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Energy-Efficient IRS-Aided NOMA Beamforming
for 6G Wireless Communications

, Wen Chen
Qingging Wu

Asim Thsan

Abstract—This manuscript presents an energy-efficient
alternating optimization framework based on intelligent reflective
surfaces (IRS) aided non-orthogonal multiple access beam-
forming (NOMA-BF) system for 6G wireless communications.
Specifically, this work proposes a centralized IRS-enabled design
for the NOMA-BF system to optimize the active beamforming
and power allocation coefficient (PAC) of users at the transmit-
ter in the first stage and passive beamforming at IRS in the
2nd stage to maximize the energy efficiency (EE) of the network.
However, an increment in the number of supportable users with
the NOMA-BF system will lead to NOMA user interference and
inter-cluster interference (ICI). To mitigate the effect of ICI,
first zero-forcing beamforming along with efficient user cluster-
ing algorithm is exploited and then NOMA user interference is
tackled efficiently through a proposed iterative algorithm that
computes PAC of NOMA user through simplified closed-form
expression under the required system constraints. In the 2nd
stage, the problem of passive beamforming is solved through
a technique based on difference-of-convex (DC) programming
and successive convex approximation (SCA). Simulation results
demonstrate that the proposed alternating framework for energy-
efficient IRS-assisted NOMA-BF system can achieve convergence
within a few iterations and provide efficient performance in terms
of EE of the system with low complexity.
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I. INTRODUCTION AND MOTIVATIONS

HE WIRELESS generations from 1G to 5G are designed

through the assumption that the wireless environment
cannot be controlled and modified. Therefore it can only
be compensated through the design of efficient transmis-
sion/reception technologies. However, the enhancements at
the endpoints of the wireless communications are not enough
to meet the quality of services requirements of beyond 5G
networks. Instead, 6G vision can be achieved by treating
the wireless environment as an adaptable variable that is
to be optimized. This can be possible through the use of
Intelligent Reflective Surfaces (IRSs), which are known as
enabling technology for 6G [1]. The 6G plan to serve bil-
lions of interconnected devices for applications like smart
homes, cities and transportation through IRS would require
advanced energy and spectral efficient resource allocation
frameworks.

IRSs have attracted considerable attention for their effi-
cient control over electromagnetic waves. IRS contains an
integrated electronic circuit with software that can control
the propagation characteristics of the electromagnetic chan-
nel in a customizable way. It is a cost-effective technology for
enhancing the energy and spectral efficiency of beyond 5G
wireless communication which can be used in various new
use cases. These include the utilization of IRS as a passive
reflector, in which IRS operates without the connection of
radio frequency (RF) chains and require very little power to
control the tunable chips. The passive IRS can be deployed
with scalable cost, lower energy consumption, and without
sophisticated interference management [2]. Besides it, Active
IRS is connected with radio frequency (RF) chains and can
be used as active holographic MIMO which is the next step
beyond massive MIMO because it has the potential to exploit
the propagation characteristics of the electromagnetic channel
with very low complexity in practical [3], [4]. Moreover, IRS
has many favourable properties like the ease in integration into
currently existing wireless networks and can be deployed on
the buildings, roadside billboards, windows and indoor walls.
These properties attracted researchers to investigate the bene-
fits of IRS aided wireless communications, such as the transmit
power minimization [5], interference reduction [6] and security
enhancement [7].
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Non-orthogonal multiple access (NOMA) is a prominent
multiple access candidate of the next-generation multiple access
(NGMA) family for the 6G network [8], [9]. The 6G network is
expected to serve terrestrial, aerial, and maritime communica-
tions in a more swift, efficient and reliable manner. Moreover,
it can support billions of interconnected devices with ultra-low
latency requirements for applications like smart homes, cities
and transportation. To meet these expected targets of 6G, NOMA
is of great importance. NOMA has attracted much attention
from both academia and industry because of its high spectral
efficiency, grants free access to the networks, and user fair-
ness. It mitigates resource collisions due to its high overloading
transmissions through limited resources [9], thereby enhancing
spectral efficiency and reducing latency [8]. The integration
of NOMA with IRS can achieve enhanced massive connectiv-
ity with higher spectral and energy efficiency. Moreover, IRS
enabled NOMA networks are more adaptable than conventional
NOMA networks because IRS can smartly adjust the direction
of a channel vector of receivers, which assists in the imple-
mentation of NOMA [10]. In addition, IRS consist of multiple
reflecting elements which can relax the strict constraint on the
number of antennas at the transmitter and receiver in multiple
antennas network [8]. The above-mentioned merits of IRS-
NOMA have drawn considerable research interest and several
studies have been conducted. For instance, the authors in [11]
minimized the transmit power of the IRS-NOMA system by
optimizing the beamforming vectors at BS and phase shift
matrix at the IRS. In [10], the performance of IRS assisted
NOMA transmissions are described and investigated the influ-
ence of hardware impairments on their proposed design of
IRS-NOMA system. Under the assumption of ideal and non-
ideal IRS, the sum rate of the system is maximized in [12]
by the joint optimization of active beamforming at the source
and passive beamforming at the IRS. The transmit power of
IRS assisted multi-cluster MISO NOMA network is minimized
in [13]. The detailed comparison between IRS-NOMA with
IRS-OMA is presented in [14]. Moreover, the interplay between
IRS and NOMA is widely investigated for various technologies
like unmanned aerial vehicle (UAV) [15], simultaneous wireless
information and power transfer (SWIPT) [16], wireless powered
communication networks (WPCNs) [17], mobile edge comput-
ing (MEC) [18], Backscatter Communications (BC) [19], and
physical layer security (PLS) [20].

