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Abstract: Recent research has introduced the notion of an Intelligent Reflective Surface (IRS) so as
to boost the source—destination communication environment. IRS refers to a plane that consists of
a number of passive elements that have a smaller size than the wavelength of the incident signal.
Those elements use reflection to beam-form and to forward the incident radio signals toward the
intended destination without power consumption. This article examines the performance of an
IRS-based non-orthogonal multiple access (NOMA) system, and adopts the idea of using multiple
IRS planes. It additionally investigates improving the performance of an IRS-NOMA combination
through proposing various solutions that include optimizing the overall number of the IRS elements
as a first step. After that, a closed form expression is derived for the considered IRS-NOMA system to
determine the optimal number of the reflective elements. Secondly, the paper utilizes a new approach
termed as multiple-IRS-based NOMA. This encompasses using multiple reflective planes (multi-IRS)
along with IRS-NOMA, to boost the received signal characteristics, especially in situations where
it is there a weak or no direct link between the source and the destination. An energy efficiency-
spectral efficiency (EE-SE) trade-off is likewise presented, so as to have a complete view of the
IRS-NOMA performance, along with the proposed solutions. The obtained simulation results depicts
that IRS-NOMA is better than the existing orthogonal techniques. In addition, the results confirm that
exploiting multiple IRSs offers a considerable gain in performance, as it enhances the conditions of
the propagation environment. In specific, the considered case of a two IRS surfaces-assisted NOMA
system offers higher performance levels than the case of a single IRS surface-assisted NOMA system.

Keywords: intelligent reflective surface (IRS); non-orthogonal multiple access (NOMA); orthogonal
multiple access (OMA); energy efficiency (EE); spectral efficiency (SE)

1. Introduction

The prediction regarding the next generations of wireless networks is that it would
require a massive traffic demand, high connectivity, and high efficiency with regard to both
energy and spectral aspects [1]. As a solution, non-orthogonal multiple access (NOMA) has
been presented as a promising technology to fulfil such requirements due to its efficient
spectrum use. NOMA permits all users to share the same frequency resource, which
improves the spectral efficiency and also reduces latency by allowing all users to instantly
use the same time-slot [1-3]. Several existing literature works, i.e., refs. [1,2,4-12] have
explored different aspects of NOMA potential and their outcomes have approved its
effectiveness, especially against its orthogonal predecessors. NOMA has proven its vitality
to be adapted as a future air interface as a stand-alone, or even in combination with existing
techniques such as multi-input multi-output (MIMO) [6,13,14] and device-to-device (D2D)
communications [4,15,16]. The mechanism of NOMA is that at the source, it manages the
power allocation among its users using a superposition coding technique that exploits the
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differences in their channel gains. At the destination, all users apply successive interference
cancellation (SIC) so that each one can decode its respective data message [1-3].

Nevertheless, the achievable spectral efficiency (SE) and energy efficiency (EE) of
existing wireless networks could be enhanced further by deploying software-controlled
reflecting surfaces known as intelligent reflective surfaces (IRSs). As can be seen in Figure 1,
the IRS surface is formed by a large number of passive reflecting elements, where each
element is capable of changing the phase shift of the incident signal to be reflected towards
the receiving destination [17,18]. Lately, a combination of NOMA empowered with IRS
has emerged as a promising and cost effective solution to boost both SE and EE, as well
as to increase the probability of successful reception in wireless networks. This is possible
as the IRS modifies the propagation environment in such a way that strengthens the
received signal by the users, as shown in Figure 1, particularly in situations where those
environments are characterized by obstacles and/or have a weak direct path between the
source and the destination [19].

Transmission Source IRS contains N-elements
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Figure 1. An illustration of the modeled IRS-assisted system.

