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ABSTRACT

This paper investigates the spectral efficiency (SE) optimization in muti-group (MG) multicast (MC)
multiple-input multiple-output (MIMO) cognitive radio (CR) systems with the assistance of an active
intelligent reflecting surface (IRS). The research aims at designing the transmit precoders (TPCs) at
the secondary base station (SBS) and the reflection coefficients (RCs) at the IRS to maximize either
the sum rates of MC groups or the minimum rates among MC groups in the secondary network
while guaranteeing transmit power (TP) budget constraints at the SBS and reflection amplitude and
amplification power at the IRS and the interference power (IP) constraints at the primary users (PUs).
To address the challenges of coupled variables in the formulated design problems, we exploit al-
ternating optimization (AO) to decompose the design problems into amenable sub-problems. To
tackle the difficulties posed by the nonconvex nature of the design problems, we derive the surro-
gate functions to transform the optimization problems into convex forms. Then, efficient iterative
algorithms are derived to obtain the optimal SBS TPCs and IRS RCs. The numerical simulations
are conducted to investigate the system performance over the various system parameters. The
numerical results demonstrate that maximizing the minimum rates leads to fairer distributions of
achievable rates among groups while maximizing the sum rate offers higher achievable rates for
favorable groups. The results also reveal that systems with optimized IRS RCs obtain superior rates

compared to those with fixed IRS RCs.

Key words: Active intelligent reflecting surface (IRS), spectral efficiency, multi-group multicast

communication, convex optimization

INTRODUCTION

To address the growing demands of emerging wireless
communication applications, spectral efficiency (SE)
and energy efficiency (EE) techniques are crucial con-
siderations in the design of future wireless communi-
cation systems (WCSs). Cognitive radio (CR) is rec-
ognized as an effective way to utilize the radio spec-
trum. However, given the ongoing demands for wire-
less networks with better quality of service features
such as higher data rates, low power consumption,
greater EE, and improved SE, novel technologies are
being investigated for the next generation of WCSs.
A recent novel technology stemming from advance-
ments in micro-electro-mechanical systems has intro-
duced intelligent reflecting surfaces (IRSs) with low-
cost and energy-effective characteristics. These sur-
faces can be dynamically reconfigured to create intelli-
gent wireless propagation environments . By intel-
ligently altering the reflection coefficients (RCs), the
IRS can adjust the phase shifts of the reflected electro-
magnetic waves to boost the desired signals and mit-
igate interference signals. Passive IRSs (pIRSs) have
been extensively studied in various WCSs>*. The

studied results demonstrated the benefits of deploy-
ing the IRSs in WCSs in terms of performance gains
and effective costs!. However, multiplicative fading
effects relevant to IRSs limit the achievable gains of
pIRSs. Recently, active IRSs (aIRSs), which can am-
plify incident signals, have developed by integrating
reflection-type amplifiers into their structures”. Re-
cent works>® showed that aIRSs could overcome the
negative impacts of multiplicative fading. Due to the
advantages of IRSs, the integration of IRSs into vari-
ous WCSs to further enhance SE and EE has attracted
considerable search attention”.

IRSs have been studied in CR networks with various
scenarios. The authors® investigated the pIRS-aided
CR network with two pairs of single-antenna primary
users (PUs) and secondary users (SUs). The authors
optimized the transmit power (TP) at the SUs and the
RCs at the IRS to maximize the SU rate. Alternatively,
the authors ' designed the transmit precoders (TPCs)
and RCs to minimize mean squared error for mul-
tiuser multiple-input multiple-output (MIMO) CR
networks with the assistance of an aIRS. Reference
[9] studied the aIRS-aided MIMO simultaneous wire-
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less information and power transfer (SWIPT) CR sys-
tems in which the SE maximization was studied with
the constraints of TP, amplification power, interfer-
ence power (IP), and harvested energy. Alternatively,
reference [10] concerned the EE in the pIRS-aided
MIMO SWIPT CR systems.

