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Chapter 1

Introduction

As the fifth-generation (5G) wireless systems are being implemented, academia
and industry already devise candidates for the development of the future beyond-
5G (B5G) and sixth-generation (6G) networks [1, 2]. Consequently, the concept
of reconfigurable intelligent surfaces (RISs) has arisen as a potentially effective
method for establishing intelligent and efficient radio environments [3, 4, 5].

RIS is a surface made up of multiple passive reflecting elements (RE) that can
modify the amplitude and/or phase of incoming signals in a controlled manner
[6, 7, 8]. However, the design of conventional reflecting-only RIS is limited to a
half-space communication. To address this challenge, the notion of simultaneously
transmitting and reflecting RIS (STAR-RIS) was introduced in [9].

STAR-RIS is designed, as the name suggests, to transmit and reflect incident
signals at the same time, hence splitting it into two parts that “pierce through"
and “bounce from" a surface of STAR-RIS. This is possible because STAR-RISs
can respond to both electric and magnetic components of a signal, while conven-
tional RISs support only electric polarization of currents. Additionally, each STAR
element’s reflection and transmission coefficients can be adjusted independently,
permitting non-constraint spatial flexibility of transmitted and reflected signals. In
consequence, a full space 360-degree coverage can be achieved [10].

The NOMA is a multiple access technique that caught a lot of attention from
researchers recently and even was considered as the strongest candidate for 5G
due to its theoretical supremacy over the traditional OMA techniques in terms of
user fairness, spectral efficiency (SE) and energy efficiency (EE) [11]. It is designed
to support massive connectivity in densely populated user environments by uti-
lizing the same frequency, time, and code spaces to transmit desired messages to
target users. In NOMA protocol, a power imbalance is employed into superposi-
tion coding (SC) at the transmitter and successive interference cancellation (SIC)
algorithms are applied at receivers to decode required messages. Such approach
achieves better performance at a cost of increased complexity of receiver struc-
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2 Chapter 1. Introduction

tures, because with SIC the receivers remove unwanted users’ messages from the
superimposed signal one by one in a certain sequence until the wanted message
is decoded. Moreover, a residual interference due to imperfections in SIC has a
considerable impact onto the quality of communication, thus, calling for the in-
volvement of other diversity techniques to reduce decoding errors [11].

1.1 Related Works

RIS-aided Communication

The existing works prove that in the RIS-aided communication the performance
of NOMA is improved as compared to traditional relaying and MA techniques.
In particular, the achievable capacity of RIS-aided NOMA network was studied in
[12], where the authors also made a comparison with the identical DF relay-assisted
NOMA system as well as their OMA counterparts. It was shown that the NOMA
systems were superior to OMA and that with a sufficient number of RE, a RIS
can outperform DF relay. Further, in [13], inspired by the findings that a RIS can
improve the quality of a channel to an extent, where a NOMA user in supposedly
worse conditions becomes stronger than an user in supposedly better conditions,
the authors demonstrated that when such conversions take place, the power allo-
cation according to NOMA protocol should be reconsidered to avoid a decay of the
achievable capacity. In [14], the authors compared the performance of RIS-aided
NOMA and OMA in terms of transmit power and location of users. It was found
that it is important to pair users with an asymmetric deployment in NOMA for
its superiority over OMA. In [15], the authors made an insight into a RIS-aided
NOMA system with non-ideal transceiver and mentioned the importance of hard-
ware impairments consideration for a more accurate performance analysis. While
in [16], the authors considered the cascaded RIS-aided networks and derived the
outage probability expression for the end-to-end communication, and the authors
in [17], showed that FD relay could be used to tackle the RISs’ far-field propagation
losses and enhance the communication between two RISs. RIS-aided multi-user
multiple-input and single-output (MISO) systems were considered in [18, 19, 20],
where the authors in [18] maximized EE through the optimization of power allo-
cation and phase-shifts of RE, in [19] minimized transmit power through the joint
optimization of active and passive beamforming and found that a three-fold EE
improvement over multi-antenna AF relaying could be achieved, while in [20] the
users’ sum-rate was maximized demonstrating significant performance gains over
equivalent non-RIS and OMA systems.
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STAR-RIS-aided Communication