To enable the Internet of Everything (IoE) applications
through 6G wireless systems will result in a massive number
of connections and huge data traffic. Therefore, the realiza-
tion of IoE will require to gain high spectral efficiency [21].
To further improve the sum capacity for future IoE applica-
tions, NOMA-BF can be exploited that can support multiple
users in each cluster using a single BF vector through NOMA
principles [22]. As IRS can smartly adjust the direction
of a channel vector of receivers and it can also relax the
strict constraint on the number of antennas at the transmit-
ter and receiver in multiple antennas network. Therefore, it
can be a prominent choice for the realization of IoE applica-
tions through NOMA-BF systems. The implementation of IRS
aided NOMA-BF systems can be possible through centralized
IRS-enabled design [23], [24].
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Inspired and motivated by the above research contribu-
tions, the energy-efficient IRS-aided NOMA-BF system for
6G wireless communications is proposed in this paper. Our
major contribution is summarized as follows,

1) Energy-efficient centralized IRS NOMA-BF design: The
realization of IoE applications through 6G wireless
systems for smart transportation, smart homes, and
smart cities will result in the proliferation of wear-
able devices, mobile sensors, and electronic tablets.
Therefore, this paper proposes a centralized IRS design
along with the NOMA-BF system to increase the num-
ber of supportable users in an energy-efficient manner.
The proposed centralized IRS design supports the users
in each cell through multiple clusters and serves the
multiple users in each cluster through one common
beamformer through the NOMA principle. Although the
number of supportable users increases with the NOMA-
BF system, it results in NOMA user interference as well
as in ICI. Therefore the proper interference management
algorithms are essential to mitigate the degrading effects.

2) Interference management: It is very vital to manage the
interference in the IRS-enabled NOMA-BF system. This
paper exploits zero-forcing beamforming along with an
efficient user clustering algorithm to degrade the effects
of ICI. The user clustering is based on maximum correla-
tion and channel gain difference among users. The effect
of the number of antennas at BS and passive elements
at IRS on ICI is analyzed. Subsequently, the NOMA
user interference is handled through a low-complexity
energy-efficient power allocation algorithm that com-
putes PAC of NOMA users in each cluster through
simplified closed-form expression.

3) Geometric channel model: The analysis of the proposed
NOMA-BF system for IRS-assisted communications is
done under the consideration of a more practical geomet-
ric channel model. In the considered geometric model,
the channel gains are modelled as rician fading, whose
line-of-sight (LoS) component is presented by the array
response of uniform linear array (ULA) of BS and IRS
while the elements of the non-line-of-sight (NLoS) com-
ponent are modelled as independently and identically
distributed (i.i.d) complex Gaussian random variables
with zero mean and unit variance.

4) Low complexity: The proposed energy-efficient alter-
nating optimization algorithm provides sub-optimal EE
performance for IRS aided NOMA-BF systems in very
low computational complexity. The detailed complex-
ity analysis of the proposed algorithm is presented in
Section III. The performance of the proposed algorithm
is analyzed through numerical Monte Carlo simulations
and is compared with the benchmark algorithm. From
obtained results, it is observed that the proposed algo-
rithm can achieve higher EE performance with affordable
computational complexity for practical implementations.

The main notations in this manuscript are listed as follows:
The lowercase, boldface lowercase, and boldface uppercase
letters, e.g., h, h, and H, denote a scalar, vector, and matrix,
respectively.
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Fig. 1. TIllustration of Channel gains in IRS-Enabled NOMA-BF vector.

II. SYSTEM MODEL AND PROBLEM FORMULATION

This work considers IRS-enabled downlink NOMA-BF
system for beyond 5G wireless communications. The system is
consist of one base station (BS) with M uniform linear array
(ULA) antennas and IRS with N ULA reflecting elements,
which is assisting downlink communications to K dead-zone
single-antenna receivers in each cluster. The BS with M anten-
nas can transmit Z BF vectors, where each BF vector can
serve two or more receivers through NOMA principles. A
group of receivers supported by single BF vector through
NOMA (NOMA-BF) is defined as cluster. There are I clus-
ters in the system, which can support KI receivers. The BS
transmits » ;_; f;s;, where f; is the NOMA BF vector and s;
is the superimposed information signal for NOMA receivers
in the i cluster. s; = Zszl \/PiBi ki . where ; j, is
the information signal with E[|xz7k|2] = 1, P; is the trans-
mit power of i cluster and Bi i is the PAC of k" NOMA
receiver (7 ). Let, B = diag(b1, b, ..., bp) denotes the pas-
sive beamforming matrix of IRS, where b, is the reflection
coefficient of the n”* element of IRS. b, = B¢’ n where
B is the amplitude and 6,, is the phase shift of the reflec-
tion coefficient of IRS. In this system, the channel gains from
the BS to IRS and from IRS to r; ; are modeled as rician
fading,respectively, as follow

NLoS

=4/ +5H + \/ (1)
NLOS

h 5y \/ T 6h (2)

