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ABSTRACT This paper proposes the joint use of caching and simultaneous wireless information and
power transfer (SWIPT) to enhance the performance of cell-edge users of down-uplink simultane-
ously transmitting and reflecting reconfigurable intelligent surface (STAR-RIS)-empowered non-orthogonal
multiple access (NOMA) systems. The main idea is to leverage the available caching at nearby users
to establish cooperative communication while taking into account the problem of energy issues through
SWIPT mechanisms, namely time-switching (TS) and power-splitting (PS) strategies. To improve the
communication quality of users, STAR-RIS with an energy-splitting (ES) protocol is established and
phase-shift design is formulated. Closed-form approximations and asymptotic expressions for users’ out-
age probability (OP) and effective ergodic capacity (EC) are derived. Based on the attained expressions,
useful insights into system design, such as the impact of power allocation, imperfect successive interference
cancellation, the number of transmit/reflect components on the system performance, trade-offs between
the network requirement and the system performance, and trade-offs between the energy harvesting pro-
cess and data transmission quality, are deduced. Numerical examples verify our derivations and show
that: i) the performance of cell-edge users is improved significantly; ii) exploiting SWIPT-PS shows
better OP and EC performance for nearby users compared to SWIPT-TS, while both provide compa-
rable performance for cooperative communication; iii) as the performance of cell-edge users is mostly
guaranteed, the communication quality of nearby users in downlink and source node in uplink can be
improved by optimizing either the power budget or the energy harvesting factors; iv) adopting STAR-RIS
with ES protocol outperforms mode-switching and time-splitting ones in terms of both OP and EC; and
v) STAR-RIS-empowered NOMA has better EC performance than orthogonal-multiple access counterparts
when SIC operation is properly designed.

INDEX TERMS Cache-aided communications, imperfect successive interference cancellation (SIC), non-
orthogonal multiple access (NOMA), simultaneously transmitting and reflecting reconfigurable intelligent
surface (STAR-RIS), simultaneous wireless information and power transfer (SWIPT).

I. INTRODUCTION

RECENTLY, wireless local area networks have become
essential in Internet-of-things (IoT) based smart homes,

businesses, and day-to-day public facilities [1]. Wireless
technologies have widely adapted for modern IoT devices

like smartphones, smart wearables, smart homes, and smart
cities. With around forty billion devices expected to connect
to the Internet by 2025, the demand for massive connectiv-
ity in beyond fifth-generation (5G) networks is significantly
increasing to support wireless data services with enhanced
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connectivity [2] and nearby zero-latency [3], for example,
ultra-high video resolution, metaverse, and video conferenc-
ing [4]. These features introduce challenges for architectural
innovation in wireless transmissions involving new multiple
access paradigms, sustainable communications, and efficient
uses of resources [5].
Multiple access techniques have played a vital role in

improving the capacity of communication networks. Over
the decade, the evolution of orthogonal multiple access
(OMA) paradigms, which mostly focused on exploiting
frequency/time/code division, is to mitigate interference
but is no longer capable of accommodating an increas-
ing number of users due to limited resources [6]. Driven
by this fact, non-orthogonal multiple access (NOMA) has
emerged as a potential candidate by means of multiplexing
user signals in the power domain to obtain the same
frequency/time/code resource blocks [7]. Thanks to leverag-
ing successive interference cancellation (SIC) techniques [8],
NOMA has effectively dealt with limited connectivity
and inefficient spectrum uses, while also demonstrating
flexibility and efficient energy utilization [9]. Besides,
it was demonstrated to have a higher throughput com-
pared to OMA techniques [10]. As a result, NOMA has
gained attention in communication standards due to recent
advancements and promising experimental outcomes. For
example, in Release 13 long-term evolution (LTE) of the
Third Generation Partnership Project (3GPP), NOMA was
proposed as multi-user superposition transmission for down-
link mobile broadband services [11]. Additionally, 3GPP’s
release-14 and release-15 were designed for uplink trans-
missions to support a large number of devices and enable
ultra-reliable low-latency communication (URLLC) through
grant-free transmission [12].
Recently, reconfigurable intelligent surface (RIS) has

gained popularity as a sustainable communication solution
that aims to achieve low-cost implementation, enhanced
spectrum utilization, robust energy efficiency, and con-
nection formation in difficult-to-reach areas [13]. An RIS
typically consists of multiple tunable reflective passive ele-
ments that are capable of changing the phase of incoming
electromagnetic signals, allowing it to control wireless sig-
nal movement [14] as well as to increase signal strength
at the receiver node while compensating for performance
loss caused by wireless propagation [15]. Due to its basic
functionality of intelligently reconfiguring the radio propa-
gation environment, RIS can further achieve robust spectrum
utilization by providing simultaneous bidirectional transmis-
sions [16]. Therefore, research in RIS areas has received
significant interest, such as downlink and uplink wireless-
based RIS transmissions [17], [18], [19], optimizing phase-
shift configuration for spectral efficiency enhancement [20],
[21], [22], leveraging RIS for reliability and security trans-
missions [23], [24], [25], [26], and improving system energy
efficiency through simultaneously wireless information and
power transfer (SWIPT) mechanisms [27], [28], [29] and
wireless powered solutions [30].

With advancements in reflective and transmissive meta-
surfaces, an upgraded version of RIS called simultaneously
transmitting and reflecting RIS (STAR-RIS) has recently
appeared as an innovative approach that provides full 360-
degree coverage [31]. The feasibility of STAR-RIS is
showcased with mixed indoor and outdoor scenarios, and
what is unique about STAR-RIS is the way it splits the
incoming signal into two parts: 1) the transmitted sig-
nal, which aims at the region behind the RIS; and 2) the
reflected signal, which is directed towards the area in front
of the RIS. These are basically referred to as the refraction
region and the reflection region. Compared to traditional
RIS, this approach entails a significant enhancement in
terms of practicality and reliability [32]. Hence, research
on STAR-RIS has received considerable attention from the
scientific community under different perspectives, combina-
tion with energy-splitting, mode-switching (another version
called partitions), and time-splitting protocols [33], [34],
improving spectrum utilization with NOMA [35], enhanc-
ing URLLC networks [36], secured communication [37],
and towards sustainable and efficient communications with
SWIPT interaction [38], [39].
On another front, developing resource-efficient solutions

plays a pivotal direction in future communication networks.
By exploiting the availability of resource data within
networks, wireless caching technology helps bringing data
closer to users [40]. This strategy alleviates the burden on
base stations and network backhaul limitations. Based on
its implementations, caching methods fall into two cate-
gories: one relies on dedicated storage infrastructure like
content servers, aiming to pre-position data efficiently before
user requests [41]; and the other, known as caching-based
individual nodes [42], enables users to collaboratively share
available cached content using device-to-device (D2D) com-
munications and only communicate with base stations when
local options fail. Compared to the former [41], exploiting
the latter approach [42] yields more flexible and efficient
communications as it does not require any overhead for
network deployment. As a consequence, research on caching-
based individual nodes has been showing its feasibility
in a variety of contexts to enhance the system’s spec-
trum utilization [43], [44], [45], [46] and cell-edge users’
performance [47], [48], [49], [50]
From the aforementioned discussions, it is clear that

caching is a key part of future communication networks and
remains relatively unexplored in conjunction with emerg-
ing technologies, such as NOMA, STAR-RIS, and SWIPT.
In particular, as shown in [44], [45], exploiting caching
at nearby users in coordinated NOMA systems can effi-
ciently mitigate the impact of inter-relaying interference.
Meanwhile, the works in [48] confirmed that a cache-
equipped helper with SWIPT capability can reach the goal of
maximizing the sum rate while meeting minimum quality-of-
service (QoS) requirements. On the other hand, it was also
demonstrated in [49], [50] that the use of the caching solution
in wireless communication networks with SWIPT-enabled
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TABLE 1. Summary of literature: techniques and contributions.