The majority of aforementioned studies %1 focused
on deploying IRSs for unicast transmission in which
each user is designed to receive independent data
streams. Such unicast transmission can suffer from
severe interference and poor performance, especially
as the number of users grows ' ' In practice, a group of
users may simultaneously request identical messages,
such as applications of television programs and video
conferences. In such scenarios, multicast (MC) trans-
mission in which the same messages are transmitted
to the users in a group is of significant interest '
Different from most of the previous works 310 fo-
cusing on unicast scenarios in which distinct data
streams are sent to each user, our paper is concerned
with the deployment of an aIRS for multi-group (MG)
MC scenarios. Concerning MC transmission, refer-
ence!” investigated the optimal beamforming design
for MG MC multiple-input single-output (MISO) CR
systems in which efficient optimization algorithms
were proposed to tackle design problems of the TP
minimization and signal-to-interference-plus-noise-
ratio (SINR) maximization. More recently, the au-
thors !> derived the optimal beamforming structures
to facilitate the numerical optimization algorithms for
the beamforming design problems in MG MC MISO
systems. Similarly, the work * investigated the MG
MC SWIPT MISO system without IRSs. Alterna-
tively, reference ! considered the MG MC MISO sys-
tem with the aid of a pIRS. Therein, the transmit
beamformers and IRS RCs are optimized to maximize
the overall sum rate. Similarly, reference ! studied
the MG MC MISO system with the pIRS. By consid-
ering imperfect channel state information (CSI), the
transmit beamforming vectors and IRS RCs are de-
signed to optimize the max-min SINR fairness prob-

lem. The authors'®

studied the outage probability
of the WCS in which the single-antenna base sta-
tion transmits a common message to multiple single-
antenna users with the aid of a pIRS of random phase
shifts.

Against this background, in the present paper, we
study a MG MC CR system in which a multiple-
antenna secondary base station (SBS) sends distinct
data streams to MC groups in downlink transmission.
The multiple-antenna users in the same MC group re-
ceive identical data streams while suffering interfer-
ence from the data streams of other groups. In ad-

dition, in CR networks, the transmission in the sec-
ondary network must not cause adverse interference
to the PUs. An aIRS is employed to improve the SE
in the secondary network and mitigate IP caused at
the PUs. Our aim is to optimally design the TPCs at
the SBS and RCs at the aIRS to maximize the SE. To
the best of our knowledge, the optimal joint design
of the SBS TPCs and IRS RCs for SE enhancement
in MG MC MIMO CR systems with the application
of an alIRS has not been thoroughly investigated. In
this work, we aim to maximize either the sum rates of
MC groups or minimum rates among MC groups un-
der the constraints of power budgets at the SBS, RC
amplitudes and amplification power at the aIRS, and
IP at the PUs. The formulated design problems are
mathematically intractable to be directly solved due
to the high coupling of design variables and the non-
convexity of the optimization problems. Accordingly,
to achieve the optimal solutions, we develop efficient
iterative algorithms. Specifically, the main contribu-
tions of our work can be listed as follows:

« Firstly, we introduce the MG MC CR MIMO
systems model with the assistance of an aIRS
in which the users in a MC group can receive
common data streams, and the SUs share the
common spectrum with the PUs. To highlight
the novelty of this paper, we emphasize that
most previous research focuses on either uni-
cast transmission with the deployment of a pIRS
or without an IRS, or without CR. In contrast,
we investigate a more general scenario of MG
MC transmission with the assistance of an aIRS
in a MIMO CR network. We aim at the opti-
mal design of the TPCs at the SBS and the RCs
at the IRS to maximize either the sum rates of
the MC groups or minimum rates among MC
groups under the constraints of TP at the SBS,
reflection amplitude, and power amplification
at the alRS, and the IP at the PUs. The resul-
tant optimization problems are highly noncon-
vex and mathematically intricate since the ob-
jective functions (OFs) and constraints involve
the nonlinearly coupled variables.

o Secondly, we develop efficient optimization al-
gorithms by leveraging the combination of al-
ternating optimization (AO) and minorization-
maximization (MiMa) frameworks to find the
optimal designs. Specifically, our strategy is to
alternatively optimize sub-problems in which
either the TPCs or RCs are optimized for the
other variables fixed. Then, in each sub-

problem, by utilizing the MiMa technique, we
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exploit the concave minorant of the user rate
function to alter the sub-problem into a convex
one. Thus, the developed iterative algorithms
can be guaranteed convergence and have the
polynomial-time computational complexity.

« Finally, we conduct numerical simulations to
demonstrate the achievable SE performance of
the considered system and the effectiveness of
the proposed algorithm. In addition, we also
investigate the impacts of different system pa-
rameters on the achievable SE. The simulation
results indicate that the minimum rate maxi-
mization (MRM) approach provides fairer rates
among groups, while the sum rate maximization
(SRM) offers higher rates for favorable groups.
They also show that the optimized IRS RCs can
significantly improve the achievable SE com-
pared to fixed IRS RCs.