A number of literature works have already presented the IRS and have examined
its prospects and applicability, and this paper is an effort in the same direction. The
IRS potential allows its integration with several existing technologies such as the single-
input, single-output (SISO) system, MIMO system, NOMA, and others. For example,
the authors of [20] addressed the performance gain of combining IRS and a millimeter-
wave (mmWave) communication system through optimizing the phases of the transmitted
signals. The authors of [21] addressed the performance of IRS as compared to the with
classic decode-and-forward technique with no NOMA being taken into consideration. The
authors concluded that for IRS to overcome the DF relaying performance, it requires large
meta-surfaces and considerably high rates. Hence, such results form one of the reasons
that encourage a study of the combination of NOMA with IRS to avoid using high rates
and wide meta-surfaces. In addition, works such as ref. [17] investigated minimizing the
transmission power of IRS-NOMA via joint optimization of the IRS-phase shift matrix
and the transmission beam-former of the BS. Moreover, [22] considered optimizing the
overall sum rate of IRS-NOMA through jointly optimizing the beam-forming at the BS and
the IRS under the constraints of the decoding rate of the SIC, as well as the IRS reflecting
elements. The authors in [23] presented an IRS-assisted downlink NOMA system and
showed that the cooperation between IRS and NOMA can enhance the cell edge user’s
experience. The authors in [24] addressed the effects of two phase shifting designs on the
performance of IRS-NOMA in terms of complexity and reception reliability. The potential
of IRS is even investigated in satellite networks [25-28]; for instance, the authors in [25]
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studied the application of IRS units to tackle the path loss results from the long transmission
distances. The authors proved that IRS-assisted satellites can offer several thousand fold of
the achievable rates for IoT networks in both uplink and downlink.

In this paper, one motivating idea behind adopting multiple IRSs is the outcomes
that could be obtained, such as reducing the required numbers of the serving BS, and
hence reducing the consumed transmission power and improving the energy efficiency.
Moreover, having less BSs means less interference problems, which also nullify the need for
interference cancellation techniques. Another motivation behind exploiting multiple IRSs is
its ability to control the communication environment by using the transmitted signal’s phase
and amplitude as a beam-forming to control and direct the reflection toward the receiver.
IRS beam-forms the incident signals by nullifying the unwanted ones and strengthening
the intended ones. IRS could also assist the BS transmission towards the cell-edge users,
which represents a cost-effective solution as compared to other measures such as increasing
the transmission power and placing extra BS at the cell boundaries. By controlling the
communication environment, IRS could minimize the effect of channel randomness, boost
the achievable capacity, and enhance the channel reliability. Nevertheless, this paper
examines the performance of IRS-NOMA and proposes a number of solutions to boost its
performance. First of all, it focuses on optimizing the number of reflecting elements in the
IRS-NOMA system. The paper also proposes using multiple IRS-based NOMA systems
to improve the quality of the received signal, and to overcome the limitations of a single
IRS-based system. The EE-SE trade-off behavior is investigated to obtain a comprehensive
view of the proposed solutions, along with the considered IRS-NOMA system, and all
the comparisons throughout this paper included the orthogonal multiple access (OMA)
system.

The rest of this paper is organized by presenting the considered IRS model in Section 2.
Section 3 presents the derivation steps of the proposed optimal number of IRS elements. The
proposed multiple IRS-based NOMA is explained in Section 4. The performed simulations
and the obtained numerical results are presented in Section 5, and Section 6 lists the
conclusions of the paper.

2. The Modeled IRS-NOMA System

The considered scenario is similar to the illustration in Figure 1. A downlink- com-
munication system assisted with N-elements reflective plane is mode led, with both the
source and the destination being considered to be equipped with single antennae. At the
destination, the received signal is