(CN><1

and

where Hi LoS o cNXM gnq hi Los are the line-of-
sight (LoS) component of BS to IRS and from IRS to r; ;. link,
respectively. While HZ NLoS & ¢NXxM apq hZ NLoS o o x1
are the non-line- of-31ght (NLoS) component of BS to IRS and

from IRS to r; j link, respectively. J is the Rician factor of
BS to IRS link while € is the Rician factor of IRS to r; j
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link. The LoS component HiLOS and thOS depends upon
the array response of ULA and can be given as follows

H%;LOS _ 7l (0A0A>A(¢ggp), 3)
and
5= (i), @

where A(GAOA) is the array response vector of ULA for angle
of arrival (AoA) at the IRS, A(¢A0D) is the array response
vector of ULA for angle of departure (AoD) at BS, and
A((bfé’g ) is the array response of ULA for AoD at IRS. The
array response of £ elements ULA can be presented as

1 e*jQﬂ% sin@’ o 7]27r(5 1)

A(@) _ sin © 5)

where © can be AoA or AoD of the signal. d and \ are the
element spacing and carrler wavelength. Each element of the
NLoS components Hz e CN*M 4nd h’ NLoS o N x1
are independently and identically dlstnbuted (i.1.d) complex
Gaussian random variables with zero mean and unit variance.
Therefore, the channel gain of BS to IRS and IRS to r; j link

can be given as
d —QB,R .
\/Lo( ’;’R) Hy. (©)
0

. d}k%U 70[%7[]7.
hi = Lo<d’0> hy, (7)

where Ly denotes the path loss at the reference distance
dy = 1(m) [25], dp R is the distance from the BS to the
IRS, and dé% p s the distance from the IRS to the r; . ap g

and

and a’f{ y are the path-loss exponents. The illustration of the
whole system model is shown in Fig. 2 while the illustra-
tion for channel gains in IRS-enabled NOMA-BF system is
presented in Fig. 1. Thus the received signal at receiver r; i
is given by

Yig = (h};HBH;;)fisz (h’ BHl) Zf 5+ i (8)
J?él

where n; ;. is the AWGN with zero mean and variance (o2).
Let, b = [by, b2, ..., 0,7 € CN*1 js the vector containing
diagnol elements of matrix B. Then Eq. (8) can be written
as [26]

I
Yik = (bHWi,k)fiSi + (bHWi,k) > s+ g, 9
j=1
JF#i
where W, ;. is the cascaded channel matrix from the BS to
7; 1 through the IRS and is presented as follow

W i = diag (1" ). (10)
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Fig. 2. Illustration of System model.

As s; = Zszl \/ PiBi k% i, Inserting it in Eq. (9) results in

K
Yik = ;i (\/Piﬁi,kxz’,k) +u; if; Z(\/Piﬁi,lxi,l)
=1
I+£k
NOMA user interference
I K
+ z)%w<§:v%@wﬁo4”%m (1
j=1 k=1 ~
j#’b noise

Inter-cluster Interference

desired signal

where

u; = bW, . (12)

Without loss of generality, the channel gain of the receivers
can be sorted as |[u; 1] 2> [[u; | |2. Following the consider
channel order, the received SINR of r; ;. after SIC is as follow
is given as

- P;iB; i |u; i |*
P; ZlekJrl Bialw; pfil2 + 0 + 02

Vi,k 13)

where U; denotes ICI for i cluster and is given as follow

I K
U= Juify? (Z Pjﬂj,k) : (14)
=1 k=1
J#i

Then, the achievable rate of r; ;, can be written as
R, = BWlogy (14 v, 1)- (15)

Accordingly, the sum-rate of the each cluster is obtained as

K
Ri=) R (16)
k=1

IEEE TRANSACTIONS ON GREEN COMMUNICATIONS AND NETWORKING, VOL. 6, NO. 4, DECEMBER 2022

BS-IRS Link
<—————— IRS-User Link

———«¢ Inter-Cluster Interference Link

and its corresponding power consumption is

K

Py p = |If[1°P: Y B + P,
k=1

a7

where P, is the circuit power consumption. The objective is to
maximize the energy efficiency (EE) of the IRS aided NOMA-
BF system through the optimization of the active beamforming
and PAC of users at the BS and reflection coefficients vector
of IRS for all receivers. Therefore, the energy efficiency of
the system is formulated as the ratio of the sum-rate of the
system to the total power consumption of the system [9] as
follow

(18)

From Eq. (11), it can be observed that sharing a BF vector
through NOMA principles lead to ICI as well as NOMA user
interference. Therefore, to mitigate all kinds of interferences
and improve energy efficiency, this paper exploits zero-forcing
beamforming and an efficient clustering algorithm for mitiga-
tion of ICI and power allocation algorithm to reduce NOMA
user interference. Additionally, an energy-efficient passive
beamforming algorithm for IRS is also presented that further
enhance the EE of the proposed IRS aided NOMA-BF system.
Under the QoS requirements of NOMA receivers, power con-
straint for efficient SIC implementation [27], transmit power
constraint at BS and reflection coefficients constraint at IRS,
the optimization problem for the proposed system can be
expressed as follows

