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Joint Optimization of Semi-Passive IRS Phase
Shifts and NOMA Power Coefficients for
Cooperative CRNs

Abstract—In this study, we investigate the incorporation of
an intelligent reflecting surface (IRS) into cooperative spectrum-
sharing cognitive radio networks (CRNs). Specifically, we in-
vestigate a strategy for sharing spectrum between the primary
and secondary networks, consisting of a primary user (PU) and
multiple secondary users (SUs). The data transmission process is
split into two phases. In the first phase, the primary transmitter
is assisted by an IRS (which is controlled by the secondary
transmitter (ST)) to serve the PU. This arrangement allows the
primary network to allocate a part of its spectrum to the users
within the secondary network. In the subsequent phase, the ST
employs a non-orthogonal multiple access (NOMA) transmission
technique to simultaneously serve the PU and SUs. By utilizing a
semi-passive IRS, both data transmission to the PU and channel
estimation of SUs are performed simultaneously during the
first transmission phase. The core objective is to improve the
weighted sum-rate of the CRN through a joint optimization of
the NOMA power coefficients and IRS phase adjustments during
the second transmission phase. We propose an effective algorithm
that breaks down the primary sum-rate maximization problem
into two sub-problems. The IRS phase shifts are computed,
followed by the optimization of the NOMA power coefficients.
These coefficients are iteratively refined until a convergence is
reached. Through simulations, we demonstrate that the proposed
algorithm yields substantial gains in the sum-rate performance
compared to existing methods.

Index Terms—Intelligent reflecting surface, cognitive radio
networks, power allocation, non-orthogonal multiple access,
weighted sum-rate.

I. INTRODUCTION

HE deployment of 5G communication systems is cur-

rently underway in many regions around the world. The
5G network fulfills the current traffic demand by employing
various effective technologies [1]. However, it may not be
able to keep up with the future applications expected by 2030
[2] such as holographic-type communication, autonomous
vehicles, virtual reality, tactile internet, etc. [3], [4]. In addition
to this, these applications will also require high bandwidth, low
latency and robust security. Therefore, the research interest
towards the future communication network i.e., 6G, has seen
significant rise recently. As of now, many promising enabling
technologies have been identified for 6G systems capable of
meeting rigorous requirements of future applications. Some
of the promising 6G enabling technologies include terahertz
(THz) communications, artificial intelligence (AI), quantum
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computing, visible-light communications (VLC) and intelli-
gent reflecting surfaces (IRSs) [3].

Since 5G networks operate in the millimeter wave
(mmWave) range of the spectrum, high directivity causes
mmWave communication signals to be prone to blockages, es-
pecially in indoor communications. Consequently, to enhance
the efficacy of wireless networks, the concept of a reconfig-
urable wireless channel environment has emerged recently.
Within this context, the Intelligent Reflecting Surface (IRS)
emerges as a promising technology, capable of overcoming
blockage challenges to establish uninterrupted wireless links
for mmWave and THz networks [5]. Furthermore, the IRS
technology has been shown to be capable to enhance network
performance in aspects such as spectrum utilization and energy
efficiency [6].

An IRS is a two-dimensional (2D) planner metasurface
which consists of a large number of reflecting elements
(such as low-cost printed antennas), which can reflect the
incident signal passively [7], hence providing a programmable
propagation environment [6]. An IRS is a three-layer device
that is connected to a smart controller. Numerous metallic
sections are etched onto a dielectric substrate within the
outermost layer, facilitating immediate engagement with in-
coming signals. Adjacent to this layer, a copper plate is
positioned to hinder any dissipation of the signal’s energy. The
innermost layer comprises a control circuit board which helps
in adjusting the amplitude and phase shift of each discrete
component. This adjustment process is activated through a
microcontroller linked to the IRS. This microcontroller is a
gateway to communicate with other network infrastructures,
such as base stations (BSs) and access points (APs). Specif-
ically, a separate low-rate link exists between the IRS and
the controlling devices for the information exchange [8]. IRS
technology can be implemented for coverage extension and
interference avoidance. IRS can also be deployed to improve
security [9] and support simultaneous wireless information and
power transfer [10].

The IRS offers numerous benefits when put into practice. To
begin with, unlike standard active antenna arrays or surfaces
[11], the IRS does not require transmitting radio-frequency
(RF) chains, making the IRS an energy-efficient technology
[12]. An IRS operates in the full-duplex mode, but does
not experience self-interference as full-duplexing does not
amplify antenna noise or experience self-interference. These
features give it a competitive advantage over those active relay
technologies, such as the half-duplex and FD relay. Moreover,



an IRS is also simple to deploy and can be embedded on
other objects in the environment because of its lightweight and
conformal geometry [13]. Inspired by these exceptional fea-
tures, studies have shown that the performance of the network
improves by effectively designing the reflection coefficients of
the IRS [14]-[17].

Due to the attractive features of IRS technology, its impact
on the performance of the network has been evaluated by
integrating it with other existing technologies. For instance,
IRS has been combined with non-orthogonal multiple ac-
cess (NOMA)-based communication systems [18]—[22]. These
studies report that the performance of such integrated systems
are superior to conventional NOMA systems without IRS, in
terms of received signal strength [18], less transmission power
[19], outage probability [20] and data rates [21]. In addition to
NOMA systems, IRS-aided cognitive radio networks (CRNs)
have also been investigated in the literature. Existing studies
have reported the benefits obtained by deploying the IRS in
CRNs [23]-[25], in terms of spectral and energy efficiency. As
our proposed work considers an IRS-aided NOMA-based co-
operative spectrum-sharing CRN, we present a brief overview
of the related studies investigating the integration of these three
important technologies.