The rest of the paper is presented as follows. In Section
I1, we introduce the system model, and then formulate
the design problems. Section III derives iterative al-
gorithms to find the optimal designs of the TPCs and
RCs to maximize the SE. Then, the numerical results
and discussion are presented in Section IV while the
conclusions of the paper are given in Section V.
Notations: For a matrix M, notations M7 and M
represent the transpose and Hermitian of a matrix
while <M>, |M| and ||M||F are trace, determinant and
Frobenius norm operations, respectively. Notation M
=+ 0 indicates that M is positive semi-definite. A diag-
onal matrix with its main diagonal elements of ¢ 1, ¢2
..., O is denoted as diag(¢(, 92 ..., ¢y). Notion ©
stands for the Hadamard product. Zero and identity
matrices with appropriate dimensions are represented
by 0 and 1, respectively. For vector m, its Euclidean
norm is represented by ||m]||,. The expectation op-
eration is denoted by E(-). Notation m ~ CN (u, y)
represents complex Gaussian random vector m with
mean vector i and covariance matrix . The function
f(x, y) is compactly written as f(X) when y is fixed.

SYSTEM MODEL AND PROBLEM
FORMULATION

Consider an integration of an aIRS in a MG MC MU-
MIMO CR system as shown in Figure 1. The SBS with
Njp antennas transmits the data streams to G groups in
the downlink channels. Denote G = {1, 2, ..., g} as the
set of all groups and K, = {1, 2, ..., K} as the set of SUs
in group g where Kj is the number of users in group
g. Each SU with N,, antennas belongs to a single MC
group, resulting in the total number of SUs in the sys-
temas K = Zgleg. The secondary system operating

Active IRS
U

==ng‘ .
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Figure 1: An illustration of a MG MC CR MIMO net-
work with the aid of an alRS.

in the underlay models of CR transmissions utilizes
the frequency spectrum allocated to the primary sys-
tem which comprises P PUs denoted by P = {1, 2, ...,
P}. Each PU is equipped with N, antennas. Define
the data symbol vector intended to SUs in group g as
sg € C4*! where dg <min{Ng, N,} is the number of
data streams of users in group g and E(sgs/) = 144,
E(sgsH ;) = 0 for g # 1. To mitigate interference and
improve transmission performance, the data symbol
vector of SU k in group g (denoted as SUy ;) is lin-
early processed by the TPCs W, € CNs*d. Then, the
transmitted baseband signal at the SBS is expressed as
Eq.1 (Figure 2)

To further enhance the secondary network perfor-
mance and also mitigate interference imposed on the
PUs, an aIRS composed of N reflection elements (REs)
is deployed. Distinct from pIRSs, aRISs can simulta-
neously manipulate the phase and amplitude of the
incident signals. Denoting the reflection amplitude
and phase shift of RE n as a, € [0, a,”"*] and 0,, €
(0, 2x] for n € N = {1,..,N}, the IRS RC matrix is
represented by ® = diag(¢, ¢2 ..., ¢y) where ¢y =
ane/% is the reflection coefficient of RE n. By adopting
the frequency-flat fading channel models, the chan-
nel matrix from the SBS to the IRS is denoted as G €
CN*Ns_ Then, the aIRS produces the output signal
power ! as Eq. 2 (Figure 2)

where 6,2

is noise power at each RE. The aIRS exploits
additional power sources to amplify the incident sig-
nals, and thus the amplification power of the alRS is
constrained as' Eq. 3 (Figure 2)

MaX is the maximum amplification power.

where Pjgrg
Regarding the received signals at the SUs, denote the
channel matrices from the SBS to SUy , and from the
IRS to SUy ¢ as Hy ., € CNe*No and H,y , € CNXN,
respectively. Accordingly, the received signal at SUy o

is given by Eq.4 (Figure 2).

2404



ng and Technology 2024, 7(4):2402-2412

ineeri

Science & Technology Development Journal - Eng

(€2)

M24aD3 58 Uz(0) 1

cgadpUs(@)?