Inspired by the possibility of full-space communication, researchers started inves-
tigating STAR-RIS’s performance and applications extensively. More precisely, in
one of the early works on STAR-RIS, [21], the three operating protocols for STAR-
RIS were proposed, namely, energy splitting (ES), mode switching (MS), and time
switching (TS). According to ES, each individual STAR element can be configured
to simultaneously transmit and reflect an incident signal; according to MS, each
individual element is permitted only to transmit or reflect; and according to TS,
all of the elements on STAR-RIS whether transmit or reflect at any given instance
of time. Additionally, the authors formulated an energy consumption minimiza-
tion problem for each protocol and made comparisons in unicast as well multicast
downlink scenarios. Hence the advantages and disadvantages of each protocol
were indicated and it was shown that STAR-RIS’s energy consumption is lower
than conventional RIS’s, when users are located on either side of a surface. In
[22], the algorithms for an energy efficient STAR-RIS-aided multiple input multi-
ple output (MIMO)-NOMA communication system with multiple user pairs were
proposed. The simulation results demonstrated the performance superiority of
NOMA over OMA schemes. The transmit power minimization for the uplink com-
munication was studied in [23]. In addition, the achievable rate performance of
STAR-RIS-aided massive MIMO network was presented by the authors in [24].The
analysis included imperfect channel estimation, spatial channel correlation, and
operation of STAR-RIS under three protocols discussed earlier in this section. In
[25], the authors provided performance analysis of the STAR-RIS-aided communi-
cation systems in terms of outage probability (OP), achievable rates, and symbol
error rate (SER) and found out that asymptotically the achievable rates and SER
depend on the power allocation rather than the operation protocol and resource
allocation on a STAR-RIS. The more in-depth performance analysis of STAR-RIS-
aided system was provided in [26], where, additionally, the effect of imperfect SIC
was considered. As a result, it was shown that the OP of STAR-RIS-NOMA out-
performs its OMA counterpart as well as conventional cooperative communication
techniques such as DF and AF relaying. In [27], the authors made the ergodic rate
analysis with statistical channel state information (CSI) and proposed the subopti-
mal STAR-RIS phase-shift scheme. In [28], the authors investigate the performance
of STAR-RIS-aided overlay cognitive radio NOMA in the industrial setup in terms
of OP, ergodic rates and EE. They demonstrated that by increasing the number
of STAR-RIS elements the system’s reliability and EE can be enhanced, especially
in comparison with OMA as NOMA protocol allows to allocate several users to
share the same resource blocks. Further, the joint reliability and beamforming op-
timization of STAR-RIS-assisted multiple input single output system, also in the
industrial IoT scenario, was covered by the authors in [29]. They proposed adapt-
able deep reinforcement learning algorithm for the real time changes, while con-
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sidering channel estimation errors. In [30], the authors proposed a meta-learning
approach for the joint optimization of multi-STAR-RIS-aided FD systems. More-
over, they made the comparison with equivalent multi-RIS-aided system, showing
that STAR-RIS-aided systems can achieve higher sum-rates. In [31], the authors
proposed resource allocation algorithms for STAR-RIS-aided NOMA and OMA
systems. The numerical results illustrate that STAR-RIS-aided NOMA significantly
outperforms conventional RIS and OMA networks. The coupled phase-shift STAR-
RIS model was proposed in [32]. Then in [33], the extension of the previous work,
with more in-depth explanation of the proposed hardware model, the authors
propose three practical phase-shift configuration strategies. The combination of
STAR-RIS-NOMA for integrated sensing and communication was considered in
[34], where they proposed suboptimal solution of the non-convex joint power al-
location, active and passive beamforming optimization problem. The full-duplex
STAR-RIS-aided system with the downllink and uplink users is studied in [35].
The authors showed that STAR-RIS can provide approximately 5%-50% better per-
formance in terms of OP and throughput. The dual-sided incidence of STAR-RISs
was studied in [36], where the performance of STAR-RIS-aided system with two
uplink users was analysed for NOMA and OMA. And the indoor and outdoor 3D
localization performance limits of STAR-RIS were studied in [37].

1.2 Motivation

Despite the relative novelty of the topic it is obvious that the STAR-RIS-aided
NOMA communication was already studied in literature, however, the perfor-
mance of STAR-RIS-aided cooperative NOMA (CNOMA) systems was not fully
investigated yet. Moreover, other works on RIS-aided CNOMA, [38, 39, 40, 41, 42,
43], suggest an improvement in performance over non-cooperative NOMA. Thus,
the objective of this work is to see if it is possible to enhance performance of STAR-
RIS-aided NOMA systems by introducing additional cooperative phase into the
downlink transmission and draw some meaningful insignts about the system.



Chapter 2

System Model

2.1 Network Model

As illustrated in Fig. 2.1, the STAR-RIS-aided CNOMA downlink communication
system, wherein BS attempts to communicate with a set of multiple users is con-
sidered. Each user is sorted into a subset of users served by a separate beam based
on the location. Beamforming is performed to suppress the interference between
the subsets, while SIC is performed to mitigate the inter-user interference within
each subset [44].

Figure 2.1: STAR-RIS-empowered NOMA communication, generalized schematic.

Due to supposed similarities between the subsets, this study is concerned with
the analysis of a single representative cluster1 with two users2 as in Fig. 2.2, where
NU is located at the cell center, FU is located at the cell edge, and STAR-RIS is lo-
cated between them to strengthen the channel gains. According to the assumptions
of previous studies [45], FU is outside of the BS’s direct coverage region because

1Although the results are derived only for one such representative cluster, they can easily be
extended for a set of clusters in a STAR-RIS-aided NOMA network. However, the joint clustering
and optimization would be out of scope for this work and will be considered for future work.

2This system model is limited to two paired users due to propagation error and complexity
restrictions as in [21, 22, 25, 26, 27, 31, 32, 33, 35, 36, 37].
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6 Chapter 2. System Model

Figure 2.2: STAR-RIS-empowered NOMA communication within each cluster. Here, the solid
lines represent the direct link from the base station, while the dashed lines represent the re-
flected/transmitted links.

of environmental factors such as blockages or distance, and, in contrast, NU has
access to a direct link with BS. Therefore, FU accesses the communication via a
STAR-RIS-aided link.

It is assumed that STAR-RIS operates under the MS protocol and has M number
of elements, where Mr elements operate in the reflection mode. The remaining Mt

elements operate in the transmission mode, and Mr + Mt = M. Subsequently, the
STAR-RIS’s reflection and transmission coefficient matrices are denoted as Θr =

diag
(√

βr,1ejθr,1 ,
√

βr,2ejθr,2 , · · · ,
√

βr,Mejθr,M
)

and Θt = diag(
√

βt,1ejθt,1 ,
√

βt,2ejθt,2 ,
· · · ,

√
βt,Mejθt,M), respectively, where

√
βr,i and

√
βt,i represent the amplitude re-

sponse, and θr,i and θt,i represent the phase shift of the i-th element, i.e βr,i, βt,i ∈
{0, 1}, and θr,i, θt,i ∈ [0, 2π), ∀ i = {1, · · · , M}. Additionally, the amplitude re-
sponse is constrained by the law of conservation of energy as follows: βr,i + βr,i = 1.