y' = ( sp+ hbslg)(ah%D) \/ Pirs®" + 1" @M

where h{;, € CN denotes the flat fading channel gain between the source in the destination,
while hi; € CN denotes that between the source and the IRS. In addition, h},z € CN and x*
represent the channel gain between the IRS and the destination and the information signal,
respectively. Moreover, ©® = adiag (efel, elf2, ..., elfN ) is a diagonal matrix and 6y, 65, ......, Oy
denotes the phase shift of the IRS elements with « € (0, 1] standing for a constant reflection
coefficient; n*~ CN (0,(72) stands for the noise at the receiver. As a milestone, IRS-OMA
will be considered in this paper for a comparison against the proposed IRS-NOMA system.
The achievable SE of the IRS-OMA system is

u PIMRS—OMA ‘th’
SElrs-oma = logy [ 1+ - )
where P54 and N denote the power assigned to the u-th user in IRS-OMA system

and the total number of reflection elements, respectively. z* ~ CN(0,0?) is the additive
white Gaussian noise (AWGN) that has a zero mean and a variance of 2. The considered
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model assumes that the U-IRS-NOMA users are scheduled in descending order based on
their channel power, then the achievable SE by the u-th user is

u —
SEIRstOMA -

u(T) 2
Pirs - noma (th +hgp GM?%D)

log, | 1+ T

®)

where Pihs_yoma denotes the power assigned to the u-th user in IRS-NOMA.

Cu = Lout1 Pirs_Noma (th + hgg)®h}‘m)2 represents the effect of other IRS-NOMA
users that have a better channel gain than the u-th user, and they are multiplexed over the
same resource, along with the u-th user. According to the SIC mechanism, each user will
consider the other multiplexed peers with higher channel gains as noise, while they cancel
the effect of the ones who have lower channel gains before decoding their own signal. Note
that ¢, = 0 for the U-th indexed user case. Note that both P{rc_ 5314 and Pirs_nonra are
assumed to be allocated equally among all users following Pjrs_ oaa=Prrs_noma = %,
where P represents the total transmission power.

Knowing that 1\ /@) = a TN, e/ [nt] [h%,] , beside the fact that (2) and (3)
depend on the channel amplitudes rather than its phase, hence, it is possible to use the
notation 3 Y0, [h4:] . [h%p], = T'i%s- The expressions in (2) and (3) could be rewritten as

p (re,)?
IRs—omA Lsp
SEfrs—oma = log, <1 + o 4
u Pirs_noma (lsp + N"‘FIMRS)Z
SElrs-noma = log [ 1+ Gt 2t ©®)

respectively. From (5), given that S E;RS— Noma has a predetermined target value; then the
required transmission power by the IRS-NOMA system could be obtained as

PIMRSfNOMA(N) = (Z(SE?RS—NOMA) — 1) * (6)

u 2
2" + Yo—ut1 Pirs_noma (Tép + Naljrs)
(Fép + N"‘Fﬁzs>2

On the other hand, the total power consumed by the IRS-NOMA system with N
reflective elements is

Pits_ nora(N)
Prot—cons(N) = NPg + Ps + Pp 4 —-o=""0MA @)
1PA
where Pr, Ps, and Pp denote the dissipated power by each reflective element, by the
source, and destination, respectively, whilst the term #p4 represents the efficiency of the
power amplifier.

3. The Proposed Closed Form N Expression

One of the proposed solutions to improve the performance of IRS-NOMA is to find the
optimal number of reflective elements. Optimizing the number of the reflective elements
could also boost the spectral efficiency and help in reducing the required transmission
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power, which in turn, enhances the overall energy efficiency. The derivative of (6) with
respect to N could be used as

M =P — (20‘17;{5 (ZSEEIRS—NOMA - 1))*

dN
u
Yo—ut1 Pirs_noma
npa(Iép + Nalfgg)
u 2
(Zu + Lo=ut1 Pirs-noma (Tsp + Naljgs) ) )
. )
11PA (FSuD + N"‘FIuRs)

®)

On the other hand, to investigate the nature of P/z¢_yora @S a function of N, the
second derivative is necessary, which is obtained to be