CNSUAS S
fond S (@™ v

(o)

vo
U xew

Mz yAD28AUZ(M)
Casda s (M)

o > (AT

(10) =
SIS G s

g

oy
U xew

u  xew

M3yAD38AUZ (o' M)y
casdp s (o m)?

CNBUA eS|
0 37 (@ )Y

1
oErs (MM s
2

s
U xewr

M IAD5A U (0)
“d3dpaUs (@)1
6D TNPUA eS|
Coud S(@TT s

U

-5
U xew
>

uonenb3 :z aunbi4

00 ) o (08 o
&.C 29WM0) 0P E ﬁmvv 29 W\

u
(WA 0, UVN\

(€30) P p.
(/A M0 LA E_v

L:Nu QNT ©

[TV " it N2 v

By

{Ca o) e+ L= (@) 2= (@)

847127

@D N0+ UL D H AAGH <
5

210388 U=(0)

‘azdais (@)1
CNUAC e s
oy
ond > (®) s
,MN\N Nm_ey.‘
o yAD3 A U= (M)T
casdpUs(m)?
Cod > (AW™'T
(s1)

-
SEIs MWW s
5

[N

U xew

D

oo+ rm i m) SN -

@D
" (P mp o) hwe+ 155 =(m) 7

?: TFV

e

(en “Tio+ TUH,00" T HIo+ I H MM H

_ &y
=

S23ADI AU (M)

cd3dpn s (m)?
Cad > (AT
[€49] =5
SEdS (M BVN

=3

“ug

B

A3 9aD3 87Uz (0 M)y
“d2dp s (@ M) T

N UA eS|

an ‘g 5 (@ M)™d
s

s G

5

=3

4

E)

< -

ep
Xew

KX
Xew

d3dp s (o m)”
CNOUA eS|
*oud > (@°M)™d

(9] 1=3
SEIs G s
>
e 3 o=d ¢ yor bt
(o'm)™ = (@) xew
Ca2dp s (0 M) T
z%iim ||
Cud > (@A)
(6) N
d5 GWW s
>
. 5 il . I
(o'm) aX=(o'm)*1 xvw
3
(® ‘avdacs(om)!
-
W ‘avda|eo T H|| o+ Y MH _N om)’
© D33 (@mM) T o= () Y
© P2 3aD35A TR M H W = (@)

Se1=)

29D 3T e’ HY YT K M=
>

) - . s
. sy +~=eufm+luenfﬁ+:nmwu
(€) < oud > (@MW)
-3
@ @10+ (,@,9;M° MO X = (@MW) ™d
>
n *s $N

2405



Science & Technology Development Journal - Engineering and Technology 2024, 7(4):2402-2412

where Hj o = Hyje + Hppo®G is the effective
channel from the SBS to SU;, and from SBS to
IRS to SUy,. Vectors nj ~ CN (O,GIZIN), Mg ~
CN (07613 gINu) are additive noise at the IRS and

SUj ¢» respectively”. In equation (4), the first term
is the desired signal at SUy , while the second term is
interference between the MC groups, the third term is
additive noise from the aIRS, and the last term is ad-
ditive noise at the receiver. Therefore, the achievable
rate (nats/s/Hz) of SUy , is Eq. 5 (Figure 2).

where we have denoted Jeg =
L1 1 Heg MW/ HE, + OF Hyi o 09MHE o+
a,iglNu and W = {W|,W,,...,Wg}. In MG MC
transmissions, the users in a group decode the
identical data streams. Thus, the achievable rates of
MC group g is given by '! Eq. 6 (Figure 2).
Concerning the PUs, we denote Hy , € C»*Ns and
H;p € CN»*N a5 the channels from the SBS to PU,
and from the IRS to PU), respectively. Then, the total
IP at PU,, is computed by Eq. 7 (Figure 2).

where H, =Hy , + Hy,p + @G. For underlay CR mod-
els, to guarantee the performance of the PUs, the CR
system cannot cause the total IP at each PU to be
greater than a tolerance threshold. Thus, the IP con-
straints are expressed as' Eq. 8 (Figure 2).

where 7, is an acceptable IP threshold at PU .

To investigate the achievable system performance, the
quasi-static flat-fading channel models are adopted,
and perfect CSI is available at the SBSZ. Then, our
target is to jointly design the TPCs W and RCs P to
maximize either the sum rates of the MC groups or
the minimum rate fairness of the MC groups subject
to the constraints of the SBS TP budget, the amplifi-
cation power at the alRS, the reflection amplitude of
REs, the IP restrictions imposed on the PUs.