NOMA signaling can not only improve spectrum utilization
but also achieve sustainable and energy-efficient communi-
cations. However, there is a fact that the adoption of SWIPT
might be not effective for devices equipped with caching
solutions when the source node has a small number of
antennas, especially the single-antenna cases. This is because
limited devices demand the use of higher signal fractions for
their information signal processing when dealing with the
SWIPT-based power-splitting (PS) relaying strategy, caus-
ing energy reduction for cooperative communications [51].
Similarly, for the SWIPT-based time-switching (TS) mecha-
nism, harvesting energy in a short time might also not have
enough power for caching-aided transmissions. Fortunately,
the presence of RIS, and in particular STAR-RIS, offers
an alternative solution. As pointed out in [27], the lifespan
of low-power IoT networks can be extended with SWIPT-
integrated RIS solutions. Similarly, the work in [28] revealed
that throughout the joint design of precoding matrices, RIS
matrix, and the PS ratio, SWIPT-enabled RIS can overcome
problems of nonlinear energy harvesting implementations.
Also, the realization of a SWIPT-based RIS solution can
improve the system performance when dealing with imper-
fect channel estimation procedures [29]. Furthermore, the
recent studies also verified that the integration of STAR-RIS
and SWIPT mechanisms can maximize the sum rate with TS

protocol [38] while also improving the efficiency of energy
transfer and task offloading in wireless-powered mobile edge
computing [38], [39].
However, the potential and efficient interplay of caching

and SWIPT solutions with STAR-RIS-based NOMA systems
has not been covered in the literature yet, to the best of
the authors’ knowledge. Motivated by this fact, this paper
considers the integration of NOMA, STAR-RIS, and SWIPT.

A. CONTRIBUTIONS AND OUTCOMES
The research conducted in this work delves into exploring the
potential of utilizing STAR-RIS-empowered NOMA systems
in conjunction with caching and SWIPT solutions. The pri-
mary objective is to leverage the availability of nearby users’
caching to enhance the performance quality of cell-edge
users. To address the power budget constraints, two energy
harvesting mechanisms, namely SWIPT-TS and SWIPT-PS,
are analyzed for nearby users. Additionally, to augment
the user’s communication quality in downlink/uplink and
ensure low-complexity implementations, STAR-RIS designs
are quantified using an energy-splitting (ES) protocol and
a suboptimal phase-shift alignment. To facilitate practical
implementations, a non-ideal SIC receiver is examined for
both nearby users and source nodes. The key contributions
of this paper can be summarized as follows:
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FIGURE 1. Illustration of the proposed transmission model.

• This work, for the first time, studies the performance of
STAR-RIS-empowered NOMA systems by relying on
caching and SWIPT at nearby users to enhance cell-
edge users’ performance while increasing the system’s
spectral utilization efficiently.

• Towards providing a comprehensive performance while
being aware of practical implementations, two quan-
titative SWIPT mechanisms, namely SWIPT-TS and
SWIPT-PS, are presented. Also, the implementation of
imperfect SIC and the alignment of discrete phase-shift
configurations at STAR-RIS have also been evaluated.

• Analysis of the proposed system with SWIPT-TS and
SWIPT-PS has been conducted in terms of OP and
effective EC, in which closed-form approximate expres-
sions are derived followed by an asymptotic analysis at
high signal-to-noise ratio (SNR) regime. Accordingly,
several discussions have been revealed to offer valuable
engineering insights into system designs.

• A performance study of STAR-RIS-empowered NOMA
and OMA has been conducted. Numerical results
confirm that: 1) With the proposed solution, the
performance of CE is improved significantly; 2)
Compared to SWIPT-TS, nearby users achieve more
efficient OP and EC performance when adopting
SWIPT-TS mechanisms. However, both techniques offer
comparable performance for cooperative communica-
tions; 3) As cell-edges’ performance is usually guar-
anteed, optimizing either the power budget or energy
harvesting factors can further improve the communica-
tion quality of nearby users in downlink transmissions
and source node in cooperative communications; 4) The
adoption of STAR-RIS with ES protocol provides better
OP and EC performance than those of mode-switching
and time-splitting ones; and 5) When SIC operations
are properly designed, STAR-RIS-empowered NOMA
outperforms OMA counterparts at most SNR regimes.

B. MATHEMATICS AND NOTATIONS
FX(·) and fX(·) are the cumulative distribution function
(CDF) and probability density function (PDF) of a random
variable X, respectively. �(·, ·) and �(·) are the corre-
sponding upper incomplete Gamma and Gamma functions.
G·,··,·(·| ······ ) and G···:···:······:···:···(· · · | · · · | · · · |·, ·) denote the Meijer-G

function [52, eq. (9.301)] and the extended generalized
bivariate Meijer-G function [53, eq. (3)], respectively. K0(·)
is the zero-order modified Bessel function of the second
kind [52, eq. (8.407.2)].

II. SYSTEM MODEL
A. SYSTEM DESCRIPTION
Let us consider a typical STAR-RIS empowered SWIPT
NOMA system, as shown in the right-hand side of Fig. 1,
which includes a single-antenna source (S), a nearby user
(N), a cell-edge user (F), and a STAR-RIS (R) with K
elements. In the considered system,1 there is no connection
between S and users due to blockages. N and F are placed
in refraction and reflection zones of STAR-RIS, respectively.
The STAR-RIS is established to assist the communication
from S to users as well as the cooperative communication
from N to S and F thanks to ES protocols [33], [34].
The communication is composed of two main stages, with

each stage having the same duration T . In the first stage,
with the assistance of R, the source node serves users simul-
taneously using NOMA. Then, while F with weaker channel
conditions retains the received signal for the second stage,
N with better channel conditions utilizes SIC to decode the
decoded message of F, then saves this message in its cache2

for the next process instead of removing them as in tradi-
tional thought [7], and finally decodes its own message. In
the second stage, N will exploit NOMA to superimpose its
feedback together with the prior decoded message of F and
then forward this superposition encoding to S and F thanks
to the aid of R. Following that, S uses SIC to separate
its received signal while F relies on a selection combining
technique to combine the previously received signal and the
newly incoming signal to increase its decoding probability.
However, N might have not enough energy to conduct the

cooperative communication due to a limited power budget.
Thus, it is assumed that N is equipped with SWIPT-TS
or SWIPT-PS receivers [28], [50] that enable it to harvest
energy from the reflective signal generated by STAR-RIS

1. When dealing with dynamic and dense networks that involve multiple
users and often encounter interference, the considered system can be
regarded as a fundamental block of hybrid OMA-NOMA schemes [54].