A. Related Work

Spectrum efficiency and user connectivity can be enhanced
up to a larger extent by deploying an IRS in a NOMA
based CRN [26]. In the existing literature, few studies have
investigated the performance gain offered by combining IRS,
NOMA and cognitive radio technologies. In [26], a multiple-
input single-output (MISO) CRN with NOMA was considered,
which is aided by a single IRS. The main objective is to en-
hance spectral efficiency and energy efficiency of the network.
To achieve this objective, the active beamforming vectors
at the secondary transmitter (ST) and reflection coefficients
(or phase shifts) of the IRS are optimized. It was reported
that IRS assisted NOMA-based CRNs outperform NOMA-
based CRNs without IRS, in terms of spectral efficiency. The
improvement is due to the improved strength of received
signals at secondary users (SUs) and effective interference
mitigation. In [27], a NOMA-based CRN supported by the IRS
was investigated in the presence of a primary user (PU), an ST
serving multiple SUs and an eavesdropper. This investigation
formulates analytical formulations to characterize the secrecy
outage behavior of SUs aided by the IRS. The outcomes
illustrate that increasing the number of reflective components
within the IRS reduces the secrecy outage of the SU.

Authors in [28] conducted a study on the integration of an
IRS into a NOMA-based underlay CRN which consists of a
primary transmitter (PT), a PU, and an ST serving multiple
SUs. The main idea of [28] is to enhance the energy efficiency
of the network by jointly optimizing the beamforming vectors
at the ST and IRS phase shifts. For this purpose, a second-
order cone programming was used for active beamforming
design, while the passive beamforming vector (phase shifts)
was designed by applying a semidefinite relaxation (SDR)
approach. It has been reported in [28] that the energy efficiency

of the system improves as the number of reflecting elements
in the IRS grows. Similarly, in [29], an IRS-assisted NOMA-
based underlay CRN was investigated. The network is com-
posed of a PT, a PU and an ST serving multiple SUs. A specific
number of reflecting elements in the IRS are assigned to each
SU. The investigation revealed that the IRS-assisted NOMA-
based underlay CRN provides a 6 dB gain (with 2 SUs and
an assignment of 16 reflecting elements per user) compared to
the orthogonal multiple access (OMA) scheme without IRS.
The studies in [26]-[29], demonstrated that the integration of
IRS in NOMA-based CRNs ensures the PU quality of service
(QoS) while appropriately designing the IRS phase shifts to
assist SUs. As a result, the strength of received signals at the
SUs is boosted, thus enhancing the spectral efficiency of the
network.

The aforementioned studies are performed on IRS-aided
NOMA-based underlay CRNs. In underlay CRNs, there is a
constraint on the transmission power of the ST which limits
the performance of SUs. Furthermore, IRS phase shifts need
to be designed in such a way that the interference level at the
PU is kept below a specific threshold. Moreover, the assistance
of IRS to both primary and secondary networks has not been
investigated. In the context of CRNs, the use of IRS-enabled
joint data transmission and uplink channel estimation (CE) has
not been investigated in the existing literature.

B. Our Contributions

Hence, motivated by [30], our work investigates the incorpo-
ration of the IRS within the cooperative spectrum-sharing CRN
using NOMA principles. The system configuration includes
a primary network comprising a PT and a PU, alongside a
secondary network involving a ST and multiple SUs. The con-
ceptual framework of this NOMA-based cooperative spectrum-
sharing CRN consists of two distinct transmission phases.
In our devised approach, the utilization of the IRS during
the initial transmission phase facilitates the PU in fulfilling
its data rate requisites. Capitalizing on this outcome, the PU
subsequently grants SUs the opportunity to communicate to
SUs using its spectrum during the subsequent transmission
phase. Within this latter phase, the ST concurrently caters to
the needs of both the PU and SUs using the NOMA principles,
while ensuring that the PU’s minimum rate prerequisites are
met. A semi-passive IRS is utilized to simultaneously perform
downlink data transmission to the PU and CE of SUs. The
passive IRS elements reflect the incident signal from the PT to
the PU, while in the same time the active elements of the IRS
are tasked with receiving the uplink SU signal for the purpose
of localization and CE of SUs. Given that the IRS is connected
with the ST through a wired link (a common assumption
made in the IRS literature), the estimated channel samples are
sent to ST for the computation of channel parameters such
as complex gain of each path along with associated angle of
arrival (AoA) and angle of departure (AoD). Note that these
channel parameters are not only useful for CE but also for the
localization of SUs.

For the second transmission phase, we formulate a weighted
sum-rate maximization problem where the reflection coeffi-
cients of the IRS are optimized along with NOMA power



coefficients at the ST. The formulated problem is a non-convex
problem due to coupled optimization variables. To solve the
non-convex optimization problem, we develop an efficient
method in which the reflection coefficients of the IRS are
optimized first by fixing the NOMA power coefficients. Then
the NOMA power coefficients are optimized in an iterative
manner, such that after each successful iteration the input rate
vector to the algorithm is modified in small increments. The
contributions of the paper are summarized below.

e Design of an IRS-assisted NOMA-based spectrum-
sharing CRN to enhance the performance of the CRN.
In the first transmission phase, the PU is served to by the
PT. In the second phase, the ST efficiently serves both
the PU and SUs through the PU-assigned spectrum. This
cooperative spectrum-sharing paradigm proves mutually
beneficial for both primary and secondary networks,
significantly enhancing spectrum efficiency. Using semi-
passive IRS, during the first transmission phase, passive
IRS elements assist the data transmission of the primary
network and active IRS elements are used for the CE of
SUs.

o Formulation of an optimization problem pertaining to
the second transmission phase. The primary objective
of the considered optimization problem is to maximize
the network’s weighted sum-rate. The optimization task
entails the joint optimization of the IRS’s reflection
coefficients and the NOMA power coefficients at the ST.
To address this complex problem, a two-step approach is
adopted. The first subproblem revolves around optimiz-
ing the IRS’s reflection coefficients, addressed through
the SDR technique. The second subproblem focuses on
determining the NOMA power coefficients at the ST,
accomplished with the closed-form expressions.

o Development of an efficient algorithm characterized by
a low computational complexity. The algorithm aims to
solve the problem of maximizing the weighted sum-rate.
The algorithm’s efficiency is enhanced by simplifying
the first subproblem which involves optimizing the IRS
reflection coefficients. Our analysis of the problem reveals
that these coefficients need to be computed only once
while keeping the NOMA power coefficients constant.
Consequently, this strategy significantly reduces the over-
all complexity of the algorithm.