2.2 Cooperative NOMA Protocol

To enable cooperative communication, the downlink transmission occurs in two
timeslots. During the first timeslot (FTS), according to the NOMA protocol, BS
applies SC to transmit the symbol x to the paired users, NU and FU, as follows

x = αn xn + α f x f , (2.1)

where xn and x f denote the symbols intended for NU and FU, αn and α f denote
the power allocation coefficients for NU and FU, respectively, which follow the
principles of power domain NOMA, i.e., α2

n + α2
f = 1. Due to the larger distance

of FU from BS, we use αn < α f . Then, NU applies SIC to decode FU’s message to
subtract it from the received superimposed signal and obtain its own message.

During the second timeslot (STS), to enhance the quality of communication at
FU, NU utilizes the information about the FU’s message acquired in FTS, x′f , and
re-transmits it to FU. For the duration of STS, BS transmits neither to NU nor
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FU. At the same time, FU uses maximum ratio combining to combine the signals
received from both timeslots.

2.3 Channel Model

To distinguish the fading channel coefficients in FTS and STS, the lowercase letters
"g" and "h" are used, respectively. Double subscripts are added to indicate a link,
where the first letter refers to a transmitting node and the second letter refers to
a receiving node of the link. Thus, to indicate BS, STAR-RIS, NU, and FU, the
lowercase letters s, r, n, and f are used, respectively. Additionally, it is assumed
that all channels are quasi-static, flat fading, and the perfect CSI is available at BS.

Thus, the BS-to-STAR-RIS link is denoted as gsr = [g(1)sr , . . . , g(n)sr , . . . , g(M)
sr ],

where g(i)sr ∼ NK
(
mgsr , Ωgsr

)
, ∀i, which denotes a Nakagami-m random vari-

able (RV) with the shape parameter mgsr and spread parameter Ωgsr . The BS-
to-NU link is denoted as gsn and gsn ∼ NK

(
mgsn , Ωgsn

)
. The STAR-RIS-to-NU

link is denoted as grn = [g(1)rn , . . . , g(n)rn , . . . , g(M)
rn ]H, where g(i)rn ∼ NK

(
mgrn , Ωgrn

)
,

∀i. The STAR-RIS-to-FU link in FTS is denoted as gr f = [g(1)r f , . . . , g(n)r f , . . . , g(M)
r f ]H,

where g(i)r f ∼ NK
(

mgr f , Ωgr f

)
, ∀i. The NU-to-STAR-RIS link is denoted as hnr =

[h(1)nr , . . . , h(n)nr , . . . , h(M)
nr ], where h(i)nr ∼ NK (mhnr , Ωhnr), ∀i. Finally, the STAR-RIS-

to-FU link in STS is denoted as hr f = [h(1)r f , . . . , h(n)r f , . . . , h(M)
r f ]H, where h(i)r f ∼

NK
(

mhr f , Ωhr f

)
, ∀i. Additionally, the shape parameter m = 1 for a given Nakagami-

m fading channel denotes the non-line-of-sight (NLoS), and m > 1 correspondingly
denotes the line-of-sight (LoS) propagation scenarios.

While the distance-dependent path loss is characterized using the 3GPP Urban
Micro path loss model described in [46], the path loss Λ at the carrier frequency of
3 GHz and a distance of d meters can be expressed as

Λ(d) [dB] = Gt [dBi] + Gr [dBi]

+

−37.5 − 22 log10(d/1 m) if LoS,

−35.1 − 36.7 log10(d/1 m) if NLoS,
(2.2)

where Gt and Gr denote the transmit and receive antenna gains at the transmitting
and receiving nodes, respectively.
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2.3.1 Received Signal Model

First Timeslot

As follows from the cooperative NOMA protocol mentioned earlier, the received
signal at NU (yn) in FTS can be defined as

yn =
(√

Λsn gsn +
√

Λsr Λrn gsrΘrgrn

)
×
(
αn xn + α f x f

) √
Pt + wo, (2.3)

where Pt and wo denote the transmit power at BS and the additive white Gaussian
noise (AWGN), with wo ∼ CN (0, σ2), respectively. Λsn, Λsr and Λrn denote the
path loss for the BS-to-STAR-RIS and STAR-RIS-to-NU links.

Similarly, the received signal at FU (y f 1) in FTS can be defined as

y f 1 =
(√

Λsr Λr f gsrΘt1gr f

)
×
(
αn xn + α f x f

) √
Pt + wo, (2.4)

where Θt1 and Λr f denote the FTS transmission coefficient matrix and path loss
for the STAR-RIS-to-FU link, respectively.

Through suitable adjustment of θr,i and θt1,i, the received signal power at the
users can be maximized, i.e., |gsrΘrgrn| =

∣∣∣∑Mr
i=1 g(i)sr

√
βr,iejθr,i g(i)rn

∣∣∣ and
∣∣gsrΘt1gr f

∣∣ =∣∣∣∑Mt
i=1 g(i)sr

√
βt,iejθt1,i g(i)r f

∣∣∣ are maximized, where g(i)sr , g(i)rn , and g(i)r f are the i-th elements
of gsr, grn, and gr f , respectively. Assuming STAR-RIS to be lossless, the maximum
achievable channel gain at NU during FTS is given by

|Gn|2 =
∣∣∣√Λsn g +

√
Λsr Λrn gsrΘrgrn

∣∣∣2
=

(√
Λsn |g|+

√
Λsr Λrn

Mr

∑
i=1

∣∣∣g(i)sr

∣∣∣ ∣∣∣g(i)rn

∣∣∣)2

. (2.5)

Accordingly, the maximum achievable channel gain at FU during FTS is given
by ∣∣G f 1