A. Maximization of the sum rates of MC
groups

In communication systems, maximizing the total SE is
of practical importance. Thus, the SRM of MC groups
is formulated as the following optimization problem:
Eq. 9 (Figure 2).

where Pp¢ represents the TP budget allocated to the
SBS.

B. Maximization of the minimum rate
among MC groups

The SRM problems of the MC groups generally result
in unfairness among groups. Thus, to improve the
fairness among MC groups, we maximize the mini-
mum achievable rate among MC groups, which is ex-
pressed as the MRM: Eq. 10 (Figure 2)

Notice that problems (9) and (10) are highly in-
tractable due to the non-concave nature of the OFs,
non-convexity of the constraints, and intricate cou-
plings of the design variables. Next section is devoted
to developing iterative algorithms to obtain optimal
solutions to these non-convex problems.

PROPOSED METHOD FOR SE
OPTIMIZATION

This section will develop iterative optimization algo-
rithms to solve SRM problem (9) and MRM problem
(10). First, we focus on solving SRM problem , and
then extend the approach for MRM problem (10).

A. Proposed method for the SRM of MC
groups

First, problem (9) is equivalently rewritten as Eq. 11
(Figure 2)

The above optimization problem is difficult to solve
directly due to intricately coupled optimization vari-
ables. Thus, by capitalizing on the AO framework, we
decompose the original optimization problem in (11)
into two subproblems.

1. Subproblem 1-Optimizing W with given ®
When the RCs ® are fixed, problem (11) is rewritten
with respect to (w.r.t.) the TPCs W as Eq. 12 (Fig-
ure 2)
Given W) at iteration 7, we define as Eq. 13 (Fig-
ure 2).
Then, the concave minorant of the achievable rate of
SUy g is derived as'*'7!¥ Eq. 14 (Figure 2).
(7) _
qB,k,g -
H -1
Rig (W) = W) i i), Op g =
(0).H gy 4(1)—1 (7) (7)-1
We " Hi o g ke VB,k,lg IB g
7) (T)yy, (7). H -
(55 + HeaWs WP L) = 0. Then,

problem (12) is reformulated as Eq. 15 (Figure 2).

where

and

Problem (15) is convex, and thus convex solvers such
as CVX '? can be efficiently used to obtain the optimal
solution.

2. Subproblem 2-Optimizing ® with given W
When the TPCs W are fixed, problem (11) is rewritten
w.r.t. the RCs @ as Eq. 16 (Figure 2).

Given ®(%) at iteration k, we define H(¥) ke = Hakg
+ H,’k’gq)(’c)G and Eq. 17 (Figure 2).

Then, the concave minorant w.r.t RCs @ of the achiev-
able rate of SUy , is given by'®'”'® as Eq. 18 (Fig-

ure 2).

where qgf,zﬂ ¢ =
H (x)—1

Rig (97) = WHHI S W), off], =
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() H gy H 7)1 0 _ m-1
Hg Wg JR,k,g > VR,k,g = ‘]R‘k,g —
(8 + W)™ 0 hen

problem (16) is reformulated as Eq. 19 (Figure 2).

It can been seen that problem (19) becomes convex,
and thus convex solvers, e.g., CVX '’ can be leveraged
to obtain the optimal solution.

3. Overall iterative algorithm for designing
TPCs and RCs to maximize the sum rates of
MC groups

From the derivations in subsections III-A1 and III-
A2, the AO algorithm to alternatively update the
TPCs and RCs to maximize the sum rates of MC
groups is described in Algorithm 1 (Figure 3).

B. Proposed method for the maximization
of the minimum rate among MC groups

Similar to the derivations in subsection III-A, prob-
lem (10) is reformulated as Eq. (20)

1. Subproblem 1-Optimizing W with given ®

Problem (20) is derived w.r.t. the TPCs W as Eq. 21
(Figure 2).

2. Subproblem 2- Optimizing W with given ®

Problem (20) is recast w.r.t. the RCs W as Eq. 22 (Fig-
ure 2).

3. Overall iterative algorithm for designing
TPCs and RCs to maximize the minimum rate
among MC groups

From subsections III-B1 and III-B2, the AO algorithm
for the maximization of the minimum rate among MC
groups is presented in Algorithm 2 (Figure 4).