The rest of the paper is organized as follows. In Section
II, signal and channel models are introduced. Section III
presents the weighted sum-rate maximization problem and
the proposed algorithm to solve the formulated problem.
Moreover, numerical results are discussed in section IV to
verify the effectiveness of the proposed algorithm. Finally, in
section V, we conclude the paper.

Notations: In this paper scalar variables are denoted by
lowercase letters while vectors and matrices are denoted
by boldface lowercase and boldface uppercase, respectively.
CMxN represents a complex-valued matrix of M x M size.
The notation diag(x) represents diagonal operation on the
elements of an arbitrary vector x. Similarly, x* and x!!
represents conjugate and conjugate transpose of a vector X,

respectively. The symbol @ is used to represent the Kronecker
product. The rank and the trace of matrix X are symbolized
by rank (X) and Tr (X), whereas X > 0 denotes that X is a
positive semidefinite matrix.

II. SYSTEM MODEL

A. Signal model

We consider an IRS-assisted downlink NOMA-based co-
operative spectrum-sharing CRN consisting of primary and
secondary nodes as shown in Fig. 1. The primary nodes
comprise of a PT that serves a single PU in the network.
On the other hand, the secondary nodes consist of an ST that
serves the PU and multiple SUs. There are total K number of
users in the network, i.e., a single PU and K — 1 SUs. It is
assumed that each node is equipped with a single antenna. The
proposed cooperative spectrum-sharing CRN system consists
of two transmission phases as depicted in Fig. 2. An IRS is
deployed in the surrounding area to assist the communication
between the nodes. The IRS is equipped with a large number
of low-cost reflecting elements. We consider a semi-passive
IRS which employs both passive and active elements. We
denote the total number of reflecting elements in the IRS by N.
The total number of passive elements in the IRS is denoted
by M and the total number of active elements is N — M,
where it is assumed that M > N — M. The purpose of the
active IRS elements is to perform uplink CE of SUs during
the first transmission phase. We assume that the CE of the PU
(both incident and reflected channels) is performed prior to the
first transmission stage as shown in Fig. 2. We assume that
the direct links are severely blocked by obstructions, whereas
only the direct link between the PT and ST is reliable for
communication. The IRS assists the PT and ST to establish
communication with the users.

The IRS deployed in the network is connected to the ST
through a wired connection which enables it to adjust the phase
shifts of the IRS elements with the help of a microcontroller
embedded on the IRS. In the first transmission phase, the ST
permits the PT to communicate with the PU through the IRS,
such that the ST adjusts the IRS phase shifts according to the
reflective channels of the PT-PU link. In turn, the PT allows
the ST to use the spectrum assigned to the primary network in
the second transmission phase. The ST simultaneously serves
the PU and SUs by using the spectrum shared by the primary
network. As a result, both primary and secondary networks
cooperate with each other for reliable communication.

As both downlink data transmission for the primary network
and uplink CE for the secondary network are carried out
simultaneously during the first transmission phase (see Fig.
1 and Fig. 2). Here, we assume that the PU is not affected
by the interference from uplink pilot signals of the SUs. It is
important to note that for both the transmission phases, only
passive IRS elements are used to assist the communication.
With the channel estimation errors, the phase shift matrix
in the first and second transmission phases undergoes errors.
These errors in the phase shifts affect the passive beamform-
ing, resulting in performance degradation. In this study, we do
not consider hardware impairments of the IRS and also assume
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Fig. 1: An IRS assisted NOMA-based cooperative spectrum-
sharing network where the PU is depicted as the K" user in
the second transmission slot with g/ = £/

perfect suppression of interference from the passive elements
to the active elements of the IRS. The total transmission period
is represented by 7', which is equally divided between the
primary and secondary networks as shown in Fig. 2. Now, we
describe the signal model associated with the two transmission
phases.

First Transmission Phase: The PT transmits the symbol
x, designated for the PU during the first transmission phase.
This symbol is also received by the ST and SUs. The received
signal at the PU in the first transmission phase is given by'

¥ = VB, (8/0h) 2, +nf), (1)

where P, is the transmit power at the PT, h € CMx1 ig the
incident channel from the PT to the IRS and g, € cMx1
is the reflected channel from the IRS to the PU. The di-
agonal phase shift matrix of the IRS in the first transmis-
sion phase is represented by @), such that @) = diag
(6§1)ej951)7...,Bg\})ejagvlf)). Here 6,,, € [0,27) and 3,, € [0, 1)
denote the phase and ON/OFF value of the reflection coeffi-
cient associative with the m™ reflecting element, respectively.
ng) is the additive white Gaussian noise (AWGN) at the PU
X . . 2(1)
with the zero mean and its variance equal to o, .
Similarly, the signal received at the ST during the first
transmission phase can be expressed as

Y = /P, (gf(a(l)h n h) 2, +nlY, )

where g, € CM>*1 is the reflected channel from the IRS to
the ST and h, is the direct channel from the PT to the ST.

'The PU transmission is supported by the IRS, which significantly enhances
the received signal strength at the PU, therefore, we assume that the interfer-
ence level from the uplink SU transmission is comparatively small and thus
can be ignored.