2. Exploiting caching gives more chances to improve cell-edge users’
performance, especially when RIS and cell-edge links are blocked.
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in the first communication stage, as shown in the left-hand
side of Fig. 1. Nevertheless, to give rise chance for N to
have sufficient harvested energy while also improving the
performance quality of users, STAR-RIS is established with a
large number of RIS elements, and the phase-shift alignment
must be configured so that the received channel at users is
maximized. Similar to [36], we consider the sub-optimal
phase-shift alignment to be tuned to the discrete phase-shift
model with low computational complexity. At STAR-RIS,
the diagonal phase shift matrix �s, which simultaneously
assists the intended messages of N (xn) in reflection zones
and F (xf ) in refraction zones, can be characterized by

�s = diag
(√
ηs1e

jφs1 ,

√
ηs2e

jφs2 , . . . ,

√
ηsKe

jφsK
)
,

where ηsk ∈ (0, 1] is the ES factor for signal xs ∈ {n, f } and
φsk ∈ (−π, π ] is the phase shift of the k-th RIS element, with
k = 1, 2, . . . ,K, and the ES factor must hold ηnk + η

f
k = 1.

The strategy for aligning φsk can be described as follows:
1) Reflective zones: φnk = − arg(gSR) − arg(gRN)+ φe; and
2) Refractive zones: φfk = gNF − arg(gRF) − arg(gNR) +
φe. Herein, φe represents the quantized phase-error, obeying
Uniform distribution U(−2−qπ, 2−qπ), with q being a finite
number of control bits.
Denote by hTxRx the fading coefficient of transmitter (Tx)-

receiver (Rx) links, where Tx, Rx ∈ {S,R,N,F}. hTxRx
obeys composite channel models and is mathematically rep-
resented by hTxRx = √

�TxRxgTxRx, where �TxRx stands
for large-scale fading while gTxRx presents the small-scale
Rayleigh fading3 with a unit scale parameter [17], [32],
[35], [36]. The channel gain |gTxRx|2 is an exponential ran-
dom variable with PDF of f|gTxRx|2(z) = exp(−z),∀z ≥ 0.
Throughout this work, suppose that all channel state
information (CSI) involving Tx-Rx links is statistically
acquired and available at the terminals via the handshak-
ing signal procedure [17], [18], [20], [21], [32], [33], [34],
[35], [36], [37], which is typically done before the com-
munication occurs, and the study of obtaining CSI is, thus,
beyond the scope of this work.
The proposed transmission model can be realized in

numerous practical scenarios of indoor, outdoor, mixed cellu-
lar and wireless IoT networks with the popularity of blocked
objects (i.e., warehouses, factories, homes, offices, or shop-
ping centres), where relay unit, access points, IoT devices,
and/or sink nodes directly harvest energy from the reflective
signals of STAR-RIS mounted on building, floor, window to
forward the sounding physical phenomenon data from cellu-
lar base station,a centre access point, IoT node, and/or sink

3. Rayleigh fading channel is a prevalent model that captures the effect
of numerous scatterers in propagation environments, such as buildings,
trees, or atmospheric particles. Analyzing the performance under Rayleigh
models can assess the resilience of a wireless system to multipath fading,
which frequently occurs in urban areas as well as indoor and outdoor
environments [24]. Furthermore, Rayleigh does not include any dominant
line-of-sight component; thus, it serves as a useful benchmark to compare
with other channel models, such as Rician or Nakagami-m [55].

node to the target destination while feedback its response to
source information nodes using NOMA.

B. SIGNAL MODEL, EFFECTIVE RATE, AND OUTAGE
EVENTS
1) SWIPT-TS CRITERION

In the first stage, S employs NOMA to encode xn and xf as
x = √

aPSxf+√
(1 − a)PSxn, where a is the power allocation

(PA) factor and PS is the transmit power of S, with E{|xn|2} =
E{|xf |2} = 1. In order to ensure the weaker user has detection
of its own signal, the power budget assigned to F is higher
than that of N, which means a ∈ (0.5, 1). Then, S sends the
symbol x to users. The received symbol at user W can be
expressed as

yW = hTSR�
shRWx+ nW , W ∈ {N,F} (1)

where nW ∼ CN (0, σ 2) is the additive white Gaussian
noise. During the transmission, N uses αT and (1 − α)T
time for energy harvesting and information process (IP),
respectively. The energy harvested at N is computed as
EN = ζαT|hTSR�nhRN |2PS, where ζ ∈ (0, 1) indicates
the energy conversion efficiency. N uses SIC to sepa-
rate xf and xn from yN in (1) with the corresponding
signal-to-interference-plus-noise ratios (SINRs) given by

γ
xf
N = aPS|hTSR�nhRN |2

(1 − a)PS|hTSR�nhRN |2 + σ 2
, (2)

γ
xn
N = (1 − a)PS|hTSR�nhRN |2

�NaPS|hTSR�nhRN |2 + σ 2
, (3)

where �N represents the remaining level of interference
caused by SIC imperfections. Instead of normally discard-
ing xf , N stores xf in its cache to improve F’s performance
through cooperative communication in the next phase. At F,
the SINR to decode xf from yF can be written as

γ
xf
F = aPS|hTSR�fhRF|2

(1 − a)PS|hTSR�fhRF|2 + σ 2
. (4)

In the second stage, N adopts NOMA to multiplex x̄f �
xf with its new feedback signal xs into x̄ = √

bPNx̄f +√
(1 − b)PNxs, where PN = EN/T = ζα|hTSR�nhRN |2PS and

E{|xs|2} = E{|x̄f |2} = 1. Taking it for granted that the power
budget assigned for x̄f is set higher than that of xs, i.e.,
b ∈ (0.5, 1). The received symbol at S and F can be written,
respectively, as

yS = hTNR�
nhRSx̄+ nS, (5)

yF =
(
hNF + hTNR�

fhRF
)
x̄+ nF, (6)

where nM ∼ CN (0, σ 2). The respective SINRs at S to detect
x̄f and xs transmitted from N can be written as

γ
x̄f
S = bPN |hTNR�nhRS|2

(1 − b)PN |hTNR�nhRS|2 + σ 2
, (7)

γ
xs
S = (1 − b)PN |hTNR�nhRS|2

�SbPN |hTNR�nhRS|2 + σ 2
, (8)
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where �S is the imperfect SIC indicator. Meanwhile, the
received SINR at F to detect x̄f can be given by

γ
x̄f
F = bPN |hNF + hTNR�

nhRF|2
(1 − b)PN |hNF + hTNR�

nhRF|2 + σ 2
. (9)

Then, two signals from S and N are evaluated at F based
on selection combining techniques with respective SINR as

γ e2e
F = max{γ xfF , γ

x̄f
F }. (10)

2) SWIPT-PS CRITERION

In the first stage, N harvests energy from yN in (1)
through the PS mechanism. In particular, the energy har-
vested by N is written as EN = ζβP|hTSR�nhRN |2T , where
β ∈ (0, 1) denotes the PS ratio. Thus, the received signal
for detecting information transmitted from S is given by
yN = √

1 − βhTSR�
nhRNx+ nN . Adopting SIC, the received

SINRs at N to detect xf and xn are expressed as

γ
xf
N = (1 − β)aPS|hTSR�nhRN |2

(1 − β)(1 − a)PS|hTSR�nhRN |2 + σ 2
, (11)

γ
xn
N = (1 − β)(1 − a)PS|hTSR�nhRN |2

�N(1 − β)aPS|hTSR�nhRN |2 + σ 2
. (12)

Similar to SWIPT-TS for the second stage, N employs
NOMA to forward x̄ to S and F with PN = EN/T =
ζβ|hTSR�nhRN |2PS. The received SINRs at S and F to detect
x̄f and xs are the same as those from (7) to (10).