∣∣2 =
∣∣∣√Λsr Λr f gsrΘt1gr f

∣∣∣2
=

(√
Λsr Λr f

Mt

∑
i=1

∣∣∣g(i)sr

∣∣∣ ∣∣∣g(i)r f

∣∣∣)2

. (2.6)

As a result, SINR at NU can be expressed as

SINRn→ f =
|Gn|2 α2

f Pt

|Gn|2 α2
n Pt + σ2

=
|Gn|2 α2

f γt

|Gn|2 α2
n γt + 1

, (2.7)
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where γt = Pt/σ2 is the transmit SNR at BS. Then, after excluding the interference,
NU decodes its signal using SNR given by

SNRn = α2
n |Gn|2 γt. (2.8)

Likewise, FU decodes its signal, considering NU’s signal for interference. Hence,
its SINR can be defined as

SINR f 1 =

∣∣G f 1
∣∣2 α2

f γt∣∣G f 1
∣∣2 α2

n γt + 1
. (2.9)

Second Timeslot

NU re-transmits FU’s signal, x′f , decoded during FTS. Thus, the received signal by
FU in STS can be defined as

y f 2 =
(√

Λnr Λr f hnr Θt2 hr f

)
x′f

√
Pn + wo, (2.10)

where Θt2, Pt, Pn and wo denote the STS transmission coefficient matrix, trans-
mit power at BS, transmit power at NU, and the additive white Gaussian noise
(AWGN), with wo ∼ CN (0, σ2), respectively.

Similar to FTS, through suitable adjustment of θ
(i)
t2 , the received signal power

at FU can be maximized, i.e.,
∣∣hnrΘt2hr f

∣∣ = ∣∣∣∑M
i=1 h(i)nr

√
βt,iejθt2,i h(i)r f

∣∣∣ are maximized,

where h(i)nr , and h(i)r f are the i-th elements of hnr and hr f , respectively. The maximum
achievable channel gain at FU during STS is given by

∣∣G f 2
∣∣2 =

∣∣∣√Λnr Λr f hnrΘt2hr f

∣∣∣2
=

(√
Λnr Λr f

N

∑
i=1

∣∣∣h(i)nr

∣∣∣ ∣∣∣h(i)r f

∣∣∣)2

. (2.11)

As FU receives the signal in the presence of AWGN, the received SNR can be
formulated as

SNR f 2 =
∣∣G f 2

∣∣2 γn, (2.12)

where γn = Pn/σ2 is the transmit SNR at NU.



Chapter 3

Methodology

The initial stage of the project involved extensive exploration and thorough ex-
amination of the existing works pertaining to RIS- and STAR-RIS-aided wireless
communication networks. It was primarily done to identify the research gap in the
existing literature and lay the foundation for a design of the RIS-aided communi-
cation system with enhanced performance deacribed in the previous chapter.

3.1 Development of System Model

Once the communication system was decided, it was comprehensively described
using the generally accepted mathematical models of received signals, flat-fading
channels, STAR-RIS’s transmission and reflection matrices, and etc.

3.2 Performance Evaluation Metrics

Widely accepted key performance metrics such as OP, SE and EE were chosen to
analyse the designed communication system. OP is used to evaluate the system’s
reliability, as it shows the probablity of information rate falling below a certain
threshold [47]. Similarly, SE and EE are important performance metrics that help
to assess how well the spectrum and energy resources are utilized. Additionally,
SE and EE are considered as the target performance metrics for the future commu-
nication networks [48].

3.2.1 Derivation of theoretical expressions

The derivation of the closed-form expressions of OP, SE and EE involved the use of
widely accepted mathematical notions and approximation techniques. In addition,
the definitions of chosen performance metrics were explicitly stated and facilitated
by corresponding mathematical formulations.

10
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3.2.2 Simulations

Correctness of the derived analytical expressions were validated through extensive
Monte Carlo simulations in MATLAB. The simulations were parameterized in a
way to match the real world values as much as possible.



Chapter 4

Results and Discussions

4.1 Analytical Expressions

Some of the operators’ and functions’ notations that were used during the deriva-
tion of the closed-form expressions are listed in Table 4.1.

Table 4.1: Notations

Symbol Definition

E[·] Expectation Operator
P[·] Probability
V[·] Variance Operator
[·]H Conjugate Transpose Operator
|·| Absolute Value Operator
Γ(·) Gamma Function
ψ(v)(·) Polygamma Function of v order
γ(·, ·) Lower Incomplete Gamma Func-

tion
pFq(·, ·; ·; ·) Generalized Hyper-Geometric

Function
fG (x), FG (x) PDF and CDF of RV G

4.1.1 Preliminary on Gamma Moment-Matching Technique

Since the exact probability density function (PDF) of |Gn| is mathematically in-
tractable, it is approximated through the Gamma moment-matching technique.

Lemma 1. The PDF and cumulative distribution function (CDF) of |Gn| obtained
through the Gamma moment-matching technique can be defined as

f|Gn|(x) =
βα xα−1 exp(−β x)

Γ(α)
and (4.1)

F|Gn|(x) =
γ(α, β x)

Γ(α)
, (4.2)

12
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respectively, where α and β are the parameters of the Gamma distribution defined as α =
E[|Gn|]2
V[|Gn|] and β = E[|Gn|]

V[|Gn|]
Proof. The proof can be viewed in Appendix A.1. ■

4.1.2 Outage Probability

OP is defined as the probability of receiving SNR or SINR falling below a pre-
defined threshold SNR, γth

k , that is related to the target data rate, Rth
k , through

γth
k = 2Rth

k − 1, where k ∈ {n, f 1, f 2} indicates the user and timeslot.