I
R,
EE = i 19a
pib ng); Pi,r o
st Vi 2 wgllin,Vk, 1, (19b)
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K
11 P By wi ga | = I661° D PiBiglug pial® > Py,
I=k+1
kE={1,2,...,K — 1}, Vi,
K
I£:11°P; >~ Bk < Pimax, Vi, 4,
k=1
|bn] = 1,Vn,

(19¢)
(19d)
(19e)

where EE is the energy efficiency and S =
{Bi1,Biz2,.--,Bik} is the vector of PAC of NOMA
receivers. Constraint (19b) is the QoS requirement constraint
of the receivers while constraint (19¢) is power constraint for
efficient SIC implementation in NOMA-BF cluster and Py is
the minimum power gap required to differentiate between the
information to be decoded and the remaining non-decoded
information. The constraint (19d) limits the transmit power of
BS to Pjqz. The constraint (19e) is the reflection coefficient
constraint of the IRS.

III. THE SOLUTION OF FORMULATED PROBLEM

The EE maximization problem defined in Eq. (19) is a
non-concave function, which is coupled with optimization
variables such as beamforming vectors, PAC of users and
IRS reflection coefficients. Thus it is very difficult to tackle it
directly. To cope with this challenging problem, this work pro-
poses a novel alternating optimization iterative algorithm. The
proposed algorithm deals with the optimization problem in two
stages. In the first stage, it exploits zero-forcing beamforming
and optimizes the PAC of users through the fix reflection coef-
ficient of IRS while in the 2nd stage it computes the optimal
reflection coefficients of IRS with optimal active beamformers
and PAC of users obtained in stage 1.

A. Stage 1: Optimization of Beamforming and PAC of the
Users

For the given reflection coefficients of IRS, the optimization
problem in (19) can be simplified to a subproblem of active
beamforming design along with PAC of users as

1

R;
max FFE = max —_— (20a)
Bk B.£; ; Pir
s.t. (19b),(19¢), and (19d). (20b)

The above optimization problem has a non-concave objective
function with its non-convex constraint set. Therefore, it is dif-
ficult to solve this non-convex optimization problem. For its
efficient solution, first, we explored zero-forcing (ZF) beam-
forming, which nulls the ICI at the NOMA-BF user, whose
channel gain is used to generate the beamforming vector of
the I'" cluster. However, the other NOMA users in the same
cluster do receive the ICI. The beamforming vectors of the
clusters are generated through the channels of highest channel
gain receivers as U; = [wy g,..., W1 g, W1 K -+, U7 K.
ZF beamforming will induce ZF constraint for the optimization
problem defined in (20) as follows

Ut = 0, Vi. 1)

1949

Now the optimization problem in Eq. (20) can be reformulated
by exploiting the problem with ZF constraint and ||f;||? = 1,
then, it can be represented as follow

I

R;
(L I e
s.t. (19b),(19¢), and (19d) (22b)
U, 7t = 0,vi, (22¢)
I£:112 = 1, V4, (22d)

According to [28, preposition 5.1], the optimal solution of f;
for problem (22) results in

_ Q,QTu;
1QiQu; k|12

where Q; is the orthogonal basis of the null space of U{J .
It can be observed that the objective function (22a) increases
with the increase in the values of the terms [u;, ifi? and with
the decrease in the term of ICI. The beamforming vectors
for clusters are generated through the channel of the highest
channel gain users, therefore the optimal value of f; computed
through Eq. (23) will maximize the |u; 1 f; |2 term for highest
channel gain user and will also null its ICI term. However,
for the other users in the cluster, we still need to implement
an efficient user clustering algorithm for ICI mitigation. For
the proposed IRS-assisted NOMA-BF system, it is observed
that ICI depends on correlation and gain-difference among the
channel of users in a cluster. It exploits Zero-forcing beam-
forming and beamforming vectors of the clusters are generated
through the channel gains of the highest channel gain users.
Therefore, a higher correlation of the channels of the other
users with the highest channel gain user in the cluster reduces
ICIL. Besides, if the channel gain difference among the users
is maximum, it leads to a higher power difference among the
received signals of the users in the same cluster. In practice, it
fosters the SIC implementation because the power difference
among the user signals needs to be higher when implement-
ing SIC in the downlink. Therefore, the proposed clustering
algorithm chooses the highest channel gain correlation user in
the cluster under the maximum channel gain difference. After
obtaining the optimal active beamformers, and implementing
the efficient user clustering as presented in Algorithm 1, the
optimization problem in (22) can be simplified as follow,

(23)

1

I
R;
max FFE = max _ 24a
B B ; Py 7 (242)
st Yik > Vhomins VK, 6, (24b)
K
PiBi gl ps1l” = D PiBirlwipsa]? > PgVk, i, (24c)
I=k+1

K
Pi Z ﬁl,k S PIIlaX>Vk7 7;7 (24d)

k=1

The objective function of the above optimization problem
has a non-linear fractional form, which is non-convex for
the optimization variable f3; ;.. Therefore, logarithmic approx-
imation [29] is adopted to tackle this challenging problem.
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Algorithm 1 User-Clustering for IRS-Enabled NOMA-BF
System for Mitigation of ICI

1: Initialize: Total number of users in a cell V, number of users
per cluster K, number of clusters Z, x=1, i=1 and threshold A
where (0 > A <1).