, Transmission period, 7

1 1
=T =T
2 \ ‘2
[ \(
Primary network Secondary network
data transmission data transmission
CE |[CE[CE | .. [E NOMA-baSed
PU | SU,|SU, SUka transmission by ST to

Y
SUs CE using active IRS serve PU and SUs

elements

Fig. 2: An illustration of two transmission phases for the CRN
with IRS.

ngl) is the AWGN term at the ST having the zero mean and

the variance equal to o2, In the first transmission phase, the
desired user is the PU, which means that the phase shifts of
the IRS need to be configured for improving the gain of the
PT-PU. The achievable rate for the PU can be written as,

1
R = 5 log (1 + (3)

2(1)

Pp‘gf@(l)hP
Op

Denoting the estimated channels of h and g, by h and
gp, respectively, we set the reflection coefficient of the mi
element as [31], Z0%) = —Aﬁﬁ)ggm, where A& is the
incident channel from the PT to the m™ element of the
IRS and gp ., is the reflected channel at the PU from
the m™ element of the IRS. Now, by setting 61-(1) = 1,
i = 1,..., M, the phase shift matrix can be written as
O = diag (ejéegl),ejéeél), ol ejéeg\?).

The uplink CE of the SUs can be performed along with
the downlink data transmission of the primary network as
shown in Fig. 2. For this purpose, SUs can utilize the first
transmission phase by sending uplink pilot signals to the IRS
elements in a TDMA manner. The active elements of the IRS
are used to receive the pilot signals and perform CE, while
the passive IRS elements are only used for downlink data
transmission to PU.

Second Transmission Phase: The transmission of the PU
symbol z,, in the first phase is followed immediately by the
transmission of SUs messages in the second transmission
phase. Since a cooperative spectrum-sharing CRN is consid-
ered in this paper, the ST will not only transmit SUs messages
but it will also relay the PU symbol that was detected by
the ST in the first transmission phase. The transmission of
all the messages by the ST is realized by implementing the
superposition coding (SC) principle of NOMA at the ST.
According to SC, a superposed signal Zszl vVar P xp 18
transmitted by the ST in the second transmission phase. Ps;
is the total transmission power at the ST, zy, is the symbol for
the k" user and a;, is the NOMA power allocation coefficient
for the k™ user, such that aj, € (0,1). The superposed signal
transmitted by the ST is received by all the K users (i.e., PU
and SUs). Let ar = a Py, and the signal received at the Eth



user in the second transmission phase is given by

K
W = (f,f ®<2>v) S Varze +n?, )

k=1
In the above equation, f; € CMx*1 js the reflected channel

vector from the IRS to the k" user and v € CM*! is the
incident channel vector from the ST to the IRS. 2‘In the second
transmission phase, ©?) = diag(e/ ... e/ ) € CM*M
is a diagonal phase shift matrix of the IRS, and n,(f) ~
CN(0, a,z@)) represents the AWGN at the k™ user.

The cascaded channel gain in the IRS-aided communication
systems is determined not only by the incoming and outgoing
channel gains of the IRS, but also by the phase shift matrix.
Thus, in this study, we optimize the phase shift matrix @), to
improve communication links of the ST with the PU and SUs.
The optimization of the phase shift matrix ®(?) is presented
in Section IIL

As we deploy the NOMA scheme in the second trans-
mission phase, each user employs a successive interference
cancellation (SIC) technique to remove other user symbols
and extract its desired symbol from the superposed signal. For
this purpose, users must be arranged in a specific decoding
order. Therefore, the arrangement of the users in this work
is based on the distance of the users from the IRS such that
dy > --->dg > ---dg. According to the NOMA decoding
principle, the user & = 1 has the weakest channel gain and
will directly decode its own signal by treating the signal of
all the other users as interference. Similarly, for any k™ user,
k > 1, the user will first decode the symbol of the [ user,
where [ < k. This process continues until the symbols of all
the [ users are decoded and these symbols are removed from
the received signal. While the symbols of users, K —k, will be
considered as interference. In the same way, the K™ user will
decode and remove the symbol of all users iteratively until its
own symbol is decoded. Note that in our study, the K" user
is the PU, which is assumed to be the closest user from the
IRS. Thus, the achievable rate of the k™ user, k # K, is given
by

IfEOPDv|? ay

, 9
T IONIED DL ai@))

where, wy is the non-negative weight factor assigned to
k™ user, such that the weight vector is given by w =
[wl, Wa, ..., W K}T. Similarly, the achievable data rate of the
user K (i.e., PU) can be obtained by using

| fHe?)v|? aK>
2(2) :
9K

1
R,<€2> = Wk log, (1 + |

1
R = 5K 108 (1 + (©6)
Since, x,, is received at the PU in the first transmission phase,
thus the overall achievable rate of the PU according to the
decoding order, can be expressed as

R, =R" + RY. )

From this point onward, for the ease of notation, we assume
an equal noise power at all the receivers and denote it with
2 2 2(1) _ 2(1) _ _2(2) _ _2(2)
o, such that 0“ =0, ' =05 " =0, =0,

B. Channel model

We assume a narrowband 3-D geometric mmWave channel
model for all the incident and reflected channels [32]. Denot-
ing N,, as the total number of propagation paths, the channel
between the PT and IRS can be written as

Np
h= Z al a(
=1

where af represents the complex channel gain of the I path.
The elevation angle of arrival (AoA) and azimuth AoA of the
I™ path are denoted by ¢A°A and ¢A°A, respectively. The array
response vector for any arbitrary values of elevation angle, ¢,
and azimuth angle, ¢, can be written as [33]

xl’\OA’ S0;\0A)7 (8)

oA 5 1 —1)=2_
a(¢’ <,0) :[1’ ejQTr Tes 005(157 . )BJQW(M}L 1) Ts COS ¢]T

. N .
J2m 75— sin ¢ sin g
® [1, e/ s

. A .
ej27r(Mv71)% sin ¢ sin L,D]T’ 9)