First Timeslot

Since NU at first receives a superimposed signal and then applies SIC to remove
the interference, the general OP can be defined as

Pout, n = P{SINRn→ f ≤ γth
f }+ P{SINRn→ f > γth

f }

× P{SNRn ≤ γth
n }. (4.3)

Lemma 2. The closed-form OP expression for NU in FTS can be defined as

Pout, n =
γ(α, βΨmax)

Γ(α)
, (4.4)

where Ψmax = max(Ψ1, Ψ2) ≥ 0, with Ψ1 =

√
γth

n
α2

nγt−α2
f γtγth

n
and Ψ2 =

√
γth

n
α2

nγt
.

Proof. The general OP expression from (4.3) can be re-written in terms of |Gn|
as follows

Pout,n = P{|Gn| ≤ Ψ1}+ P{|Gn| > Ψ1} × P{|Gn| ≤ Ψ2},

which can be further modified as

Pout,n = P{|Gn| ≤ Ψ1}+ P{Ψ1 < |Gn| ≤ Ψmax}. (4.5)

Since the probability terms in (4.5) are mutually exclusive, it can be simplified to

Pout,n = 1 − P{|Gn| > Ψmax} = F|Gn|(Ψmax), (4.6)

where F|Gn|(·) is the CDF of |Gn|. Thus, by substituting (4.2) into (4.6), the expres-
sion in (4.4) is found.

This concludes the proof of Lemma 2. ■
Following the definition mentioned earlier, the general OP expression of FU

can be defined as
Pout, f 1 = P{SINR f 1 ≤ γth

f 1} (4.7)
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Lemma 3. The closed-form OP expression for FU in FTS can be defined as

Pout, f 1 =
γ(a1 + 1,

√
Ψ3

b1
)

Γ(a1 + 1)
, (4.8)

where Ψ3 =
γth

f 1

(α2
f −γth

f 1α2
n)γt

≥ 0.

Proof. After simple algebraic manipulations, the equation in (4.7) can be re-
written in terms of |G f 1|2 as follows

Pout, f 1 = P{|G f 1|2 ≤ Ψ3} = F|G f 1|2(Ψ3), (4.9)

where F|G f 1|2(·) represents the CDF of |G f 1|2.
Similar to [49], the PDF and CDF can be defined as

f|G f 1|2(x) =
x

a−1
2

2ba1+1
1 Γ(a1 + 1)

exp
(
−
√

x
b1

)
and (4.10)

F|G f 1|2(x) =
γ
(

a1 + 1,
√

x
b

)
Γ (a1 + 1)

, (4.11)

where the constant parameters a1 and b1 are defined as:

a1 =
(Mr + 1)k2

3k2
4 − k1k5k2k6

k1k5k2k6 − k2
3k2

4
and (4.12)

b1 =
k5k2k6 − k2

3k2
4√

mgsr
Ωgsr

k1k3

√
mgr f
Ωgr f

k2k4

, (4.13)

where k1 = Γ(mgsr), k2 = Γ(mgr f ), k3 = Γ(mgsr +
1
2 ), k4 = Γ(mgr f +

1
2 ), k5 =

Γ(mgsr + 1), and k6 = Γ(mgr f + 1). Hence, the expression in (4.8) can be obtained
by substituting (4.11) into (4.9).

This concludes the proof of Lemma 3. ■

Second Timeslot

Similar to FTS, the general OP expression for FU in STS can be defined as

Pout, f 2 = P{SNR f ≤ γth
f 2}. (4.14)

Lemma 4. The closed-form OP expression for FU in STS can be defined as

Pout, f 2 =
γ(a2 + 1,

√
Ψ4

b2
)

Γ(a2 + 1)
, (4.15)
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where Ψ4 =
γth

f 2
γn

≥ 0.
Proof. Similar to the proof of Lemma 3, one can show that

Pout, f 2 = F|G f 2|2(Ψ4). (4.16)

The PDF and CDF can be defined in a similar way as (4.10) and (4.11) were
defined in the proof of Lemma 3:

f|G f 2|2(x) =
x

a2−1
2

2ba2+1
2 Γ(a2 + 1)

exp
(
−
√

x
b2

)
and (4.17)

F|G f 2|2(x) =
γ
(

a2 + 1,
√

x
b2

)
Γ (a2 + 1)

, (4.18)

where the constant parameters a2 and b2 are defined as:

a2 =
(M + 1)q2

3q2
4 − q1q5q2q6

q1q5q2q6 − q2
3q2

4
and (4.19)

b2 =
q5q2q6 − q2

3q2
4√

mgnr
Ωgnr

q1q3

√
mgr f
Ωgr f

q2q4

, (4.20)

where q1 = Γ(mgnr), q2 = Γ(mgr f ), q3 = Γ(mgnr +
1
2 ), q4 = Γ(mgr f +

1
2 ), q5 =

Γ(mgnr + 1), and q6 = Γ(mgr f + 1). Hence, the expression in (4.15) can be obtained
by substituting (4.18) into (4.16).

This concludes the proof of Lemma 4. ■

4.1.3 Ergodic Rate

In FTS, the ergodic rates of NU and FU are, respectively, defined as

Rn = E [log2 (1 + SNRn)] and (4.21)

R f 1 = E
[
log2

(
1 + SINR f 1

)]
. (4.22)

In STS, the ergodic rate of FU can be defined as

R f 2 = E
[
log2

(
1 + SNR f 2

)]
. (4.23)

Lemma 5. The closed-form ergodic rate expression for NU in FTS can be given as in
(3.24).