2
@Piks_NomA _ g2 (pu )2 (25Fhks -nowa — 1) »
N2 IRS

[ <Zu + Yottt Pirs-noma (Tép + N"‘FIuRs)2>
nea(Tdp + N"‘Fﬁzsf
Yotus1 Pirs—noma ©)
nea(Tgp + N"‘FIL%S)Z /

. d?p . .
It is clear from (9) that —%;5H444>0; hence, the function has a convex nature. Obtain-

2
ing the optimal N is possible by I:etting dp’ulzsd’% = 0 and solving for N to obtain
Nirs-noma =
i/Z ( (0(1"1‘%5)7P§z”;712% (ZSE?RS—NOMA _ 1) )
(alfks) Peripa / o

the subscript ();rs_noma is included for recognition between the IRS-NOMA and IRS-
OMA parameters.

On the other hand, based on (2) and (7), the same procedure could be followed to
obtain the optimized N in IRS-OMA case as

_ Vo' = I§p/Peipa
Nirs-oma = T , (11)
DCF[RS vV PEWPA

u
where ¢" = (2551125701\4,4 _ 1)Zu“FIMRs-

4. The Proposed Multi-IRS Approach

This scenario proposes the case where more than one reflective plane exists in the
communication environment. This is mainly to boost the received signal strength and to
increase the chances of successful reception, especially on occasions where there is no direct
link existing between the source and the destination. Having multiple IRSs would generate
a coupling effect upon each other. In this situation, the effect of coupling among those IRSs
is modeled using a factor g, which takes a value range of [0, 1]. For IRS-NOMA, since the
resources are shared among the serving BSs, this factor value is always 1; hence, it will be
omitted from the related expressions.

For simplicity, the considered scenario will include only two IRSs, indexed with 2 and
b, respectively. At the destination, the receiving device receives reflected signals from N?-
reflective surfaces, in addition to the direct signal from the source, as clarified in Figure 2.
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This is to emulate the real-time case where the receiving device could be moving and
transferring from the coverage area near one reflective surface into another with a different
reflection surface installed, as illustrated in Figure 2. The received signal by the destination
could be expressed as

y" = (Wp + hi) Ohigp, + il Ol )+
Plrs_nomax" +n", (12)

the subscripts a and b refer to the IRS indices, while the rest of the variables have the same
definitions as in (1).

Transmission Source IRS contains N%-elements

(( I\I\ ~ \‘\‘
~ \
hen ~  ciiiim \
N sD ~ N
~ N h
~ \ RD g
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AN S o N

~
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SRp, ~ N\ ¢

IRS contains NP-elements
Figure 2. The proposed two IRS-assisted scenarios.

Following the concept of a multi-IRS scenario, the expression in (6) would be

Pirs—Noma (Na/ Nb) = (ZSE?RS*NOMA - 1) * (13)

2
u u v u a, ria b, b
2%+ Lo—ut1 Pirs—Noma (FSD + Nfaljgs + N “TIRS)

2
(I, + NeaTs + Nearji)

the upper script (?), which denotes the parameters associated with the first IRS and (h) ,is

associated with the second IRS parameters. For instance, N* and N refer to the number of
reflective elements of the first and second IRS, respectively.