The inter-element distance of the IRS is denoted by digs and
A is the wavelength. The quantities M}, and M, represent the
total number of reflecting elements along horizontal axis and
vertical axis of the IRS, respectively. In the first transmission
phase, the channel between the IRS and PU is expressed as

Np
_ g
gp = E :O‘l a(
=1

where ¢*°P and ©A°P denote the elevation angle of departure
(AoD) and azimuth AoD of the [ path. «j represents the
complex channel gain of the I path. The array response vector
of the channel from the IRS to the PU is modelled using (9).
In the second transmission phase, the incident channel from
the ST to the IRS and all the reflected channels including
the channel from the IRS to the PU and SUs are modelled
according to the narrowband 3-D geometric mmWave chan-
nel. Thus, the channel between the ST and IRS is given
by v = Zi\i”l al a(ppor, proA), where of represents the
complex channel gain of the [ path. Similarly, the reflected
channel from the IRS to the k™ user can be written as
f, = S aft a(ghoP, AP, where of* represents the
complex channel gain of the [™ path.

AoD |, _AoD )
)

(] (10)

lth

C. Uplink Channel Estimation

Here, we present the details of the CE technique used in this
study. Given the narrowband mmWave 3-D geometric channel
model, discussed in the previous subsection, we employ the
CE method presented in [34]. Therein, active elements in the
IRS are used to obtain the noisy samples of the channel.
These sample values are then used along with the array
response vector codebook to reconstruct the complete channel
using compressed sensing techniques. The CE at the IRS is
carried out during the first transmission phase. This means
data transmission to the PU and CE of SUs are performed
simultaneously.

The uplink CE of both incident channel and reflected
channel for the PT-IRS-PU link is carried out at the beginning
before the data transmission of the primary network as shown



in Fig. 2. We explain the CE process for the uplink SUs
channel i.e., the channel between the k™ user and IRS. As we
consider time division duplex (TDD) transmission, the uplink
and downlink channels between the IRS and the k™ SU are
assumed to be same due to the perfect channel reciprocity.
Denoting the number of active elements in the IRS as M, we
can write the sampled noisy channel vector of size M x 1 for
the k" SU as

fk = Af;, +n, (11)

where A represents the selection matrix of size M x M. The
selection matrix selects the entries of the channel correspond-
ing to the active elements in the IRS. In particular, the selection
matrix, A, comprises of the rows of an M x M identity matrix
corresponding to the active elements of the IRS. The noise
vector at the IRS is given by n ~ CA/(0, 0°I).

To reconstruct the complete channel vector, we define
an array response dictionary, D, containing D number of
columns, each representing the array response vector based
on (9) with quantized azimuth and elevation angles, such that
D € CM*P_ Similar to [34], we also assume that due to
the high resolution of the dictionary, all /V,, paths match with
the different NV, columns of the the dictionary. Now, we can
represent the channel, f; as fy = Dsy, where si is the sparse
vector of size D x 1 with non-zero entries equal to N,. We
can express the sampled noisy channel vector in (11) as

fk:Akarn
= ADs; +n

= Ws; + n, (12)

where W is the sensing matrix. Similar to [34], we solve the
non-convex combinatorial problem for the sparse vector, sy,
given by

min [|sgllo st [|[fx — Tsll2 < 0. (13)

To solve the above problem, we rely on the well-known
orthogonal matching pursuit (OMP) algorithm. The estimated
sparse vector, S, is used to reconstruct the complete channel
matrix by using f, = Dsj. The CE of all the incident and
reflecting channels of the PU and SUs follows the same
approach as explained above.

The estimated AoDs for the reflected link (i.e., from the
IRS to SUs) can be utilized to sense the location of the SUs.
For localization of SUs using estimated angles and path gains,
we refer the readers to [35], [36].

III. ACHIEVABLE SUM-RATE MAXIMIZATION IN SECOND
TRANSMISSION PHASE

As discussed in the previous section, in the first transmission
phase, the PT transmits the symbol towards the PU, which is
also received by the ST. The ST helps the communication
between the PT and PU by adjusting the IRS phase shifts
according the PT-PU reflective channels, such that the received
signal strength at the PU is maximized. Now, in the second
transmission phase, the ST uses the spectrum of the primary
network to serve the SUs along with the PU. For this pur-
pose the ST employs NOMA transmission scheme. In this

section, we formulate the optimization problem to maximize
the weighted sum-rate of the users (both SUs and PU) in the
second transmission phase. Here, we propose a method that
jointly optimize the NOMA power allocation coefficients, ay,
at the ST and the phase shift matrix, ©®®) of the IRS. Note
that this problem is formulated for the second phase of the
transmission. The achievable rate of the user in (5) and (6)
can be rewritten as

1 ul?ayg
R = Zwylog, |1+ |q’;(u| il (14)
2 larul® > gy @i + 02
1 qxu 2 ax
R(I?) = SWK log, (1 + % ) (15)
where q; = ffdiag(v)Vk, qx = fH diag(v) and
u= [ejegz) , e195” Ry ,ejezvzf)]T. After this transformation, the

weighted sum-rate maximization problem can be written as

K—-1
Pl: max (Z ka,(f)> +wgRY (162)
ko =1
st Jum|=1, Vm (16b)
larul? > |qul?, if di < d; (16¢)
a; >ap >0, if dj > dy (16d)
K
> ar < Py (16¢)
k=1
R? >y, k=1,....K (16f)

where rate values R,(f) and R(I?) denote the estimated rate
using the estimated channels, such that q; = f diag (V).
(16b) is a unit modulus constraint on the elements of u (i.e.,
IRS phase shifts) and (16¢) is a user decoding order constraint.
(16d) and (16e) describe the constraints on the NOMA power
coefficients. Similarly, (16f) represents the rate constraint for
all the users, such that ry is the minimum rate threshold of
k™ user.