3) EFFECTIVE RATES

Consider the decoding ability-based selective coopera-
tive communication [8], from the formulated SINRs
in (2), (3), (11), and (12), the effective rate of N condi-
tioned on the target rate threshold rf for decoding xf is
given by

RN =
{ω

2
R(
γ
xn
N

)
:
ω

2
R
(
γ
xf
N

)
≥ rf

}
, (13)

where 1/2 stands for the ratio between the consumed time
T and the total network duration 2T , R(γ ) = log2(1 + γ )

is the Shannon capacity formula, and ω represents SWIPT
operation mode. Herein, if SWIPT-TS is adopted, ω = 1−α.
Inversely, when SWIPT-PS is considered, ω = 1. Meanwhile,
the effective rates of S and F conditioned on the successful
decoding signals x̄f and xf are respectively determined as

RS =
{1

2
R(
γ
xs
S

)
:

1

2
R
(
γ
x̄f
S

)
≥ rf

}
, (14)

Re2e
F =

{1

2
R
(
γ
xf
F

)
:
ω

2
R
(
γ
xf
N

)
< rf

}⋃

{1

2
R
(
γ e2e
F

)
:
ω

2
R
(
γ
xf
N

)
≥ rf

}
. (15)

4) OUTAGE EVENTS

The outage event of a signal that is transmitted from the
transmitter to the receiver is identified if the achievable
information rate falls below a certain threshold rate [51].

Denote by rn and rs as the target rate thresholds for decod-
ing xn and xs, respectively. The outage event at N can be
defined as the unsuccessful decoding of either xn or xf . Using
complementary probability, the OP of decoding xn at N and
xs at S can be expressed, respectively, as

PNout = 1 − Pr

⎡

⎣ωR
(
γ
xn
N

)

2
≥ rn,

ωR
(
γ
xf
N

)

2
≥ rf

⎤

⎦, (16)

PSout = 1 − Pr

[R
(
γ
x̄f
S

)

2
≥rf ,

R(
γ
xs
S

)

2
≥ rs

]
. (17)

Further, the outage event at F to decode xf is determined by
two cases. First, when N fails to decode xf , the outage event
at F relies on γ

xf
F . Second, when N successfully decodes xf ,

the outage event depends on γ e2e
F . Considering the probabil-

ity at which N completes its decoding procedure, the outage
event at F is determined by

PFout = Pr

[
ωR(

γ
xn
N

)

2
≥ rn,

R(
γ e2e
F

)

2
< rf

]

+ Pr

[
ωR(

γ
xn
N

)

2
< rn,

R
(
γ
xf
F

)

2
< rf

]
. (18)

III. PERFORMANCE ANALYSIS
A. ANALYSIS OF THE CASCADED CHANNEL
DISTRIBUTION
Let us consider Xs � hTSR�

shRW , Yn � hTNR�
nhRS, and

Zf � hNF + hTNR�
fhRF . Through statistical tools, the CDFs

and PDFs of |Xs|2, |Yn|2, and |Zf |2 can be mapped into
Gamma distribution (See Appendix A) as

F|Xs|2(x) = 1 − �(κs, x/λs)/�
(
κs
)
, (19)

f|Xs|2(x) = xκs−1

�
(
κs
)(
λs
)κs exp(−x/λs), (20)

F|Yn|2(x) = FXn(y), f|Yn|2(x) = f|Xn|2(y), (21)

F|Zf |2(x) = 1 − �
(
τf , x/θf

)
/�

(
τf
)
, (22)

f|Zf |2(x) = xτf−1

�
(
τf
)(
θf
)τf exp

(−x/θf
)
, (23)

where κs, λs, τf , and θf are shown in (24)–(26), shown
at the bottom of the next page, respectively, with AsW �
√
ηsk�SR�RW and BfF �

√
η
f
k�NR�RF .

It is worth noting that the above CDFs and PDFs that
are mapped by |Xs|2, |Yn|2, and |Zf |2 into Gamma distri-
butions are general solutions and are still applicable for
Rician or Nakagami-m fading by only replacing the moments
of variables |[gSR]k|, |[gRW ]k|, |[gNR]k|, and |[gNF]|. These
fundamentals can be found in [56, Ch. 2.2.1].
To guide the right choice for practical implementation, it

is worthy to explore the STAR-RIS behavior.
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Lemma 1: Given that the number of STAR-RIS elements
K is large enough, one can deduce from (24) and (26) that

κs
K→∞
 (K − 1)2

2(2K + 1)
(
2−2q+4 − sin2 (2−qπ

)) , (27)

λs
K→∞
 2K

(
AsW

)2(1 − sin2 (2−qπ
))
(2K + 1)

2−2q+4(K − 1)
, (28)

τf
K→∞
 (K − 1)2 sin2(2−qπ

)

2(2K − 1)
(
2−2q+4 − sin2(2−qπ

)) , (29)

θf
K→∞


2K
(
BfF

)2
(2K − 1)

(K − 1)

(

1 − sin2(2−qπ
)

2−2q+4

)

. (30)

From Lemma 1, one can see that the characteristics of
the shape components are primarily dominated by K and
q, while those of scale components include K, q, and scale
parameters of channels AsW and BfF . Clearly, when q, AsW ,
and BfF are fixed, increasing K increases the shape and scale
components, improving consequently the envelope of the
cascaded channel distribution at the receiving nodes.
Lemma 2: Given that the number of control bits q is large

sufficiently (i.e., q → ∞), one has that 2−q → 0; thus,
sin (2−qπ) → 2−2qπ2. From (24) and (26), one can achieve

κs
q→∞→

(
1 + (K − 1) π

2

16

)2

2
(

1 − π2

16

)(
1 + (2K + 1) π

2

16

) , (31)

λs
q→∞→

2K
(
AsW

)2
(

1 − π2

16

)(
1 + (2K + 1) π

2

16

)

(
1 + (K − 1) π

2

16

) , (32)

τf
q→∞


(
π
4

√
�NFπ+(K−1)BfF

π2

16 +BfF + �NF

KBfF

)2

⎡

⎢
⎢
⎣

2BfF

(√
�NFπ

π
2 + (2K − 1)BfF

π2

16 + BfF

+�NF

KBfF

(
1+ π

4

))
(

1− π2

16 + �NF

K
(
BfF

)2

(
1− π

4

)
)

⎤

⎥
⎥
⎦

, (33)

θf
q→∞


2K
(
BfF

)2
(

1 − π2

16 + �NF

K
(
BfF

)2

(
1 − π

4

)
)

(
π
4

√
�NFπ + (K − 1)BfF

π2

16 + BfF + �NF

KBfF

)

(
π

√
�NFπ

2
+ (2K−1)

BfFπ
2

16
+ BfF +�NF

(
1 + π

4

)

KBfF

)

. (34)

Lemma 2 shows that the shape and scale components
converge to a constant value which is determined by the
key parameters: K, AsW , B

f
F , and �NF . From the derived

asymptotic expressions, one can readily capture the optimal
envelope of the cascaded channel distribution at the receiving
nodes under optimal phase-shift configuration in [32], [35],
[36]. Thus, one can determine the required number of control
bits without performing optimal analysis or simulation.
Since the proposed approaches do not involve any square

root in terms of CDFs and PDFs as in [17], [18], it becomes
particularly effective in simplifying the system analysis.

