.; Di, B.; Song, L.; Han, Z. Reconfigurable Intelligent Surfaces Assisted Communications With Limited Phase Shifts:
How Many Phase Shifts Are Enough? IEEE Trans. Veh. Tech. 2020, 69, 4498-4502. [CrossRef]

11. Di, B.; Zhang, H.; Song, L.; Li, Y.; Han, Z.; Poor, H.V. Hybrid Beamforming for Reconfigurable Intelligent Surface based Multi-User
Communications: Achievable Rates With Limited Discrete Phase Shifts. IEEE |. Sel. Areas Commun. 2020, 38, 1809-1822. [CrossRef]

12.  DiRenzo, M.; Ntontin, K.; Song, J.; Danufane, EH.; Qian, X.; Lazarakis, F.; De Rosny, J.; Phan-Huy, D.T.; Simeone, O.; Zhang,

R.; et al. Reconfigurable Intelligent Surfaces vs. Relaying: Differences, Similarities, and Performance Comparison. IEEE Open |.
Commun. Soc. 2020, 1, 798-807. [CrossRef]


http://doi.org/10.1109/MWC.001.1900488
http://dx.doi.org/10.1109/ACCESS.2019.2935192
http://dx.doi.org/10.1109/TWC.2020.2970061
http://dx.doi.org/10.1109/TWC.2020.3024887
http://dx.doi.org/10.1109/TCCN.2020.2992604
http://dx.doi.org/10.1109/ICC.2016.7510962
http://dx.doi.org/10.1109/ICASSP.2018.8461496
http://dx.doi.org/10.1109/SPAWC48557.2020.9154337
http://dx.doi.org/10.1109/LWC.2020.3008910
http://dx.doi.org/10.1109/TVT.2020.2973073
http://dx.doi.org/10.1109/JSAC.2020.3000813
http://dx.doi.org/10.1109/OJCOMS.2020.3002955

Electronics 2021, 10, 2084 16 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Chatzigeorgiou, I. The Impact of 5G Channel Models on the Performance of Intelligent Reflecting Surfaces and Decode-and-
Forward Relaying. In Proceedings of the 2020 IEEE 31st Annual International Symposium on Personal, Indoor and Mobile Radio
Communications, London, UK, 31 August-3 September 2020; pp. 1-4. [CrossRef]

Bjornson, E.; Ozdogan, O.; Larsson, E.G. Intelligent Reflecting Surface Versus Decode-and-Forward: How Large Surfaces are
Needed to Beat Relaying? IEEE Wirel. Commun. Lett. 2020, 9, 244-248. [CrossRef]

Huang, C.; Zappone, A.; Alexandropoulos, G.C.; Debbah, M.; Yuen, C. Reconfigurable Intelligent Surfaces for Energy Efficiency
in Wireless Communication. IEEE Trans. Wirel. Commun. 2019, 18, 4157-4170. [CrossRef]

Huang, C.; Alexandropoulos, G.C.; Zappone, A.; Debbah, M.; Yuen, C. Energy Efficient Multi-User MISO Communication Using
Low Resolution Large Intelligent Surfaces. In Proceedings of the 2018 IEEE Globecom Workshops (GC Wkshps), Abu Dhabi,
United Arab Emirates, 9-13 December 2018; pp. 1-6. [CrossReff]

5G. Study on Channel Model for Frequencies from 0.5 to 100 GHz. 3GPP TR 38.901 (Release 14). 2018. Available online:
https:/ /www.etsi.org/deliver/etsi_tr/138900_138999 /138901 /14.00.00_60/tr_138901v140000p.pdf (accessed on 16 June 2021).
Wu, Q.; Zhang, R. Intelligent Reflecting Surface Enhanced Wireless Network via Joint Active and Passive Beamforming. IEEE
Trans. Wirel. Commun. 2019, 18, 5394-5409. [CrossRef]

Nadeem, Q.-U.-A.; Kammoun, A.; Chaaban, A.; Debbah, M.; Alouini, M.-S. Intelligent reflecting surface assisted wireless
communication: Modeling and channel estimation. arXiv 2019, arXiv:1906.02360

He, Z.; Yuan, X. Cascaded Channel Estimation for Large Intelligent Metasurface Assisted Massive MIMO. IEEE Wirel. Commun.
Lett. 2020, 9, 210-214. [CrossRef]

Taha, A.; Alrabeiah, M.; Alkhateeb, A. Enabling Large Intelligent Surfaces With Compressive Sensing and Deep Learning. IEEE
Access 2021, 9, 44304-44321. [CrossRef]

Wang, Z.; Liu L.; Cui, S. Channel Estimation for Intelligent Reflecting Surface Assisted Multiuser Communications: Framework,
Algorithms, and Analysis. IEEE Trans. Wirel. Commun. 2020, 19, 6607-6620. [CrossRef]

Dhok, S.; Raut, P; Sharma, P.K.; Singh, K.; Li, C.-P. Non-Linear Energy Harvesting in RIS-assisted URLLC Networks for Industry
Automation. IEEE Trans. Commun. 2021. [CrossRef]

Rappaport, T.S.; Xing, Y.; MacCartney, G.R.; Molisch, A.F,; Mellios, E.; Zhang, ]. Overview of Millimeter Wave Communications
for Fifth-Generation (5G) Wireless Networks—With a Focus on Propagation Models. IEEE Trans. Antennas Propag. 2017, 65,
6213-6230. [CrossRef]

Ma, B.; Zhang, H.; Zhang, Z. Joint power allocation and mode selection for D2D communications with imperfect CSI. China
Commun. 2015, 12, 73-81. [CrossRef]


http://dx.doi.org/10.1109/PIMRC48278.2020.9217321
http://dx.doi.org/10.1109/LWC.2019.2950624
http://dx.doi.org/10.1109/TWC.2019.2922609
http://doi.org/10.1109/GLOCOMW.2018.8644519
https://www.etsi.org/deliver/etsi_tr/138900_138999/138901/14.00.00_60/tr_138901v140000p.pdf
http://dx.doi.org/10.1109/TWC.2019.2936025
http://dx.doi.org/10.1109/LWC.2019.2948632
http://dx.doi.org/10.1109/ACCESS.2021.3064073
http://dx.doi.org/10.1109/TWC.2020.3004330
http://dx.doi.org/10.1109/TCOMM.2021.3100611
http://dx.doi.org/10.1109/TAP.2017.2734243
http://dx.doi.org/10.1109/CC.2015.7188526

	Introduction
	System Model and Problem Statement
	IRS-Assisted MU Communications
	Relay-Assisted MU Communications

	Analytical Performance Comparison
	 Transmit Power for Given QoS
	 Energy Efficiency

	Numerical Results and Discussions
	Channel Model
	Perfect CSI
	Imperfect CSI

	Simulation Setup

	Conclusions
	References