2: Generate channel gain of all users for IRS-enabled NOMA-
BF system, i.e., G = [uj,uy,...,uy,...,uy|. Where uy =
bW, and Wy = diag(hy, ™ )H,

3. Stage:1 Compute the channel gain difference of user with all
other users in the cell under the pre-defined correlation threshold.
The channel gain difference of all users with respect to others
should be computed as follow,

4: while z <V do

5: for y=x+1:V do

X _ ‘uf“y|

6: C(z,y) = a Tuy |

T Y
7: if C(z,y) > A then
2 2

8: D(z,y) = |luz||” — [|uyl|
9: else
10: D(x,y) =0
11: end if

12: end for

13: x=x+1

14: end while

15: Output: A matrix D.

16: Stage:2 User grouping

17: while i <7 do

18: Cluster; = maz(D) selects the users which has highest
channel gain difference among them under the predefined channel
correlation threhold.

19: Remove the selected users channel gain difference entries
with all other users from D.

20: i=i+1

21: end while

22: Output: Z Clusters.

This successive convex approximation (SCA) approximates
the sum-rates expression in each iteration as follow

Cloga(y) +Q < logy(1 +7),

where ¢ = 1+ and ) = 10g2<1+'70) 1+7 logs(y0). When
v = v, the bound becomes tight. Through lower bound of
inequality in Eq. (25), the sum-rate of IRS NOMA-BF system
is presented as

(25)

K
Z Cz k logy ('Yz k) + € k) (26)
where
Vi k
= ——— 27
Cz,k 1+7i,kz, (27)
and
Qi =loga(1+7ix) = 72 —loga(vie)- - 9)

Based on the above logarithmic approximation, the optimization
problem in Eq. (24) can be rewritten as

max FE = max (29a)
: Z

zT

s.t. (24D), (24 c), and (244d). (29b)
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Now, the above problem can be solved in an affordable
complexity through Dinkelbach’s algorithm [30], which trans-
forms the fractional objective function in Eq. (29a) to para-
metric form as

ml?x EE = Inl?x Zle F(p;) = maxg Zle R; — piPi 1,
(30)

where, p; presents the maximum EE of i’ cluster. The com-
putation of roots of F'(p;) is analogous to the solution of the
objective function in Eq. (29a) [31]. F(p;) is convex for p;
because F'(p;) is negative when p; approaches infinity, while
F(p;) is positive when p; approaches minus infinity. The con-
vex problem in Eq. (30) is solved by employing the special
case of Lagrangian relaxation, which is known as dual decom-
position. The Lagrangian function of the optimization problem
in (30) presented as follow

K
L(B, i, @i, Y1) = Ri — pi Py 7 + o (Pmaz Py ﬁi,k)
k=1
K K—1
+ > pik (% k= Vinm) + 3 Tig| PiBi gl i ?
k=1 k=1
K

I=k+1

PiBiglu; gy1* — Py |, (31)

where o, @; = {vi1,%i2,---,%iKk} and Yj =
{Yi1,Ti2,..., Tk} are the Lagrange multipliers.
Constraints are KKT conditions for optimizing the power
allocation of NOMA-BF users.

Lemma 1: The closed-form solution of optimal PAC of
NOMA-BF user can be expressed as

BWG;
z k) + Zk | H(/Bi,z)

Bik = , (32)

In2((p; + i) Py —

(33)

2 2
Uik = @ik Pilw 155 ° = T glwg g1l

and

BW;,
H(Bi,z) = (7”)%,2 + iz Pilw £+ T s o

Bi,z
(34)
Proof: Please, refer to the Appendix. |
Given the optimal PAC policy in Eq. (32), the primal

problem’s dual variables can be computed and updated itera-
tively by using the sub-gradient method.

+
a;(iter +1) = |:o¢¢(iter) — wq (iter) (Pmm - P; Z Bi k>:| , (35)

, . . 2
@ik (iter +1) = |:w,/c(1t€7") — wa (iter) (Pzﬂi,kl‘li,kfi

X +
R DY Byl i + W5 + o ,
I=k+1
(36)
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T (iter +1) = {n,mtem — ws(iter) (Pim,k|u7;,k+12

X +
- Z Piﬁi,ll“i,k+12_P§>:| , 37

I=k+1
where iter is used for iteration index. wy, ws, and wsg present

positive step sizes. It is important to use the appropriate step
sizes for the convergence to an optimal solution.

B. Stage 2: Efficient Reflection Coefficients of IRS

For the optimal beamformers and PAC of NOMA-BF users
computed at stage 1, the efficient reflection coefficient of
IRS can be obtained through the following subproblem of
optimization

1
mlz)ix EFE = mglleﬁi —pP; (38a)
1=
st Yig = YV, i (38b)
|bp| = 1,Vn, (38¢)

For the efficient solution, it is important to first trans-
form the above formulated problem into tractable form. Let
w; = W, f; in Eq. (9), the received SINR of r; ; can be
represented as

PiB; k0w, 42

Yik = (39
P BiabH w2+ T, + 02
where, ¥, will become as follow
I K
U =Y bw; f? (Pj > ﬁj,k> . (40)
j=1 k=1
J#i
Then,
K
%
By =Y BW(Guloga (vi4) +Qik), (1)
k=1
K
k
B =" BW | G [ loga(PiBi xb" ;4 ?)
k=1
K
—loga | Pi Y Biub" k> + ¥ + 0
I=k+1
+ Qik |, 42)