There are two major challenges in the formulated optimiza-
tion problem P1. First, the objective function is non-concave
thus making the problem non-convex. Second, the NOMA
power coefficients and phase shifts are coupled optimization
variables making the problem more challenging.

To solve the formulated weighted sum-rate maximization
optimization problem, an iterative algorithm is proposed in
this paper. The variables to optimize in problem P1 are ay
(NOMA power coefficients) and o® (phase shift matrix). The
formulated problem P1 is decomposed into two sub-problems.
We show that the optimization of the phase shift matrix is
required to be performed once for the problem P1. However,
NOMA power coefficients are optimized in an iterative manner
until convergence.

A. Optimization of Phase Shift Matrix

In the proposed algorithm, first the phase shift matrix of
the IRS, ®(2), is optimized by fixing the values of the
NOMA power coefficients. For example, all the NOMA power

coefficients can be set to the same value, such that a; = %.



Then, the sub-problem for optimizing the phase shift matrix
can be written as

K-—1

Pl(a): max (Z kaf)> +wigRY (17a)
k=1

s.t. lum| =1, Ym (17b)

larul?® > |q,ul?, if dy < d; (17¢)

In the above sub-problem P1(a), the non-convexity of the
unit modulus constraint is addressed by defining a new vari-
able, V, where V = uu?, and [V]m,m = 1. Now, we can
express (14) and (15) as

R,(f) =log, (1 + Tr (VQk) ak)

~log, (1 +Tr (V()k) akH) , (18)

and
R® = log, (1 T (VQK> aK) , (19)

respectively. Here, we define Q, = q.’q,,,Vk, where q; =
q/ V2. Similar to the study in [22], we introduce a new
variable, ¢, = ZjK:k aj. From this variable, the power of
each user can be computed as a; = cx — Ci+1-

Therefore, using (18) and (19), the optimization problem
P1(a) can be expressed as

P2(a): m\:;xx (;1 W (log2 (1 + Tr (VQk) ck)
~log, (1 T (VQk> ck+1) >>
+ wg logy (1 + Tr (VQK) CK) (20a)
st.  rank (V) =1, Vm (20b)
V] =1, ¥m (20¢)
Tr (VQk) > Tr (VQj) Cifdy <d;. (20d)

The objective function in the optimization problem P2a can
be simplified by using the fact that Tr(VQy) >> 1 Vk, and
properties of the logarithmic function, to get

K-1
wi log, (Tr (VQK> CK) + Z wy, logy (c") 1)
el Cr+1
It is interesting to note that the simplified objective function in
(21) reveals that the IRS phase shifts are designed to benefit
the K*" user in the studied system model. Now, we can rewrite
the problem P2(a) in (20a) using (21), but the transformed
optimization problem still remains non-convex due to the non-
convex rank-one constraint on V. By relaxing the rank-1
constraint and denoting Ay ¢ = ZkK;ll wy, logy (e /Crt1), we
can write the problem P2(a) as an SDR problem, given by

P3(@): max wi log, (Tr (VQK) cK) +Awe  (222)

s.t. [Vlmm =1, ¥Vm
Tr (VQk) > Tr (VQj) if dy, < d;.

(22b)
(22¢)

After relaxing the rank-one constraint, the optimization
problem P3(a) becomes an SDR problem which can be solved
efficiently by a convex solver, like CVX optimization package
[37], Yalimp [38] and SeDuMi. The matrix V obtained by
solving the problem P3(a) may not be the optimal solution
for the problem P2(a) as the rank of the matrix V can
exceed the rank-one constraint. In order to get the rank-one
solution, we use Gaussian randomization process [37]. In this
method, the eigen decomposition of V is performed such that
V = UXU¥, where U and U represent unitary matrices
while X is a diagonal matrix having singular values of V.
From V, the vector u containing optimal IRS phase shifts
can be obtained as u = UXY 2a, where a is a complex
Gaussian random vector with elements having zero-mean and
unit variance.

After obtaining the rank-one solution, entries of the vector
u are transformed such that the unit modulus constraint is
satisfied, such that, u,, = w,,/|u,,| for m = 1,..., M. The
phase shift vector having the optimized values of the phase
shifts is represented by u = [e/%1,e7%2 ... e%¥]T and the
associated phase shift matrix for the second transmission phase
is given by ©) = diag(a).

B. Optimization of NOMA Power Coefficients

Once, the phase shifts of the IRS reflecting elements are
optimized for the fixed values of NOMA power coefficients,
the next step is the optimization of NOMA power coefficients
to maximize the weighted sum-rate of the network. As it
is evident from the structure of the problem P3(a) that the
optimization of IRS phase shifts is independent of the NOMA
power coefficients, therefore, iterative optimization of IRS
phase shifts is not required. More precisely, the optimization
of IRS phase shift is only performed once at the beginning of
the algorithm. On the other hand, for the optimization of the
NOMA power coefficients is performed iteratively, where in
each iteration the minimum rate vector r = [rq, 79, ...,7k] is
increased by a small positive value. Throughout the iterative
process, the values of the IRS phase shifts are kept fixed as
obtained in the problem P3(a). The sub-problem formulated
for the optimization of NOMA power coefficients at the ST is
given by

K-—1
Pl(b): max (Z ka,(f)> +wrRY (23a)
o k=1
K
s.t. Zak <P, (23b)
k=1
a1 > ...,ar >,...,ax >0 (23c¢)
R¥>r, k=1,....K (23d)

To solve the sub-problem PI1(b) formulated in (23a), we
must first determine its feasibility. According to [39], the only



condition for the feasibility of the problem P1(b) is that Py, >
SO, 2, where 2 is computed as

= max {zk+1,1/)k (1 + 1 Zf:_kil z]>} , k<K
11[}K7 ]’C == K

24

where 'y, = [f/7©(?)¥|2/o? is the noise normalized effective
channel from the ST to k™ user and ¢, = (2(”) — 1) /T
The weighted sum-rate objective function can be rewritten as

K
Z ka;(f) = (
k=1

—log, (1 + Fka+1)>> +wglogy (14+Tkek) (25

)

K-1

Z wk(log2 (1+Trex)

k=1

For the above objective function, the power order constraint
a1 > as > --- > ag > 0becomes equal to c;—cy > co—c3g >
.-+ > cg > 0. The rate constraint Ry > r; can be linearized
into cpy1 < mpep — xgfork = 1,..., K — land cx >
Yy for the K™ user, where, 7 = 27" and x = (1—n3) /T
for1,..., K —1.