B. OUTAGE PERFORMANCE ANALYSIS
1) OP ANALYSIS AT N

On the foundation of (16), closed-form expressions for the
OP of N are derived in the following theorem.
Theorem 1: Assuming that a(�f +1)−�f > 0 and 1−a−

�Na�n > 0 are legitimate, the closed-form OP expression
of decoding xn at N can be represented as

PNout = 1 − 1

�(κn)
�

(
κn,

max{δf , δn}
λnκρ

)
, (35)

where κ = 1 and κ = 1−β apply to SWIPT-TS and SWIPT-
PS, respectively, δf � �f

a(�f+1)−�f and δn � �n
1−a−�Na�n with

�f � 22rf /ω − 1 and �n � 22rn/ω − 1, and ρ � PS/σ 2.
Proof: See Appendix B-A.
Theorem 1 indicates that the OP of N in (35) is indeed

a function of the key distribution parameters, including the
threshold rates rn and rf , the TS/PS coefficient α/β, the
imperfect SIC indicator �N , the SNR value ρ, the PA factor
a, the number of RIS elements K, the number of control

κs =
(

1 + (K − 1)
sin2 (2−qπ)

2−2q+4

)2

2

(
1 − sin2 (2−qπ)

2−2q+4

)(
1+ (2K + 1)

sin2 (2−qπ)
2−2q+4

) , λs =
2K

(
AsW

)2
(
1 − sin2 (2−qπ)

2−2q+4

)(
1 + (2K + 1)

sin2 (2−qπ)
2−2q+4

)

(
1 + (K − 1)

sin2 (2−qπ)
2−2q+4

) , (24)

τf =

(
sin(2−qπ)

2−q+2

√
�NFπ + (K − 1)BfF

sin2(2−qπ)
2−2q+4 + BfF + �NF

KBfF

)2

2

(
BfF

(
1− sin2(2−qπ)

2−2q+4

)
+ �NF

KBfF

(
1 − π

4

))(√
�NFπ

sin(2−qπ)
2−q+1 + (2K− 1)BfF

sin2(2−qπ)
2−2q+4 + BfF + �NF

KBfF

(
1 + π

4

)), (25)

θf =
2K

(
BfF

)2
(

1− sin2(2−qπ)
2−2q+4 + �NF

K
(
BfF

)2

(
1− π

4

)
)(√

�NFπ
sin(2−qπ)

2−q+1 + (2K− 1)BfF
sin2(2−qπ)

2−2q+4 + BfF + �NF

KBfF

(
1 + π

4

))

sin(2−qπ)
2−q+2

√
�NFπ + (K − 1)BfF

sin2(2−qπ)
2−2q+4 + BfF + �NF

KBfF

. (26)
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bits q, the ES coefficient ηk, and scale fading parameters of
S− R and R− N links. From (35), one can recognize that:

• For network requirements, when rf > rn, the OP of N
is independent of rf . Thus, when rn decreases (i.e., �f
reduces), the OP of N improves, which is in accordance
with the fact that the lower data rate reduces the chances
of outages. However, when rf < rn, the OP of N is
highly dominated by rf . In particular, the higher the
data rate rf , the higher decoding errors of xf occur,
which increases the OP of N.

• For SWIPT, in the TS case, as α increases, the factor �f
increases, while for the PS case, the factor κ reduces
with the increase of β. These shed light on the fact that
there is a performance trade-off between the energy
harvesting process and data transmission. In particular,
the more energy is harvested, the more data transmission
is degraded, leading to a reduction in the OP of N in the
first stage. In return, the performance quality of both S
and F is enhanced in the second stage.

• For SIC process, it is clear that for given rf = rn, when
�N increases, the value of 1 − a − �Na�n becomes
smaller, which means that 1/[a(�f + 1)− �f ] < 1/[1 −
a−�Na�n]. This results in an increase in the OP of N.
Therefore, there is a need for the quality improvement
of SIC design to achieve better outage performance.

• For SNR settings, when ρ increases, the OP of N
consequently decreases, which reflects the fact that out-
age events reduce with the higher transmit power P.
Interestingly, increasing ρ to infinite (1/ρ → 0), the
OP tends to zero due to �(κn, 0) = �(κn).

• For power allocation, it is pointed out from (24) that
there exists a PA trade-off to the OP of N. More
precisely, when max{δf , δn} = δf , increasing a decreases
the OP of N due to decrease in δf . In contrast, the OP
of N is improved due to the increase in δn.

Corollary 1: At high SNR (i.e., ρ → ∞), considering the
first-order series representation in [52, eq. (8.354.2)], the OP
of decoding xn at N in (35) can be simplified as

PN,∞out 
 1

�
(
κn + 1

)
(

max{δf , δn}
λnκρ

)κn
. (36)

Remark 1: The above results show that PN,∞out ∝ 1/ρκn .
Therefore, the diversity gain of κn can be achieved at N.
Herein, one can recognize that the characteristic of diversity
gain depends on two properties of STAR-RIS designs: on the
one hand, it suffers from the number of STAR-RIS elements
K and, on the other hand, it is dominated by the number of
control bits q, which can be found in Lemmas 1 and 2.

2) OP ANALYSIS AT S

From the outage event formulated in (17), the accurate OP
of F can be evaluated in the following theorem.
Theorem 2: Knowing that b(�̄f + 1)− �̄f > 0 and 1 −a−

�Sb�̄n > 0, a closed-form OP expression of decoding xs at

S can be derived as

PSout = 1 − 1

�(κn)
2
G3,0

1,3

(
max{δ̄f , δ̄n}
νλ2

nρ

∣∣∣
1

κn, κn, 0

)

, (37)

where δ̄f � �̄f

b(�̄f+1)−�̄f and δ̄n � �̄n
1−b−�Sb�̄n with �̄f � 22rf −

1 and �̄n � 22rs − 1. If SWIPT-TS is adopted, ν = ζα,
otherwise, ν = ζβ.
Proof: See Appendix B-B.
As observed in Theorem 2, the OP of S is a function

of rs, rf , the TS/PS coefficient α/β, the energy conversion
efficiency ζ , the imperfect SIC indicator �S, the SNR value
ρ, the PA factor b, the number of antennas N, the number
of control bits q, the ES coefficient ηk, and scale fading
parameters S−R links and R−N links. Some useful insights
from Theorem 2 can be drawn as follows:

• The larger the transmit power (i.e., when ρ increases),
the lower the OP of S incurs.