Let B = bb’ and Wik = wi’kwin, where B > 0 and rank

(B) = 1, W, = 0 and rank (W; ) = 1, then R; can be
expressed as

K
R; = Z BW (Cz,k [bgz (PiBiktr(BWi )
k=1

K
— log, (Pz' > Biatr(BWig) + ¥, + 02)‘| + sz> ;

I=k+1

(43)

1951

Furthermore, R: can be presented as a function of B as

R; = kEKIIBW Ciulhi(B) —LB)]+Qix), (44
where, )
fi(B) =logy (P;f; ptr(BWj 1)),
f(B) = logy | P; EK: Bitr(BWi k) + T, + 02 |, (45)
I=k+1

It can be observed that E;—k in Eq. (44) is still not a con-
cave function because it is the difference between two concave
functions. Therefore, optimization problem in Eq. (38) is not
a convex optimization problem. This non-convex optimization
problem is transformed into a convex problem by employing
low complexity suboptimal technique based on DC program-
ming. In this technique, instead of fo(B), we substitute its
first-order linear approximation as follows

f2(B) < /o(B) + tr((fg’ (B“>))H(B - B“))),

£ f(B)

where B(*) is the value of B at " iteration and I (B(®) is the
first derivative of fo(B) at #* iteration, which can be computed
as follows

(40)

f/(B(t)) _ S ks PiBia Wik
(Pi Z{(:k_u Bi,ltT(B Wi,k) + v, + 02) In(2)
(47)

Therefore, E: can approximately transformed into the follow-
ing form

e (Gr[aB) - 2B +2ix). @)
k=1

Based on the above computations and approximation, the
optimization problem in Eq. (38) can be rewritten as

max EE = m?le: EK: BW(Cz‘,k [fl(B) - ﬁ} + QNC)

i=1k=1
—pPi (492)
s.t. Pifiptr(BWy k) > %"
K
<[P Y Biitr(BWik) + W +0? |, Vk,i (49b)
I=k+1
diag(B) <1, (49c¢)
B > 0, (49d)
rank(B) = 1, (49¢)

The rank one constraint in the above optimization problem is
non-convex which is first transformed in the form of difference
of two convex functions as follows

rank(B) = 1 < tr(B) — ||B||2 = 0, (50)
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where tr(B) = Zgzl An and )\, presents n' largest singu-
lar value of B. ||B||2 is the spectral norm of matrix B. The
transformed rank one constraint is still non-convex, therefore
SCA is exploited to replace |[B||2 with its first order taylor
approximation to obtain its lower bound as follows

H
1Bl > 1B atr (s fhestths” (BB )

1Bl l2,

[

(D
(t)

where s, 1S the eigenvector corresponding to the largest
singular value of matrix B in the #" iteration. Then, add the
transformed rank one constraint to the objective function as a
penalty term in the optimization problem presented in Eq as

follow
I K -
max EE = mgxz > BW (Ci,k [f1(B) - 2(3)} + Qi,k)
i=1 k=1

—pPi T — Tl(tT(B) - W)
s.t. (49b),(49¢), and (49d),

(52a)
(52b)

where, 77 >> 0 is the penalty factor of the rank one constraint.
The above problem is now in the form of standard semi-
definite programming (SDP) problem, which can be solved
through the MOSEK optimization toolbox for MATLAB.
MOSEK in each iteration solves a relaxed SDP problem
through the interior point method, whose computational com-
plexity can be given by O(N)3®. If [ is the number of
iterations that are required for the ORCA algorithm to reach
convergence. Then, the total computational complexity of
the ORCA algorithm is O(IKIN3-). The detailed two stage
energy-efficient resource allocation for IRS-enabled NOMA-
BF system is presented in Algorithm 2. The total computa-
tional complexity of Algorithm 2 is O(q( T(KI)?+IKIN3?)).
q is the number of iterations required for the convergence of
Algorithm 2 while T(KT)? is complexity of stage 1. Where
T is the number of iterations required for the convergence of
stage 1, K is the total number of users in each cluster and /
is the total number of clusters in the system.

IV. RESULTS AND DISCUSSION

This section presents the simulation results of our proposed
energy efficient IRS NOMA-BF algorithm for extremely over-
loaded 6G wireless communications systems. The results are
obtained using Monte Carlo simulations. We compare the
proposed IRS NOMA-BF approach with IRS conventional BF
approach as the benchmark. The considered benchmark refers
to multiuser BF systems that serve users orthogonally through
BF vectors. That is each user in a cluster is supported by a sin-
gle BF vector, orthogonal to the other users’ channels in order
to eliminate interference from other users in the cluster. In our
simulations, the BS has 5 transmit BF vectors, where each BF
vector can support a group of two users defined as a clus-
ter. A total of 5 clusters are generated through our proposed
clustering from 30 users which are deployed randomly around
the IRS through binomial point process (BPP). The minimum
distance between BS and IRS is assumed to be 30m while
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Algorithm 2 Energy-Efficient Resource Allocation for IRS-
Enabled NOMA-BF System

1: while not converge do

2: Stage 1: Optimization of Beamforming and PAC of the
Users

3: Initialization: Initialize the PAC for each NOMA-BF user,
stepsizes, dual variables, maximum iterations Lmqz, iteration
index / = 1 and maximum tolerance dmaz.