Now the formulated problem P1(b) in (23a) can be rewritten
using the transformed weighted sum-rate in (25), as

K-1
P2(b): max < Z wk(logQ (14 Tgex)
C1,C2,--,CK P
— log, (1 + chk+1))>

+wglogy (1 +T'kek) (26a)

st o =Py (26b)

c1—Cp>cCy—C3>- - >CK 2K (26¢)

Cl+1 Snkck_xka k= 17"'aK (26d)

RY>r, k=1,....K (26e)

As the transformation between aj and c; variables is linear,
we can conclude that if the optimization problem P1(b) in
(23a) is convex then the optimization problem P2(b) in (26a)
is also convex. The convexity of both the equations can be
obtained from the following resulting theorem given in [39].
Theorem 1: Given that I'y < --- <T',_; < T'g, the weighted
sum-rate optimization problems P1(a) and P1(b) are convex
if any one of the following conditions is satisfied for &k =
2,..., K,

Cl: Wk—1 S W
wiey _ T3 (14 Te1 Por)”
wp T T2 (14T Py)?’

27)

C2: 1<

(28)

When the feasibility condition is satisfied, a closed-form
solution can be used to obtain the values of the variable ¢; V k
using

k=1

29
k=2 k@

Pst7
Cr —
Mk—1Ck—1 — Xk—1,

Algorithm 1 Proposed algorithm for optimization of IRS
phase shift and NOMA power coefficients
Inputs: Py, w,qrV k ,diV k.

Initialize: a(® = [Zer . Let] p(0) = [py py, .
A. Phase shift Optimization:
1. Solve problem P3(a) in (22a) using an SDR approach and
denote the obtained solution as V.

2. Apply Gaussian randomization if the solution to problem
P3(a) is not a rank-one solution to obtain u.

3. Map the elements of u to u, such that u =
unit-norm constraint.

4. Update ©?) = diag([uy, Uy, .. ., 057]7).

B. Power optimization:

1. Set the iteration number ¢ < 1

While {the problem P2(b) in (26a) is feasible}
2. Solve the problem P2(b) in (26a) using the closed form
expression in (30) with fixed r* and @)

3.Seti <+ i+ 1.

4. Set v « r(® 4.4,

End While

Output: O and a;, V k.

7TK}-

‘m to ensure

Then the optimal values of the NOMA power coefficients are
computed, if r, > log, (2 —27"+1) for k =1,...,K — 2
and rx_q > 12, using

_ {(1 — Mk )Ck + Xks
ap =
CK,

k=1,....K —1

k- K (30)

In the proposed algorithm, after obtaining the optimized
NOMA power coefficients, the minimum rate threshold vector,
r, is updated by adding a small positive value §. The feasibility
of the problem P2(b) in (26a) is checked against these modified
rate vector and if it is feasible then the NOMA power
coefficients are calculated again. In this way, the process of
computing NOMA power coefficients becomes an iterative
process. On the other hand, if the problem P2(b) becomes
infeasible for the given minimum rate threshold vector r, then
the algorithm stops and NOMA power coefficients computed
in the previous iteration are used.

The steps involved in the proposed algorithm to solve prob-
lem P3(a) in (22a) and problem P2(b) in (26a) is summarized
in Algorithm 1. In the first step of the proposed algorithm,
the reflection coefficients of the IRS are optimized, while in
the second step an iterative approach is used to optimize the
NOMA power coefficients for all the users served by the ST.

We compare the performance of the proposed algorithm
with the AO-based algorithm presented in [22] and use it
as a benchmark scheme. The optimization problem PI in
(16a) in the second transmission phase is similar to the
problem solved by the AO-based algorithm in [22], where
the weighted sum-rate is maximized by jointly optimizing IRS
phase shift matrix and NOMA power coefficients. Unlike [22],
in our proposed algorithm, IRS phase shifts are optimized
once at the beginning and then the values of the NOMA

2These two conditions can be satisfied if r, > 1fork=1,..., K — 1.
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Fig. 3: Simulation setup for the considered IRS-assisted co-
operative spectrum-sharing CRN with NOMA.

power coefficients are obtained iteratively until the problem
P2(b) becomes infeasible for the given rate threshold vector.
Therefore, our proposed scheme is computationally efficient
than the AO-based algorithm presented in [22].

IV. NUMERICAL RESULTS

In this section, we present numerical results obtained by
Monte Carlo simulations to evaluate the performance of the
proposed scheme in the IRS-assisted cooperative spectrum-
sharing CRN with NOMA. The performance of the proposed
system is examined in terms of the overall sum-rate of the
network computed as R,()l) + ZkK kal(f) and SUs sum-rate
given by ZkK_l ka,(f). In the simulation setup, we consider
a two-dimensional coordinate system as shown in Fig. 3, where
the PT is located at (0,10,5) meters (m) and the ST is placed
at (0,0,5)m.