• When rs < rf , decreasing rs improves the OP of S.
Inversely, the OP of S increases with increasing rf .

• When the SIC imperfection levels increase, the OP of
S also increases.

• Improving the energy harvesting capabilities α/β (or
for increased energy conversion efficiency factor ζ ),
the OP of S also improves.

Corollary 2: By applying the series representation in
[52, eq. (9.33.1)], PSout in (37) can be further simplified as

PS,∞out 
 1

�(κn)
2ρκn

(
νλ2

n

)κn

∞∑

m=0

1

m!
(1 − κn)

m

× G3,0
1,3

(
max{δ̄f , δ̄n}

∣
∣∣

1
κn + m, κn, 0

)
. (38)

Remark 2: Obviously, PS,∞out ∝ 1/ρκn , which concludes
that the diversity gain of κn can be achieved at S.

3) OP ANALYSIS AT F

From the outage event in (18), the OP expression of F can
be presented in the following theorem.
Theorem 3: The closed-form expression for the OP of F

can be written as

PFout=
⎧
⎨

⎩

�1�2, �f <
a

1−a ∧ �̄f < a
1−a ∧ �̄f < b

1−b ,
�1, �f >

a
1−a ∧ �̄f < a

1−a ∨ �̄f < b
1−b ,

1, �f >
a

1−a ∧ �̄f > a
1−a ∧ �̄f > b

1−b ,
(39)

where

�1 = 1 − 1

�
(
κf
)�

(
κf ,

δ̂f

λfρ

)
,

�2 = 1 − 1

�(κn)�
(
τf
)G3,0

1,3

(
δ̄f

νθfλnρ

∣∣∣
1

κn, τf , 0

)
+ 1

�
(
τf
)

L∑

l=1

πδf

√
1 − χ2

l ψ
κn−1
l

2L�(κn)κρλ
κn
n

exp(−ψl/λn)�
(

τf ,
δ̄f

θfρνψl

)

,

with δ̂f � �̄f

a(�̄f+1)−�̄f , χl = cos((2l − 1)π/2/L), ψl =
δf /κρ(χl + 1)/2, and L being the accuracy trade-off factor.
Proof: See Appendix B-C.
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Since the OP form of F in Theorem 3 seems quite dif-
ficult to infer the key impact of crucial parameters on its
outage behavior, it is worthy to explore whether there are
any alternative solutions to derive OP in a simpler manner.
Theorem 4: Suppose that N always detects xf success-

fully in the first stage, the outage at F only happens if
max{γ xfF , γ

x̄f
F } < �̄f , yielding the lower bound OP

PFout = F|Xf |2
(
δ̄f

ρ

)∫ ∞

0
F|Xn|2

(
δ̄f

νρz

)

f|Zf |2(z)dz

=
[

1 − 1

�
(
κf
)�

(
κf ,

δ̄f

λfρ

)]

[

1 − 1

�(κn)�
(
τf
)G3,0

1,3

(
δ̄f /θf

νλnρ

∣∣
∣

1
τf , κn, 0

)]

. (40)

At high SNR (i.e., ρ → ∞), by applying the first-order
series representation in [52, eqs. (8.354.2) and (9.33.3)], the
OP of F in (40) can be asymptotically simplified as

PF,∞out 

(
δ̄f /λf

)κf

�
(
κf + 1

)
ρκf

1/
(
νλnθf

)τf

�(κn)�
(
τf
)
ρτf

∞∑

m=0

(1 − κn)
m

m!

G3,0
1,3

(
δ̄f

∣∣∣
1

τf + m, κn, 0

)
. (41)

As can be seen in (41), the OP of F is improved with an
increase of ρ, rf , harvesting energy coefficients (i.e., α/β),
as well as the improved energy conversion efficiency.
Theorem 5: Consider the hypothesis that N always fails

to detect xf in the first stage, the OP of F only happens if
γ
xf
F < �̄f . Thus, the upper bound OP of F is given by

PFout 
 Pr
[
γ
xf
F < δ̂f

]
= 1 − 1

�
(
κf
)�

(
κf ,

δ̂f

λfρ

)
. (42)

At high SNR regime, using the first-order series repre-
sentation in [52, eq. (8.354.2)], the OP of F in (42) can be
asymptotically simplified as

PF,∞out 

(
δ̂f /λf

)κf
/
[
�
(
κf + 1

)
ρκf

]
. (43)

Remark 3: The results in (41) and (43) confirm that the
diversity order of F is either κf or (τf + κf ).

C. EFFECTIVE ERGODIC CAPACITY ANALYSIS
1) EFFECTIVE ERGODIC CAPACITY AT N

With the knowledge of the threshold rates rf and rn and the
received power distribution at N, the effective EC of N can
be rewritten from (13) as

R̄N = ω

2
E

{
log2

(
1+ (1 − a)κρ|Xn|2

a�Nκρ|Xn|2 + 1

)}
Pr

[
|Xn|2 ≥ δf

κρ

]

= ω

2 ln 2

∫ ∞

0
ln

(
1 + (1 − a+ a�N)κρx

1 + a�Nκρx

)
f|Xn|2(x)dx

×
[
1− F|Xn|2

( δf
κρ

)]
. (44)

Making the use of identities ln( 1+x
1+y ) = ln(1+x)−ln(1+y)

and ln(z + 1) = G1,2
2,2(z| 1,1

1,0 ) and then plugging f|Xn|2(·)
and F|Xn|2(·) into the above, one can get the following
proposition, thanks to [52, eq. (7.813.1)].
Proposition 1: An exact closed-form expression for the

effective EC at N can be derived as

R̄N = ω

2 ln 2

[
G1,3

3,2

(
(1 − a+ a�N)λnκρ

∣∣
∣
1 − κn, 1, 1

1, 0

)

− G1,3
3,2

(
a�Nλnκρ

∣∣
∣
1 − κn, 1, 1

1, 0

)]�
(
κn,

δf
κλnρ

)

�(κn)�(κn)
. (45)

At high SNR regime, i.e., ρ → ∞, making use of the
fact that x + 1 
 x as x → ∞ and the first-order series
representation in [52, eq. (8.354.2)] for small x, the effective
EC at N in (43) can be asymptotically approximated as

R̄∞
N = ω

2
{log2

(
1 + 1 − a

a�N

)
Pr

[
|Xn|2 ≥ δf

κρ

∣
∣∣ρ → ∞

]

= ω

2
log2

(
1 + 1 − a

a�N

)[

1 −
(
δf /[κλnρ]

)κn

�
(
κn + 1

)

]

. (46)

The above expression reveals that:

• The longer the splitting time α (i.e., ω = 1 − α) or the
larger the splitting signal portion β (i.e., κ = 1 − β)

for the EH process, the lower the effective EC incurs.
• The larger the transmit power (i.e., ρ), the higher the
effective EC; however, when ρ 
 ∞, the effective EC
saturates.

• The larger the PA factor a, the smaller the effective EC.
• The higher the residual SIC level �N , the smaller the
effective EC.