Proof. The proof can be viewed in Appendix A.2. ■
Lemma 6. The closed-form ergodic rate expression for FU in FTS and STS can be

given, respectively, as in (3.25) and (3.26).
Proof. The proof can be viewed in Appendix A.3. ■
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Rn =

π csc
(

απ
2

)
1F2

(
α
2 ; 1

2 , 1 + α
2 ;− β2

4 t

)
α t

α
2

+
Γ (α − 2) 2F3

(
1, 1; 2, 3−α

2 , 2 − α
2 ;− β2

4 t

)
β(α−2) t

−

(
2 − α − 2α2 − α3) Γ (α − 2)

(
ln
(

β2

t

)
− 2ϕ(0) (α)

)
βα (α + 1)

−
βπ sec

(
απ
2 1F2

(
α+1

2 ; 3
2 , α+3

2 ;− β2

4 t

))
t
(α+1)

2 (α + 1)

 βα

ln (2) Γ (α)
(3.24)

R f 1 =

 2F3

(
1, 1; 2, 1 − a1

2 , 3−a1
2 ;− 1

4b2
1 c1γt

)
c1 γt

−
2F3

(
1, 1; 2, 1 − a1

2 , 3−a1
2 ;− 1

4b2
1 c2γt

)
c2 γt


×Γ (a1 − 1)

b2
1

+
π csc

(π a1
2

)
b(a1+2)

1 (a1 + 2)

 1F2

(
a1+1

2 ; 1
2 , a1+3

2 ;− 1
4b2

1 c1γt

)
(c1 γt)

( a1
2 +1)

−
1F2

(
a1+1

2 ; 1
2 , a1+3

2 ;− 1
4b2

1 c2γt

)
(c2 γt)

( a1
2 +1)

+
π sec

(π a1
2

)
b(a1+1)

1 (a1 + 1)

 1F2

(
a1+1

2 ; 1
2 , a1+3

2 ;− 1
4b2

1 c1γt

)
(c1 γt)

(
a1+1

2

)

−
1F2

(
a1+1

2 ; 1
2 , a1+3

2 ;− 1
4b2

1 c2γt

)
(c2 γt)

(
a1+1

2

)
− a (a − 1) Γ (a − 1) ln

(
c2

c1

) 1
ln (2) Γ (a1 + 1)

(3.25)

R f 2 =
1

ln (2) Γ (a2 + 1)

Γ (a2 − 1) 2F3

(
1, 1; 2, 1 − a2

2 , 3−a2
2 ;− 1

4b2
2γn

)
b2

2γn
− 2a2Γ (a2 − 1)

×
(

a2 ln

(
b−1

2√
γn

)
− ln

(
b−1

2√
γn

)
− (a2 − 1) ϕ(0) (a2 + 1)

)

+
csc
(

π a2
2

)
1F2

(
a2
2 + 1; 3

2 , a
2 + 2;− 1

4b2
2γn

)
π−1 b(a2+1)

2 γ
(a2+1)

2
n (a2 + 2)

+
sec
(

π a2
2

)
1F2

(
a2+1

2 ; 1
2 , a2+3

2 ;− 1
4b2

2γn

)
π−1 b(a+1)

2 γ
(a+1)

2
n (a2 + 1)


(3.26)
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4.1.4 Spectral and Energy Efficiency

SE can be defined as the sum of each rate, as shown below

SE = Rn + R f 1 + R f 2. (4.27)

To find EE, we can divide SE by the total consumed power, Ptot, that is constituted
from the total transmitted power and the power consumed by the circuitry within
the considered communication system, as follows

EE =
SE
Ptot

=
SE

(1 + δ)Pt + MPE + 2PU + (1 + δ)Pn
, (4.28)

where (1 + δ) Pt, PE, (1 + δ) Pn and PU denote the dynamic power consumption at
BS, power consumed per STAR-RIS element, dynamic power consumption at NU,
and the power consumed per user device, respectively [50].

4.2 Simulation Results and Discussions

To comparatively analyse the performance of the designed STAR-RIS-aided CNOMA
system, the results also include equivalent NOMA and OMA systems, where OMA
employs the TS protocol at STAR-RIS for time division multiplexing. Unless other-
wise stated, the system parameters are as listed in Table 4.2. All simulations were
done in MATLAB and results were averaged over at least 1000 independent runs.

Table 4.2: Simulation Parameters

Parameter Value

Power allocation coefficients {α2
n, α2

n} = {0.3, 0.7} [51, 25]

Shape parameters of fading channels
{

mgsn , mgsr , mgrn , mgr f , mhnr , mhr f

}
= {2, 5, 2, 3, 2, 3} [51]

Spread parameters of fading channels
{

Ωgsn , Ωgsr , Ωgrn , Ωgr f , Ωhnr , Ωhr f

}
= {1, 1, 1, 1, 1, 1}

Distance parameters, m
{

dsn, dsr , drn, dr f
}
= {45, 50, 15, 10} [21, 52, 25]

Target rate, bps
{

Rth
n , Rth

f

}
= {5, 1.7} [38]

Ratio of reflecting and transmitting elements Mr : Mt = 1 : 1
Time-slot allocation coefficients {t1, t2} = {0.5, 0.5}
Noise variance, dBm σ2 = −120 [50]
Transmit power at NU Pn = Pt

Fig. 4.1 displays the OP of NU and FU as the number of STAR-RIS elements
increases. The dashed black and magenta curves correspond to NU in NOMA
(or FTS) and OMA, respectively, while the solid blue, dashed red and solid black
curves are associated with FU in FTS (NOMA), STS and OMA, respectively. Gen-
eral trend is that OP decreases for all users as the number of elements M increases.
However, this effect is more noticeable in NOMA and CNOMA only when the
signal is transmitted at sufficient power. For instance, at a transmit power of -10
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Figure 4.1: OP vs M for different values Pt Figure 4.2: OP vs Pt for different values of M

Figure 4.3: SE vs M for different values Pt Figure 4.4: SE vs Pt for different values of M

dBm, the OP curves for FTS change slowly compared to those at 0 dBm. However,
the OP for FU follows a steep curve, highlighting the impact of interference-free
cooperative links. In FTS curves at 0 dBm, although NU initially performs better
and its performance remains relatively stable as M increases, FU starts to outper-
form NU after M = 80 for the rest of considered M values. Additionally, it’s worth
noting that OMA performs better than NOMA. This is because the TS protocol
efficiently uses all resources of the STAR-RIS to help each user, and also because
received OMA signals are free from interference. Similarly, FU’s outage proba-
bility is significantly reduced in STS compared to FTS. This is mainly due to the
interference-free connection with a larger number of reflecting elements.