C. Convergence and computational com-
plexity

Note that the iterative procedures in solving subprob-
lems 1 and 2 for seeking the optimal TPCs and RCs are
provable convergence according to the principles of
MiMa methods?’. In addition, the AO approaches in
Algorithms 1 and 2 guarantee that their correspond-
ing OFs are nondecreasing over iterations. Further-
more, the OFs are upper bounded for the feasible sets
of the considered constraints. Thus, the convergence
properties of Algorithms 1 and 2 are guaranteed.
Regarding the computational complexity, Algorithms
1 and 2 rely on convex optimization, and thus, the
proposed optimization algorithms exhibit a polyno-
mial time computational complexity.

SIMULATION RESULTS AND
DISCUSSION

This section presents numerical investigations on the
achievable SE performance of the proposed optimiza-
tion algorithms for aIRS-aided MG MC CR systems
with various system settings. In numerical simula-
tions, the system consists of one SBS with N = 4 an-
tennas, one alRS, G = 2 groups, K, = 3 SUs in each
group, and P = 2 PUs. Each user is equipped with N,
=N, = 2 antennas and each MC group is expected to
receive d, = 2 data streams. The SBS is at position (0,
0) m while the IRS is at position (0, 30) m. The SUs
in group g are randomly located in a circle with a ra-
dius 10 m!. The center of group 1 is at position (100,
0) and that of group 2 is at position (-100, 0). The
PUs are randomly distributed in a circle with the cen-
ter at (-200, 0) m and a radius of 10 m°. The channel
coefficients for the transmission distance d,; between
transmitter t and receiver r are modelled by Eq. 23
(Figure 2).

Here, L,; = Lo(d;/dg) ™% is the path loss where Ly
= 1073 is the pathloss at the reference distance dy =
1 m and o, is the path loss exponent?!. Small scale
fading channels HL0S, HVLoS respectively are deter-
ministic line-of-sight (LoS) and Rayleigh fading non-
LoS (NLoS) components of channels with the Rician
factor k,;. IRS-related channels are modeled as the
Rician fading channels with the Rician factor of 3 and
the path loss exponents of 2.2 while other channels
are modeled as the Rayleigh fading channels with the
path loss exponents of 3.6. The noise powers at the
SUs and the IRS are 0'2k,g = 072 =-100 dBm. The al-
lowable IP at the PU is set as ¥, = -100 dBm. Regard-
ing the iterative algorithms, we set € = 1073, Thpax =
100. Unless specified, the other parameters are given
as follows. The TP budget at the SBS is Py = 10 dBm.
The number of active REs is N = 20. The maximum
reflection amplitude coeflicients are @ = a** = 1.9
and maximum amplification power at the IRS is Py
= 10 dBm. The simulations are conducted over 100
random channel realizations to compute the average
numerical results.

Example 1: First, we investigate the convergence
characteristics of the proposed AO algorithms for the
SRM and MRM of MC groups. To this end, we visual-
ize the OF values obtained over iterations in Figure 5
and Figure 6 for a random channel realization with
different SBS TP budgets. The results in these figures
show the non-decreasing characteristics of the OF val-
ues versus iterations, which verifies the convergence
of the proposed AO algorithms. In addition, the OF
values converge to stable points within less than 20 it-
erations. On the other hand, as expected, the higher
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Algorithm 1: AO algorithm for the SRM in aIRS-aided MG MC CR systems

Initialization: set =0, feasible W, @ .
REPEAT

REPEAT

Set 7«7 +1,W® =W.
‘fSR (WD) — Fix (“I(H))|

UNTIL i
-;C-SR (“f( 1) )

REPEAT

Set kK xk+1, D =D,
Fop (@) = Foy (@)
Fa(@*7)

UNTIL

Fo (W, @) = F (WD, L)

UNTIL Fn(WED @)

Input: Error tolerance € and maximum number of iterations 7,

For fixed ® =®", set 7=0, W =W,

Solve problem (15) to obtain W;

<eorr>T

For given W=W , set k=0, @~ =@,

Solving problem (19) yields ®;

<e or k>7T
Update t«t+1, W' =W, @ =d;
<eort>T _

Outputs: Optimal solutions W =W , ®*" =®.

max *

max *

merx *

max

Figure 3: Algorithm 1

OF values are obtained when the TP budgets at the
SBS grow.