5. Simulation and Numerical Results

The simulations are applied in two different phases. The first one compares the
performance of IRS-OMA against IRS-NOMA in terms of several performance metrics
under a single IRS-assisted setup. The second phase of the simulation addresses the impact
of having more than one IRS. The distance separating the source and the destination
(dsp) is set to vary from 100 m to 150 m. It is also assumed that the distance between
the source and the IRS plane (dgr) is set as 100 m, while the minimum distance between
destination and the IRS plane (dgp) is chosen to be 5 m. The power amplifier efficiency
11pa is chosen as 0.38. The simulated channel is chosen in accordance with 3GPP standards
with deterministic characteristics as a function of the distance, as listed in Table 1.
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Table 1. Simulation Setup.
Parameter Name Value
Total number of active users (U) 3
Carrier frequency (fc) 5 GHz
Opverall transmission bandwidth (B) 10 MHz
The standard deviation of shadowing 8 dB
the total transmission power (P) 40 dBm
Dissipated power by each reflective element (Pr) 5mW
Dissipated power by the source (Ps) 20 dBm
Dissipated power by the destination (Pp) 100 mW
Dissipated power by the rely (Pr) 100 mW
Noise power spectral density (c?) —174 dBm/Hz
Bsr = —28 — 20 % l0og10(f,) — 22 * log10(dsg) + Gs + Gr 3GPP LOS path-loss
Brp = —28 — 20 x log1o(fc) — 22 % log10(drp) + Gr + Gp 3GPP LOS path-loss
Bsp = —22.7 — 26 log1g(fc) — 36.7 % log19(dsp) + Gs + Gp 3GPP NLOS path-loss
Noise figure 10 dB
The reflection coefficient («) 1
Transmitting antenna gain (Gg) 5dB
Receiving antenna gain (Gg) 5dB
Transmitting antenna gain (Gp) 1dB

5.1. Numerical Results of a Single-Reflection Surface Scenario

Figure 3 illustrates a comparison between IRS-NOMA and IRS-OMA in terms of the
required number of reflective elements N against the achievable EE, with both system
being required to maintain a specified level of the target rate. It is worth mentioning that
the expression of EE is

EE = Bi. (14)
Prot—cons

The performance is examined at high N values to surveillance the behaviors of both
systems in such a situation. This figure depicts that IRS-NOMA achieves the same EE as
IRS-OMA, but with much less reflective elements; for instance, it could be observed that at
N = 300, IRS-NOMA achieves approximately double EE than that achieved by IRS-OMA.
This proves that IRS-NOMA is less complex and more cost effective than IRS-OMA, and
this figure shows that IRS-INOMA outperforms IRS-OMA at high levels of N.

Despite the fact that IRS-NOMA offers better outcomes than IRS-OMA, Figure 3 shows
that EE trends in general are declining for both systems, which reflects the fact that higher
N levels lead to more power consumption and more non-useful wave scattering, which
causes power wastage, and therefore is non-energy efficient. It is worth mentioning that,
from Figure 3, the EE decreases continuously as N increases; however, this merely extends
to a certain level, and then EE starts to reach a steady state where increasing N is not
effective.

To test the IRS-NOMA and IRS-OMA abilities to achieve given target rates,
Figures 4 and 5, respectively, show the required transmission power by both systems to
reach a predetermined target rate, and at the same time, maintain successful transmission
over a given distance between the source and the destination. To examine the effects of
all the respective variables, the two figures considered three different N scenarios: 50,
100, and 180, besides varying the target rate between 50 Mbit/s and 100 Mbit/s, over
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several d measurements. It is worth mentioning that the achievable target rate for the users
of both systems is affected by several factors such as the available transmission power
allocated to each user and the channel conditions of each user. Increasing the distance or
placing the destinations at farther locations will degrade the performance to a point where
the users with bad channel conditions will need more transmission power to achieve a
given target rate. It can be concluded from both of these figures that IRS-NOMA requires
less power than its orthogonal peer. This proves and confirms that IRS-NOMA requires
less transmission power, and hence, is more energy efficient than IRS-OMA for various
destination locations.

25 T T T T

—0—IRS-NOMA
—6—-|RS-OMA

= [ )
o a1 o
T T T

Energy efficiency (Mbit/J)
ul

0 1 1 1 1
100 200 300 400 500

No. of reflecting elements (N)

Figure 3. EE trends against various numbers of reflective elements.

120 T T T

- 180 —*—|RS-OMA
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Transmit power (dBm)
=
=
)

100
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Figure 4. The required transmission power by IRS-NOMA and IRS-OMA for different destination
locations to achieve a target rate of 50 Mbit/s.
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Figure 5. The required transmission power by IRS-NOMA and IRS-OMA for different destination
locations to achieve a target rate of 100 Mbit/s.