Fig. 4.1 illustrates OP against the transmit power. It is seen that the OP per-
formance improves as the transmit power increases. If to look at how the number
of STAR-RIS elements affects performance at different power levels, one can find
that the worst performance occurs when M = 10, and increasing the number of
elements improves the outage performance. For example, in FTS, achieving OP of



4.2. Simulation Results and Discussions 19

Figure 4.5: EE vs M for different values Pt Figure 4.6: EE vs Pt for different values of M

order 10−3 requires transmit powers of 16 dBm and 11 dBm when there are 20 and
30 elements, respectively. Furthermore, it can be conluded that the derived theo-
retical OP expressions match the simulation. However, there’s a slight discrepancy
between the theoretical and simulated points for NU. This could be due to the ap-
proximation of NU’s PDF and CDF by the Gamma moment-matching technique,
since the derived OP expressions are essentially described through CDF.

Fig. 4.3 depicts SE as the number of STAR-RIS elements varies for different
transmit power levels, where the blue, red and black lines correspond to CNOMA,
NOMA and OMA, respectively. The plot indicates that SE consistently improves
with more STAR-RIS elements. It’s important to highlight that there’s a specific
value of M where CNOMA and OMA surpass NOMA for all considered trans-
mit power levels, which are 18 and 58, respectively. This occurs because NOMA
reaches a saturation point faster as the number of STAR-RIS elements increases.

In Fig. 4.4, the system’s SE in relation to the transmit power is examined. It’s
clear that SE increases as transmit power increases. Additionally, CNOMA achieves
higher SE than NOMA and OMA for the same number of reflecting elements. For
instance, to achieve the same performance as NOMA at 15 dBm transmit power
with M = 90, CNOMA only needs M = 30 at the same transmit power, or it
can maintain M = 90 and reduce transmit power to 9 dBm. Moreover, under
the considered simulation parameters, OMA outperforms non-cooperative NOMA
with M = 90, despite NOMA usually having an advantage over OMA. This could
be because the TS protocol in OMA utilizes twice as many STAR-RIS elements per
usage compared to the MS protocol in NOMA.

Fig. 4.5 depicts the EE of the system as the number of STAR-RIS elements
varies. It’s evident that each curve reaches a peak and then gradually declines af-
ter reaching a certain value of M. CNOMA and OMA are more dependent on M
than NOMA, resulting in significantly worse performances for CNOMA and OMA
when M is low. However, for higher values of M, NOMA experiences a sharper
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decline in performance. As the transmit power increases, the performance gap be-
tween CNOMA, NOMA, and OMA diminishes. This underscores the importance
of determining the optimal number of STAR-RIS elements to prevent resource mis-
use when considering EE. Additionally, by comparing curves at different transmit
power levels, we can infer that the impact of increasing M diminishes at higher
transmit power levels. This underscores the complex relationship between the
number of STAR-RIS elements and transmit power.

Fig. 4.6 displays the EE of the system in relation to the transmit power. The
EE of the system consistently decreases as the transmit power increases. Within
the considered range of transmit power levels, CNOMA consistently outperforms
NOMA and OMA. However, the performance advantage is most noticeable at
lower transmit power values. It’s important to note that when transmit power
is relatively high, dynamic power consumption outweighs static power consump-
tion according to the total power consumption model described in equation (4.28).
Additionally, the gain in SE is linear with the transmit power in dB indicating that
SE grows at logarithmic pace with the linear measure of transmit power. This ulti-
mately leads to EE converging to a very low value at high power levels, indicating
the limitations of EE improvement under these conditions. Besides, the theoretical
results for both SE and EE match the simulations.



Chapter 5

Conclusion

5.1 Accomplished Work

In this study, the performance of the STAR-RIS-aided CNOMA downlink commu-
nication system over Nakagami-m fading channels was investigated. Specifically,
the expressions of OP, SE, and EE were derived in the closed form, the correctness
of which was validated through Monte-Carlo simulations. From the simulation
results, it is evident that the performance of NOMA can be further enhanced by
introducing an interference-free cooperative link between paired users when a suf-
ficient number of the STAR-RIS elements is utilized. Additionally, it was found that
the proposed system demonstrates diverse behavior for different sets of parame-
ters. Hence, highlighting the dynamic nature of the system’s performance and the
interplay between the number of the STAR-RIS elements and transmit power levels
that could be used to leverage accessible resources.

5.2 Future Work

A more comprehensive understanding of the performance boundaries of the pro-
posed system model and a more fair comparison with other benchmark scenarios
can be achieved by taking into consideration the joint clustering and optimization
of timeslots’ duration, power allocation coefficients, and the ratio of reflecting and
transmitting elements. Furthermore, the system model can be improved through
the consideration of hardware impairments such as imperfect SIC, discrete RIS
phase-shifts, etc. Which will be the subject of a subsequent work.
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Appendix A

Appendix A

A.1 Proof of Lemma 1

For the proof it is enough to evaluate E[|Gn|] and V[|Gn|] as the resulting expres-
sions can be directly substituted to estimate α and β parameters of the Gamma
distribution.