)

=

Z

<

=)

w

]

~ max__

= _-_-PSBS—]O dBm

E PT*=15 dB

2 =T YTssT n

max __ 1
_PSES_20 dBm
0
0 5 10 15 20

Iterations

Figure 5: The OF values over iterations of the pro-
posed AO algorithm for the SRM of MC groups.

Example 2: Next, to study more insights into the ef-
fects of the SBS TP budgets on the achievable SE of the
considered system, we visualize the average achiev-
able sum rates and max-min rates versus the SBS TP
budgets in Figure 7 and Figure 8 respectively for dif-
ferent values of maximum reflection amplitude co-

6
=35
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_é e PSBS—IS dBm
max _
1 —PSBS—ZO dBm

0 3 10 15 20
Iterations

Figure 6: The OF values over iterations of the pro-
posed AO algorithm for the MRM of MC groups.

efficients. From these figures, we can observe that
the achievable rates increase with the SBS TP bud-
get. However, when maximum reflection amplitudes
attheIRS arelow (e.g., 2" = 1.9), the achievable rates
become saturated as the SBS TP budget is large. This
provides useful insights in selecting the appropriate
SBS TP budgets and maximum reflection amplitudes
of the active IRS to obtain the desired rates. Specif-
ically, from Figure 7 and Figure 8 for the IRS with
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Algorithm 2: AO algorithm for the MRM n alRS-aided MG MC CR systems

Initialization: set r =0, feasible W', @,
REPEAT

REPEAT

Set r ¢~ 7+, W =W,
fw(“r(:)] _ ;FW (“_r(r—lj)l
jc_'w (“_.-(r—l))

UNTIL

REPEAT

Set K x+1, B =0
[Fiae (@) — Fige (@)

UNTIL :
Froe (@)

UNTIL

Inputs: Error tolerance ¢ and maximum number of iterations 7, .

For fixed @ =@, sct =0, W =W,

Solve problem (21) to obtain W ;
seort>T, .
For given W=W, sct k=0, @ =@

Solving problem (22) yields @;

<cork>T, -

Update 1 <~1+1, W2 =W, @ =®;
[P W @0) = Frp, (W, 00|

Foae (WD @)

<eort>T

Outputs: Optimal solutions W*” =W, @’ =@,

Figure 4: Algorithm 2

the maximum reflection amplitudes a™* = 1.9, an in-
crease in the SBS TP budgets from 25 dBm to 30 dBm
is not useful since the SE improvements are negligible.
This phenomenon can be explained as follows: When
the SBS TP budget is low, the IP constraints at the
PUs and reflection amplification power and ampli-
tude constraints at the aIRS are inactive. Thus, the SBS
can exploit the maximum TP to increase the achiev-
able rates. However, when the SBS TP budget is suffi-
ciently large, the design problems are restricted by IP
constraints and/or reflection amplification power and
amplitude constraints, preventing the SBS from utiliz-
ing the full TP budget. Consequently, the achievable
rates cannot increase further.

To further investigate the fairness in terms of achiev-
able rates of groups, we visualize the average achiev-
able rates of MC groups obtained by the SRM in Fig-
ure 9, and those obtained by the MRM in Fig. Obvi-
ously, from Figure 9, the MC group 1 achieves higher
rates than the MC group 2. That is because MC group
2 in the simulation setting is located close to the PUs,
and the SBS and IRS steer the signals away from the
PUs to mitigate interference. In contrast, by applying
the MRM, MC groups achieve the same average rates
as demonstrated in Figure 10, which provides fairness

—8—,"_| g
—8— "1

N
3
Z
=
12
Q
£
E C
2
5 8
%ﬂ ¢
o0
<
4 I
10 15 20 25 30
max
PSBS(dBm)

Figure 7: Average achievable sum rates of MC
groups versus the SBS TP budgets.

among groups.