2) EFFECTIVE ERGODIC CAPACITY AT S

From (14), the effective EC of S can be rearranged as

R̄S = 1

2
E

{
log2

(
1+ (1 − b)νρ|Xn|2|Yn|2

b�Sνρ|Xn|2|Yn|2 + 1

)}

× Pr

[
|Xn|2|Yn|2 ≥ δ̄f

νρ

]

= 1

2 ln 2

∫ ∞

0
ln

(
1 + (1 − b)νρx

1 + b�Sνρx

)
f|Xn|2|Yn|2(x)dx

︸ ︷︷ ︸
I1

×
∫ ∞

0

[

1− F|Yn|2
(
δ̄f

xνρ

)]

f|Xn|2(x)dx
︸ ︷︷ ︸

I2

. (47)

To solve (47), we consider the following PDF

f|Xn|2|Yn|2(z)dx =
∫ ∞

0
f|Xn|2(x)dxf|Yn|2(z/x)

1

x
dx

= zκn−1

�(κn)
2(λn

)2κn
2K0

(
2
√
z/λ2

n

)
. (48)
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Using [52, eq. (3.471.9)], I1 in (47) can be reformulated as

I1 = 2
∫ ∞

0
ln

(
1 + (1 − b)νρx

1 + b�Sνρx

)xκn−1K0

(
2
√

x
λ2
n

)
dx

�(κn)
2(λn

)2κn

= 2
∫ ∞

0
ln

(
1 + (1 − b)νρλ2

nz

1 + b�Sνρλ2
nz

)
zκn−1K0

(
2
√
z
)

�(κn)
2

dz. (49)

Meanwhile, I2 in (47) can be rewritten as

I2 =
∫ ∞

0
�

(

κn,
δ̄f

xλnνρ

)
xκn−1 exp

( − x
λn

)

�(κn)
2λ
κn
n

dx. (50)

Following the identities ln( 1+x
1+y ) = ln(1 + x)− ln(1 + y) and

ln(z+ 1) = G1,2
2,2(z| 1,1

1,0 ) and invoking [52, eqs. (7.821.3) and
(9.31.2)], one can attain the solution for I1, whereas I2 can
be solved using the same derivation as in (B.2). After some
algebraic steps, one can get the following proposition.
Proposition 2: An exact closed-form effective EC expres-

sion for S can be derived as

R̄S = 1/[2 ln 2]

�(κn)
4

[
G4,1

2,4

(
1/

[
λ2
nνρ

]

1 − b+ b�S

∣
∣∣

0, 1
κn, κn, 0, 0

)

− G4,1
2,4

(
1

b�Sλ2
nνρ

∣
∣∣

0, 1
κn, κn, 0, 0

)]
G3,0

1,3

(
δ̄f

νλ2
nρ

∣
∣∣

1
κn, κn, 0

)

. (51)

At high SNR regime, i.e., ρ → ∞, using the approx-
imation x + 1 
 x as x → ∞, the equivalent outcome
|Xn|2|Yn|2 
 |Xn|4 (this is because channels from the source
to the near user and vice versa do not differ too much), and
the first-order series representation in [52, eq. (8.354.2)] for
small x, the effective EC at S in (47) can be asymptotically
approximated as

R̄S = 1

2
log2

(
1 + 1 − b

b�S

)
Pr

[
|Xn|2 ≥

√
δ̄f

νρ

∣∣∣ρ → ∞
]

= 1

2
log2

(
1 + 1 − b

b�S

)[

1 −
(
δ̄f /[λnνρ]

)κn/2

�
(
κn + 1

)

]

. (52)

The outcome in (52) points out that:
• The longer the splitting time α or the larger the splitting
signal portion β or the energy conversion efficiency ζ ,
the smaller the effective EC of S.

• The effective EC of S improves in low and moderate
SNR regimes but saturates at high SNR regime, which
can be verified by considering ρ 
 0.

• As the remaining residual interference �S increases, the
effective EC decreases.

• Allocating a higher power budget for F’s signals (i.e.,
b) reduces the effective EC of S.

3) EFFECTIVE ERGODIC CAPACITY AT F

From (15), the effective EC of F can be rewritten as

R̄F =
{1

2
R
(
γ
xf
F

)
:
ω

2
R
(
γ
xf
N

)
< rf

}⋃

{
R
(
γ
xf
F

)
+ R

(
γ
x̄f
F

)

− R
(

min
{
γ
xf
F , γ

x̄f
F

})
:
ω

2
R
(
γ
xf
N

)
≥ rf

}

= 1

2
E
{

log2
(
1 + γ

xf
F

)}

︸ ︷︷ ︸
Q1

+1

2

[
E
{

log2
(
1 + γ

x̄f
F

)}

︸ ︷︷ ︸
Q2

− E
{

log2
(
1 + min{γ xfF , γ

x̄f
F })}

︸ ︷︷ ︸
Q3

][
1 − F|Xn|2

( δf
κρ

)]
.

(53)

Similar to the integral in (44) for Q1 and the integral
in (49) for Q2, the solutions for Q1 and Q2 are given by

Q1 = E

{
log2

(
1 + aρ|Xf |2

(1 − a)ρ|Xf |2 + 1

)}

= 1

ln 2

∫ ∞

0
ln

(
1 + ρx

1 + (1 − a)ρx

)
f|Xf |2(x)dx

= 1

ln 2�
(
κf
)
[
G1,3

3,2

(
λfρ

∣∣∣
1 − κf , 1, 1

1, 0

)
−

G1,3
3,2

(
(1 − a)λfρ

∣∣
∣
1 − κf , 1, 1

1, 0

)]
, (54)

Q2 = E

{
log2

(
1 + bνρ|Xn|2|Zf |2

(1 − b)νρ|Xn|2|Zf |2 + 1

)}

= 1

ln 2

∫ ∞

0
ln

(
1 + νρz

1 + (1 − a)νρz

)
f|Xn|2|Zf |2(z)dz

= 1

ln 2�
(
τf
)
�(κn)

[
G4,1

2,4

(
1

λnθf νρ

∣∣
∣

0, 1
τf , κn, 0, 0

)

−G4,1
2,4

(
1

(1 − b)λnθf νρ

∣∣∣
0, 1

τf , κn, 0, 0

)]
. (55)

Meanwhile, following a partial-integral-by-part
approach [57, eq. (27)], the solution for Q3 can be
given by

Q3 = 1

ln 2

∫ ∞

0

1 − Fγmin
F
(x)

1 + x
dx, (56)

where the CDF of γmin
F = min{γ xfF , γ

x̄f
F } can be derived as

Fγmin
F
(x) = 1 − Pr

[
γ
xf
F > x

]
Pr
[
γ
x̄f
F > x

]

= 1 −
[
1 − F|Xf |2

(
x

[a− (1 − a)x]ρ

)]

∞∫

0

[
1 − F|Zf |2

(
x/[νρ]

[b− (1 − b)x]y

)]
f|Xn|2(y)dy

= 1 − 1

�
(
κf
)
�(κn)�

(
τf
)�

(
κf ,

x/
[
λfρ

]

a− (1 − a)x

)

×G3,0
1,3

(
x/
[
νθfλnρ

]

b− (1 − b)x

∣∣
∣

1
κn, τf , 0

)
. (57)

The above integral can be solved by performing the anal-
ysis similar to (B.2). Note that Fγmin

F
(x) only holds when

x < min{a/(1 − a), b/(1 − b)}, otherwise, Fγmin
F
(x) = 1.
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Accordingly, Q3 can be rewritten as

Q3 = 1

�
(
κf
)
�(κn)�

(
τf
)

ln 2

min{ a
1−a ,

b
1−b }∫

0

1

1 + x

�

(
κf ,

x/
[
λfρ

]

a− (1 − a)x

)
G3,0

1,3

(
x/
[
νθfλnρ

]

b− (1 − b)x

∣∣∣
1

κn, τf , 0

)
dx.