The users (i.e., PU and SUs) are located on the horizontal
axis in the range of 30m to 50m from the ST. In addition, a
single IRS is deployed at point (37.5,20,5)m, having a total
of M number of reflective elements arranged in a uniform
planar array fashion. The inter-element space is set to a half
wavelength i.e. dgs = A/2. Throughout this section, we set
M, =5 and M,;, = M /M. Similar to [22], in this study, the
large-scale path loss between the i" and the j™ nodes in the
network is modeled as

Co
PL;; = (31)
T (dig)
where Cyp = —30 dB is the path loss at a reference distance of

1 m, d;; is the distance of the (¢, ) link. Similarly, e = 2.2
is the path loss exponent of the incident channels and € = 2.4
denotes the path loss exponent of the reflected channels [40].

We assume w, = 1 Vk as the weight vector and r(®) =
[1,1,1, 1] bps/Hz, representing the unweighted minimum rate
requirements for both PU and SUs. The noise power at the
users is set to 02 = —110 dBm [41]. Unless otherwise stated,
the same parameters are used throughout the simulation. The
results presented in this section are averaged over large number
of channel realizations.
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Fig. 4: Sum-rate results against the range of transmission
power values.

A. SUs sum-rate

In Fig. 4, the performance of the proposed technique is
shown with regards to the SUs sum-rate. With K = 4 users,
the SUs sum-rate corresponds to the rate of the first K — 1
users, i.e., excluding the PU rate. In particular, we plot the
sum-rate against different values of the transmission power,
Ps;. Here, results with different values of the total number
of reflective elements in the IRS, ie., M = {50,100,200}
are plotted. To demonstrate the effectiveness of the proposed
IRS phase shift optimization and NOMA power allocation
technique, it is compared with AO-based algorithm [22]. It
is evident from Fig. 4 that the proposed optimization tech-
nique outperforms the AO-based scheme. The reason for the
improved performance is due to the fact that AO-based scheme
in [22] uses first order Taylor expansion to transform the non-
convex problem Pl(a) to a convex problem. On the contrary,
we transformed the non-convex optimization problem to a
convex problem using properties of the logarithmic function
to simplify the problem which then results in a convex SDR
problem. The optimization of NOMA power coefficients pre-
sented in this study assigns more power to the users with low
SNRs. Moreover, Fig. 4 also indicates that the performance
of both the schemes improves as the number of IRS elements
are increased.

In Fig. 5, the SUs sum-rate is plotted against the total
number of reflective elements in the IRS, M. Here, we set
K = 4 and P,; = 40 dBm. It is observed that as M
increases, the sum-rate exhibits a ceiling effect. This trend
is evident in both the schemes. This means that having an
IRS with a large number of reflective elements may not
improve the sum-rate performance of the secondary network
but it will in fact increase the computational complexity of
the system. This trend indicates that the deployed IRS should
have optimal number of reflective elements such that a sum-
rate performance improvement is achieved without enhancing
the complexity of the system.
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B. Overall sum-rate

In order to investigate the effect of the IRS location on the
performance of the system, in Fig. 6, we plot the overall sum-
rate performance of the network by varying the location of
the IRS. Here, we compare the performance of the proposed
scheme with the random phase shift scheme. In the random
phase shift scheme, the reflection coefficients of the IRS are
set randomly within the interval [0, 27) and equal power (EP)
allocation at the ST. The first transmission phase (discussed
in Section II-A) is same for both the schemes, i.e., both the
schemes plotted in Fig. 6 have equal PU rate during the first
transmission phase. We set equal transmission power values
for the PT and ST, such that P = P, = P,;. For these results,
we consider M = 60, K = 4, and P = {30,40} dBm, while
the coordinates of the IRS are set as (zrs, 20, 5), where zrs =
{36, 38,40,42,44,46}. Note that by increasing the value of
zrs, the IRS moves away from the ST. The trend in Fig. 6

22
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Fig. 7: Sum-rate performance versus the total number of users
in the network with P = 40 dBm.

depicts that the overall sum-rate of the network is higher when
the IRS is deployed near to the ST.

Figure 7 shows the overall sum-rate results of the network
against the total number users in the network, K. We fix the
transmission power of the PT and ST at P = 40 dBm and the
number of reflective elements varies from 15 to 60. It is evident
from the figure that the proposed algorithm outperforms the
random phase shift scheme with EP. For the reversal of the
downward trend, both transmission power and the number of
IRS reflecting elements can be increased when the number of
users (i.e., PU and SUs) increases in the network.

V. CONCLUSION

In this paper, we have investigated an IRS-assisted coop-
erative spectrum-sharing CRN with NOMA. The rationale
behind the cooperative spectrum-sharing CRN is that the
secondary network uses the spectrum assigned to the primary
network. In return, the secondary network re-transmits the
primary network messages while using the NOMA scheme.
This approach to sharing spectrum resources facilitates the
network’s capacity to cater to a larger number of users within
the available spectrum. The proposed transmission strategy
comprises of two sequential stages, with the second stage
tailored towards optimizing the network’s weighted sum-rate.
This optimization involves fine-tuning IRS phase shifts and the
NOMA power coefficients at the ST. To effectively manage
the non-convexity of the weighted sum-rate problem, a bifur-
cation into two sub-problems is executed. These sub-problems
are solved through a computationally efficient algorithm. We
employ semi-passive IRS which with the help of active and
passive IRS elements is capable of performing simultaneous
downlink data transmission for the primary network and CE
for the secondary network during the first transmission phase.

In the presented algorithm, the optimization of IRS phase
shifts is executed once at the beginning by employing the
SDR methodology. Following this, the optimization of NOMA



power coefficients at the ST is undertaken in an iterative fash-

ion.

The performance of the proposed algorithm is illustrated

via simulations, demonstrating its superiority when compared
to the benchmark AO-based optimization strategy. The opti-
mization framework used in this paper can be extended to
the scenario where users are assisted by multiple IRSs. The
optimal assignment of IRSs to the users is an interesting topic
for future work.
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