Figure 6 displays the EE-SE trade-off for IRS-NOMA against IRS-OMA. This figure
shows that the EE-SE relationship is a convex function of SE, and it also illustrates that
IRS-NOMA considerably outperforms IRS-OMA in terms of the achievable EE for different
SE levels.

—&-|RS-OMA

100 | o~ |Rs-NOMA

(0]
o

Energy efficiency (Mbit/J)
N o
o o

N
o

0.5 1 15 2 2.5 3 3.5
Achievable SE (bit/s/Hz)

Figure 6. EE-SE trade-off of both IRS-NOMA against IRS-OMA.

5.2. Numerical Results of a Two-Reflection-Surfaces-Assisted NOMA Scenario

The numerical results obtained in the previous scenario already proved that IRS-
NOMA is superior to IRS-OMA. Therefore, this section will consider the performance
of IRS-NOMA only, but under the proposed multi-IRS-assisted NOMA scenario. The

distances in the two-IRSs-based setup are chosen where (dg R) is 100 m, while (dg R) is set
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as 120 m; on the other hand, (d?w) and (d%D> were chosen to be 10 m and 5 m, respectively.

It is worth mentioning that (dsp) is kept the same and it ranges between 100 m to 150 m.

Figure 7 displays a comparison between the proposed two-IRS-assisted NOMA system
against the conventional IRS-NOMA system. The comparison is made in terms of the
required transmission power over the distance to achieve a target rate of 100 Mbit/s and
for N = 50 and N = 150 cases. It is obvious from this figure that the proposed two-IRS-
assisted NOMA offers better results than the conventional IRS-NOMA. For instance, for
the N* = N? = N = 150 case, at a distance of 80 m, the proposed two-IRS NOMA requires
a transmission power at around 98 dBm, while the conventional IRS-NOMA requires about
103 dBm. It must be noted that it is possible to achieve a higher target rate when the channel
power (channel conditions) is good; however, the users with poor channel conditions might
face a considerable challenge to maintain a higher target rate without adopting a higher
transmission power.

110 T T T
=#—Scenario 1: One IRS-NOMA
=6— Scenario 2: Two IRSs-NOMA
— 105
=
a8
=
5 100
g
S)
[@F
+~
= 95 D
wn
=
5 \
= 90+t .
N? = NP =50
85 1 1 1 1
50 60 70 80 90 100

Distance d (m)

Figure 7. The required transmission power versus the achievable SE for IRS-NOMA.

Figure 8 below compares the behaviors of IRS-NOMA systems through the one-IRS
and the proposed two-IRS-assisted NOMA scenarios. The trends clarify that the proposed
two-IRS case offers a better EE-SE trade-off than the one IRS case. This is because the extra
IRS plane will boost the received signal and improve the reception experience, and this will
lead to a better achievable SE, and hence, to a better EE.
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6. Conclusions and Future Directions

This paper presented solutions to improve the performance of the IRS-based NOMA
system. An optimized approach is obtained to find the optimal number of reflective
elements in the IRS-NOMA system. In addition, a new multi-IRS approach is proposed to
further improve its performance. Simulation results show that the combination of IRS and
NOMA offers very promising performance trends in terms of EE and SE, as well as the trade-
off between them. In addition, adopting the idea of multiple IRSs proved its effectiveness in
boosting the user’s experience, and in improving the propagation environment. Utilizing
multiple IRSs could also act as a cost-effective solution, as it reduces the required number
of serving BSs in a given geographical coverage area. In future works, it is necessary to
consider the case where the IRS plane is not at a fixed place, but rather, it could be moving
in favor of a better reception experience. It is also interesting to examine the combination of
IRS and techniques such as cognitive IRS, massive-MIMO (mMIMO), and cell-free massive
MIMO system, especially in terms of the SE gains that these combinations could offer.
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