Example 3: Finally, we study the impacts of the num-
ber of IRS REs on the achievable SE performance. In
addition, to validate the effectiveness of our proposed
optimization algorithms, a baseline scheme, namely,
fixed IRS, in which the reflection coefficients at the
IRS are fixed (i.e., ® = a™*'Iy) while the TPCs are
optimally designed. Figure 8 and Figure 9 visualize
the achievable sum rates of MC groups and the min-
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Figure 8: Average achievable max-min rates among
MC groups versus the SBS TP budgets.
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Figure 9: Average achievable rates of MC groups
versus the SBS TP budgets by using the SRM algo-
rithm.
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Figure 10: Average achievable rates among MC
groups versus the SBS TP budgets by using the MRM
algorithm.

imum rates of MC groups versus the number of IRS
REs with the maximum reflection amplitude a** =
10. From these figures, the achievable SE curves for
optimized designs by the proposed AO algorithms of-
fer upward trends with the number of IRS Res, while
those of fixed IRSs are decreased with the number of
IRS REs. These numerical results reveal that the de-
ployment of the active IRS with a greater number of
REs can improve the SE if the RCs are optimally de-
signed; otherwise, the SE can degrade if the IRS RCs
are fixed.

Optimal IRS
ixed IRS

Average sum rates (bps/Hz)

8 I & T T
20 30 40 50 60 70 80
Number of REs

Figure 11: Average achievable rates of MC groups
versus the number of IRS REs by using the SRM al-
gorithm.
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Figure 12: Average achievable max-min rates
among MC groups versus the number of IRS REs by
using the MRM algorithm.

CONCLUSION

We have investigated the SE of MG MC MIMO CR
systems with the deployment of an aIRS. Concern-
ing the SE, we formulate two optimization design
problems, namely the SRM and the MRM. To tackle
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the nonconvex formulated design problems, we de-
velop efficient iterative algorithms capitalizing on the
AO frameworks with the utilization of the MiMa
principle, which renders solving convex optimization
problems in iterations. The simulation results have
demonstrated the fast convergence of the proposed
optimization algorithms. The numerical results have
offered valuable insights into the SE performance of
the aIRS-aided MC MG CR MIMO systems under the
different SBS TP budgets, IRS reflection amplitude co-
efficients, number of IRS REs. The results have also
verified the superior performance in terms of the SE
of the systems with the optimally designed IRS RCs in
comparison with the systems with fixed IRS RCs.
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TOM TAT

Bai bdo nay nghién ctu t6i uu hda hiéu sudt phd (SE) trong hé théng vo tuyén nhan thic (CR) da
dau vao da dau ra (MIMO) véi da nhém (MG-MC), dugc hé trg bdi bé mat phan xa thong minh (IRS)
tich cuc. Muc tiéu nghién cu la thiét ké cac bo tién ma hda phat (TPCs) tai tram goc thit cap (SBS)
va cac hé s6 phan xa (RCs) tai IRS nham t6i da hoa téng tée dé dir liéu clia cdc nhom hodac téi da
hoa téc do di lieu téi thiéu gitta céc nhdém trong mang thit cap, déng thdi dam bao céc rang budce
vé quy cOng sudt phat (TP) tai SBS, bién do phan xa va cong suat khuéch dai tai IRS, cling nhu rang
budc cong sudt can nhiéu (IP) tai ngudi dung so cap (PUs). DE gidi quyét cac thach thic lién quan
dén céc bién lién két véinhau trong cac bai toan thiét ké da dugc xay dung, ching toi st dung toi
uu héa luan phién (AO) dé chia bai toan thiét ké thanh cac bai todn con cé thé xir ly dugc. DE gidi
quyét kho khan do tinh khéng 16i ctia bai toan thiét ké, ching téi xay dung cac ham thay thé dé
bién d8i bai toan t&i uu hoa thanh dang 16i. Sau d6, cac thuat toan l&p hiéu qua dugc dé xuét dé
tim ra cac bo tién ma héa phat tai tram géc thi cdp va cac hé sé phan xa tai IRS t6i uu. Cac mo
phéng s6 dugc thuc hién dé danh gia hiéu nang hé théng qua cac tham sé khac nhau. Két qua s6
cho théy rdng viéc t6i da héa téc do téi thiéu gidp phan phdi cong bang hon téc d6 di liéu gitia
c4c nhom, trong khi téi da hoa téng tée dé dit liéu mang lai tée dé cao hon cho cac nhém cé diéu
kién thuan lgi. Két qua cling cho thay hé théng véi cac hé sé phan xa IRS dugc t6i uu hda dat toc
d6 di liéu tot hon so vai hé thong st dung IRS vai cac hé s6 phan xa ¢ dinh.

Tu khoa: Bé mdt phan xa thong minh tich cuc (IRS), hiéu sudt phd, truyén théong phét da nhom,
toi uu hoa 6

"\_
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