Finding E[|Gn|]:

E [|Gn|] = E

[√
Λsn |gsn|+

√
Λsr Λrn

Mr

∑
i=1

∣∣∣g(i)sr

∣∣∣ ∣∣∣g(i)rn

∣∣∣] ,

=
√

Λsn E [|gsn|] +
√

Λsr Λrn

Mr

∑
i=1

E
[∣∣∣g(i)sr

∣∣∣] E
[∣∣∣g(i)rn

∣∣∣] . (A.1.1)

Furthermore, since all random variables (RVs) on the right-hand side of (A.1.1) are
Nakagami-m distributed, it can be further defined as

E[|Gn|] =
√

Λsr Λrn Mr
Γ(mgsr +

1
2 )Γ(mgrn +

1
2 )

Γ(mgsr)Γ(mgrn)

×
√

Ωgsr Ωgrn

mgsr mgrn

+
√

Λsn
Γ(mgsn +

1
2 )

Γ(mgsn)

√
Ωgsn

mgsn

. (A.1.2)

Finding V[|Gn|]:

V[|Gn|] = V

[√
Λsn |gsn|+

√
Λsr Λrn

Mr

∑
i=1

∣∣∣g(i)sr

∣∣∣ ∣∣∣g(i)rn

∣∣∣] . (A.1.3)

Since all members of the summation are uncorrelated RVs, the expression in (A.1.3)
can be re-written as

V[|Gn|] = Λsn V [|gsn|] + Λsr Λrn

Mr

∑
i=1

V
[∣∣∣g(i)sr

∣∣∣ ∣∣∣g(i)rn

∣∣∣]︸ ︷︷ ︸
I

, (A.1.4)
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where I can be defined as

I = E

[∣∣∣g(i)sr

∣∣∣2] E

[∣∣∣g(i)rn

∣∣∣2]− E
[∣∣∣g(i)sr

∣∣∣]2
E
[∣∣∣g(i)rn

∣∣∣]2

= Ωgsr Ωgrn −
(

Γ(mgsr +
1
2 )Γ(mgrn +

1
2 )

Γ(mgsr)Γ(mgrn)

)2
Ωgsr Ωgrn

mgsr mgrn

(A.1.5)

Substituting this into (A.1.4) yields the following

V[|Gn|] = Λsn Ωgsn − Λsn
Ωgsn

mgsn

(
Γ(mgsn +

1
2 )

Γ(mgsn)

)2

−
MrΩgsr Ωgrn

mgsr mgrn

(
Γ(mgsr +

1
2 )Γ(mgrn +

1
2 )

Γ(mgsr)Γ(mgrn)

)2

× Λsr Λrn + Λsr Λrn MrΩgsr Ωgrn . (A.1.6)

This concludes the proof of Lemma 1.

A.2 Proof of Lemma 4

The ergodic rate of NU, Rn, can be defined from (4.21) as

Rn = E
[
log2

(
1 + t |Gn|2

)]
, (A.2.1)

where t = α2
n γt. Expanding the expression above gives

Rn =
∫ ∞

0

ln
(
1 + t|Gn|2

)
ln(2)

f|Gn|(x)dx =
βα

ln(2)Γ(α)

∫ ∞

0
ln(1 + tx2)x(α−1)e−β xdx

(A.2.2)

The expression above can be further simplified using the identity ln(x + 1) =

x 2F1(1, 1; 2;−x) as follows

Rn =
βαt

ln(2)Γ(α)

∫ ∞

0
2F1(1, 1; 2;−tx2) x(α+1)e−β xdx, (A.2.3)

which can be solved using [math] and presented as in (3.24).
This concludes the proof of Lemma 4.

A.3 Proof of Lemma 5

The ergodic rate of FU in FTS, R f 1, can be defined from (4.22) as

R f 1 = E

log2

1 +

∣∣G f 1
∣∣2 α2

f γt∣∣G f 1
∣∣2 α2

nγt + 1

 . (A.3.1)
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After expanding the expression above and some algebraic manipulations, it can
be represented as

R f 1 =
1

ln(2)


∫ ∞

0
ln(1 + c1 x) f|G f 1|2 (x)dx︸ ︷︷ ︸

K1

−
∫ ∞

0
ln(1 + c2 x) f|G f 2|2 (x)dx︸ ︷︷ ︸

K2

 , (A.3.2)

where c1 = (α2
n + α2

f )γt and c2 = α2
nγt.

Like (A.2.3), K1 and K2 can be simplified and defined as

K1 = c1

∫ ∞

0

x
a1+1

2 exp
(
−
√

x
b2

1

)
2F1(1, 1; 2;−c1x)

2 b(a1+1)
1 Γ(a1 + 1)

dx (A.3.3)

K2 = c2

∫ ∞

0

x
a1+1

2 exp
(
−
√

x
b2

1

)
2F1(1, 1; 2;−c2x)

2 b(a1+1)
1 Γ(a1 + 1)

dx (A.3.4)

Solving the equations above as in [math] and substituting them into (A.3.2) gives
the expression that can be presented as in (3.25).

The ergodic rate of FU in STS, R f 2, can be defined from (4.23) as

R f 2 = E
[
log2

(
1 + |G f 2|2γn

)]
=

1
ln(2)

∫ ∞

0
ln(1 + γn x) f|G f 2|2(x)dx. (A.3.5)

Hence, the expression above can be solved in a similar way K1 was solved and
presented as in (3.26).

This concludes the proof of Lemma 5.
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