4: for [ S Lmaxfdo
5: Compute R; (1) by using Eq. (26)
. () — Ri(1)

o Compute p;(1) IE112P: S8, Bi k+Pe

7: Update dual variables a; (1), @; (1), and Y;(I) by using
Eq. (35), (36) and (37), respectively.

8: Update the PAC vector (I + 1) of IRS NOMA-BF users
by using equation (32)

9: it |77 (0) = F'7D (0)] < Gmaa then

10: break;

11: end if

12: end for

13: Output: Optimal B* = {37 1,8} 9,..., 8] g}

14: Stage 2: Optimized reflection coefficients algorithm
(ORCA) for IRS NOMA-BF system

15: Problem Transformation: Transform the IRS RC

optimization problem defined in into tractable form through
following steps.

16: 1) DC programming: Apply DC programming approch on the
R} using Eq. (48)

17: 2) Rank one constraint approximation: Transform the non-
convex rank one constraint in the form of difference of two
convex functions using Eq (50) and then apply SCA on it using
Eq. (51).

18: 3) Penalty function method:Then, add the transformed rank one
constriant to the objective function as a penalty term as shown
in Eq. (52).

19: Problem Solution: The tractable form is Standard SDP
problem which can be solved through MOSEK optimization
toolbox for MATLAB.

20: Output: Optimal b*

21: end while

22: return Optimized Beamforming, 8* and b*

the locations of users around IRS are modelled as binomial
point process (BPP) in a circle of radius 10m.For dy = 1(m),
Lg is set to —30dB. The path loss exponents are set as 2.2.
The number of antennas at BS and the number of elements
at IRS are mentioned with each figure. Other main simulation
parameters for our setup are described in table I.

Figure 3 compares the EE of the proposed IRS NOMA-BF
algorithm with IRS conventional BF as the benchmark. The
comparison is done with the different number of antennas at
BS versus the different number of elements at the IRS. It
can be observed from the figure that the proposed algorithm
performs better than the benchmark in terms of EE. Moreover,
it can be noticed that a higher number of antennas at BS and
a higher number of elements at IRS results in higher EE.

Figure 4 depicts the efficacy of the proposed clustering in
terms of ICI reduction while Figure 5 presents its efficacy
in terms of EE. It can be analyzed from the figures that
proposed clustering reduces ICI and thus increases the EE
of the IRS NOMA-BF system. From these figures, it can be
concluded that it is very important to consider an efficient
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TABLE I
SIMULATION PARAMETERS
Parameter Value
Number of beamforming vectors 5
Number of clusters 5
Number of users per clusters 2
Users distribution around IRS BPP
IRS radius 10m
path-loss exponent(a) 2.2
Noise power (o2) -114 dBm
Transmit power of each cluster (P;) 30 dBm
Rician factor (&) 3 dB
Rician factor (€) 3 dB
The path loss Ly with dy = 1(m) -30dB
Distance between IRS and BS (dp r) 30m
Circuit power consumption (P, ) 30 dBm
minimum SINR y; 3 dB
Fast fading Rician fading
Pathloss model distance dependent
Correlation threshold (A) Between 0 and 1

—O— IRS NOMA-BF, M=8

- O - IRS NOMA-BF , M=16
—QO— IRS Conventional-BF, M=8
- O - IRS Conventional-BF, M=16| |

Energy Efficiency (bits /Joule/Hz)
©o
(4]

. . . . . .
8 10 12 14 16 18 20 22 24
Number of IRS elements (N)

Fig. 3. Energy efficiency comparison of proposed algorithm with benchmark
algorithm versus number of IRS elements.
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Fig. 4. ICI at far user under proposed clustering and random clustering

versus number of IRS elements.

clustering algorithm among the users which shares the same
beamforming vector. Besides it, the higher number of antennas
at BS and higher number of elements at IRS increase ICI but

1953
13
<]
0
g 12F q
]
2z
uN 11t 1
oo
HS
W
83 100 |
>
on
[~
O~ 9r 4
-
F
[ . ~
“w.Qa g} . ’ _- N =128 4
B=
>y o s peg —Q— Proposed Clustering M = 8
2 -, .7 N=64 —O— Proposed Clustering M =16/ |
g e = O = Random Clustering M = 8
M O n=16 = O - Random Clustering M = 16
6 . ! ! !
0 50 100 150 200 250 300

Number of IRS elements (N)

Fig. 5. Energy efficiency of IRS NOMA-BF under proposed clustering and
random clustering versus number of IRS elements.
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Number of IRS elements (N)

Fig. 6. Energy efficiency of proposed algorithm under different stages versus
number of IRS elements.

as compared to ICI, they greatly improve the desired signal at
users. Therefore, the higher number of BS antennas and IRS
elements result in higher EE performance.

Figure 6 demonstrates that after efficient clustering the
performance of the IRS NOMA-BF system can further be
enhanced through efficient PAC of users that share the
same BF vector and through efficient allocation of refection
coefficients at IRS. The proposed algorithm achieves optimal
EE in two stages. Stages 1 is named as optimized power alloca-
tion coefficients (OPAC) stage, which allocates efficient PAC
to the users. It can be observed from the figure that OPAC
attain higher EE than random allocation algorithm. The opti-
mized reflection coefficient algorithm (ORCA) is the second
stage of the proposed algorithm which additionally improve
the EE of the IRS NOMA-BF system.

Our proposed alternating optimization framework for the
IRS NOMA-BF system is consist of two stages, where the
first stage employs the OPAC algorithm for optimal PAC of
users and 2nd stage also employs an iterative algorithm for
optimal RC of IRS. Therefore, it is necessary to analyze
the convergence of both OPAC and ORCA algorithms. In
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Fig. 7. Energy efficiency convergence of OPAC algorithm (Stage 1) for IRS
NOMA-BF system.
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Fig. 8. Energy efficiency convergence of ORCA algorithm (Stage 2) for IRS
NOMA-BF system.

Fig. 7, EE convergence of OPAC algorithm versus iterations is
demonstrated with the different number of IRS elements (N).
The obtained result shows that the OPAC algorithm usually
converges in four iterations regardless of N. It is analyzed that
N affects EE, but it has a negligible effect on the convergence
of the OPAC algorithm. Similarly, in the 2nd stage ORCA
algorithm achieve convergence in the 5" iteration regardless
of the number of IRS elements as shown in Fig. 8.

V. CONCLUSION

A novel alternating optimization framework has been
proposed to enhance the energy efficiency of IRS-assisted
NOMA-BF systems for next-generation wireless communi-
cation networks. More specifically, we aim to maximize the
energy efficiency of the considered IRS-assisted NOMA-BF
system by optimizing the active beamforming and PAC at
the source, and passive beamforming at the IRS node of the
system. However, an increment in the number of supportable
users with the NOMA-BF system will lead to NOMA user
interference and ICI. In this regard, zero-forcing beamforming
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along with an effective clustering algorithm is exploited to
reduce the effect of ICI. Furthermore, a two-stage low-
complexity iterative alternating optimization algorithm has
been proposed for considered IRS-assisted NOMA-BF system.
In the first stage, NOMA user interference is tackled by
efficiently optimizing the PAC of NOMA users under the
required system constraints. However, in the second stage
of the proposed algorithm, passive beamforming has been
optimized based on the difference-of-convex (DC) program-
ming and successive convex approximation (SCA). Moreover,
numerical simulation results depict that the proposed alter-
nating optimization framework outperforms its counterpart by
providing an efficient performance in terms of the energy
efficiency of the system.

APPENDIX
DERIVATION OF OPTIMAL PAC oF NOMA-BF
USERS AT THE TRANSMITTER

For efficient SIC process at receivers in each cluster, it is
assumed that users are sorted according to the channel gain
as [fu 1|2 > g ]|

When k = 1, the optimal closed-form expression of the first
user in the NOMA-BF cluster can be calculated as

OL(B, o, 9, X) _ BWCp

— piPi — i P + ¢; 1P;|u; 1 £

0Bin - In2B;

+ Yilual? =0, (53)

Then

BW (1
Bi1 = n : (54)
In2((p; + o) Pi =T 1)

where

Ti1 = @i1Piluiafi]? + Tl 2% (55)

When k = 2, the optimal closed-form expression of the 2nd
user in the NOMA-BF cluster can be computed as

OL(B,a,0,Y) ( —BW i1 Pifug 1 £ |2 )
9Bi2 In 2(P;|ug,1£;]2(Bi2 + Bi,3) + Wi + 02)

BW¢; .
$62 Py — Py — s 1R Palus 1 £i[? + 12 Pifu o2

In 262‘_’2 ?
+ Y2l 3]% — Tialw 2|2 =0, (56)

Then we can obtain
BW(; 2
Bi2 = , (57)
In2((p; + a;) Py = Ti2) +11(Bi1)
where
2 2

Ti2 = @i2Pi|u; ofi|” — T; olu; 3|, (58)

BW (i
In 257;71

min

2 2
Yi,1 +wi1via Pilugafi|” + Ty 10w 2|

(59)

I(Bi1) =

When k = 3, the optimal closed-form expression of the 3rd
user in the NOMA-BF cluster can be evaluated as

6£(ﬂ,0¢,(0,T) _ < _BWCZ,1P1|uZ,1fil2 )
0Bi,3 In 2(P;ilu;, 1512 (Bi,2 + Bi,3) + Ui + 02)
—BW ;2 Pi|u; of;|? BW (i3
T oF 12( 5, ) 2 — —piPi—a; P
In 2(P;|u; 2f;|2(Bi,3) + ¥, + 02) In28; 3
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i1 Pilwi £i* — @i 270%" Pilwiofi | + i3 Pilu; 36|

—Yiz2lwis? = Yi1lw2> =0, (60)
Then we have
Big = BWG 3
"% n2((p; +ai)P —Ti3) +I(Bi1) + +1(Bi2)’
(61)
where
T3 = pisPiluisfi> — Yol 4l (62)
(Bi1) = ﬁ%,l + <Pi,17?,l1mpz‘|ui,1fi|2 + Ti,l|ui,2|27
(63)
and
BWC',Q ;
II(Biz2) = Y2 0+ it Pilug ofi | + T oluy 5%

" In 251"2
(64)

Therefore, the closed-form expression for the k-th NOMA-BF
user in a cluster can be derived as presented in Eq. (32).
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