(58)

The integral of Q3 is determined by two cases. For case I,
taking it for granted that (a = b), yielding min{ a

1−a ,
b

1−b } =
a/(1 − a). By performing the variable transformation y =
x/[a+ (1 − a)x], Q3 can be expressed as

Qa=b3 = a

1 − a

∞∫

0

�
(
κf ,

y
λf ρ

)
G3,0

1,3

(
y/[νθf ]
λnρ

∣
∣∣

1

κn, τf , 0

)

(y+ 1)
(
y+ 1

1−a
) dy

=
[
G1,1:2,0:3,0

1,1:1,2:1,3

(
0

0

∣∣∣
1

κf , 0

∣∣∣
1

κn, τf , 0

∣∣∣
1

λf ρ
,

1

νθf λnρ

)

−G1,1:2,0:3,0
1,1:1,2:1,3

(
0

0

∣∣
∣

1

κf , 0

∣∣
∣

1

κn, τf , 0

∣∣
∣

1

(1 − a)λf ρ
,

(
νθf

)−1

(1 − a)λnρ

)]
,

(59)

where the last step is attained by making the follow-
ing steps: 1) Conducting partial fraction decomposition for
1/(y + 1)/(y + 1/(1 − a)) = (1 − a)/a[1/(y + 1) − 1/(y +
1/(1−a))]; 2) Carrying out three transformations (y+1)−1 =
G1,1

1,1(y| 0
0 ), (y + 1

1−a )
−1 = (1 − a)G1,1

1,1((1 − a)y| 0
0 ), and

�(κf ,
y
λf ρ
) = G2,0

1,2(
y
λf ρ

| 1
κf ,0 ); and 3) Using the identity [58,

eq. (07.34.21.0081.01)].
For case II (a �= b), it is not possible to achieve the exact

closed-form solution for Q3. We tackle such challenges using
the Riemann integral approximation method as in [51, eq.
(46)] for finite integral approximation, yielding

Qa �=b3 = 2 min{ a
1−a ,

b
1−b }(

min{ a
1−a ,

b
1−b } + 2

)�
(
κf ,

min{ a
1−a ,

b
1−b }

2λfρ

)

×G3,0
1,3

(
min{ a

1−a ,
b

1−b }
2νθfλn

∣
∣∣

1
κn, τf , 0

)
. (60)

Proposition 3: Based on the developed above, closed-
form approximation expression for the effective EC of F
can be derived as

R̄F = 1

2
Q1 + 1

2

[
Q2 − Q3

] 1

�(κn)
�

(
κn,

δf

κλfρ

)
, (61)

where

Q3 = 1

�
(
κf
)
�(κn)�

(
τf
)

ln 2

{
Qa=b3 , If a = b,

Qa �=b3 , If a �= b.

At high SNR regime, i.e., ρ → ∞, using the approx-
imation x + 1 
 x as x → ∞ and the first-order series
representation in [52, eq. (8.354.2)] for small x, the effective
EC at F in (53) can be asymptotically approximated as

R̄F = 1

2
log2

(
1 + a

1 − a

)(
δ̄f /[κλnρ]

)κn

�
(
κn + 1

) + 1

2
log2

(
1 + max

{ a

1 − a
,

b

1 − b

})[

1 −
(
δ̄f /[κλnρ]

)κn

�
(
κn + 1

)

]

. (62)

The obtained EC expression in (62) indicates that:
• When the term max{ a

1−a ,
b

1−b } = a
1−a occurs, the

effective EC of S becomes constant, represented by
1
2 log2(1 + a

1−a ). This means that the effective EC is
not affected by any distributed system parameter.

• At max{ a
1−a ,

b
1−b } = b

1−b , there exists a trade-off
between the cooperative communication from N and
direct communication from S. This is because increasing
the transmit SNR reduces the upper component in (62)
but increases the lower component of (62), and a sim-
ilar clarification can also be found when evaluating α,
β, and ζ in the term of ν.

IV. NUMERICAL RESULTS AND DISCUSSIONS
This section presents some illustrative numerical examples
and Monte Carlo simulations to corroborate the obtained the-
orems and propositions in Section III. Considering pathloss
propagation, i.e., �TxRx = (1 + dTxRx/d0)

−ε [43], where
dTxRx represents the physical distance between Tx and Rx
nodes, d0 is the reference distance, and ε is the pathloss
exponent.4 Without loss of generality, the system is set up
as follows: 1) Location in 2D meter-scale: S(0, 0), R(30, 30),
N(50, 0), and F(50, 50); 2) Reference distance and path loss
coefficient: d0 = 30 m and ε = 3 [43]; 3) STAR-RIS
design: {ηsk}Kk=1 = 0.25 [32], [34]; 4) EH circuit quality:
ζ = 0.8 [57]; and 5) Accuracy trade-off parameter: L = 10.

A. VALIDATION OF THE CASCADED CHANNEL
DISTRIBUTION
Section III-A provides the CDFs and PDFs of |Xs|2, |Yn|2,
and |Zf |2 in Eqs. (19)-(23). The derivations of these CDFs
and PDFs are obtained based on the moment-matching
approach. In order to validate these, Fig. 2 illustrates the
simulated CDFs and PDFs of |Xs|2, |Yn|2, and |Zf |2 and
compares them against the corresponding analytical expres-
sions. In Fig. 2(a), it is observed that when q is small, the
analytical CDFs slightly deviate from the simulated CDFs.
In contrast, when q becomes larger, the CDFs improve. This
is because using control bits q can help mitigate the impact
of residual error phases, leading to great agreement between
the analytical CDFs and the simulated ones. Also, we can see
that the analytical CDF for the case of q = 4 approaches the
case of q = ∞ (known as perfect phase-shift alignment [32],
[35], [36]) and the gap is quite small. This means that using
more than 4-bit control does not yield much more chan-
nel gain improvement. Next, in Fig. 2(b), we quantify the
analytical PDFs with the simulated CDFs. From the figure,
it is clear that the developed PDFs with q = 4 provide
comparative accuracy with the simulated PDFs.

4. Note that since the developed expressions are a unique function of
users’ distance that are static within each certain time interval and can
be known via feedback CSI procedure, it is possible to reproduce the
performance of the considered system by changing the input of distance
parameters according to the rapid change of the user’s position without any
challenges.

VOLUME 5, 2024 389



VU et al.: STAR-RIS EMPOWERED NOMA SYSTEMS WITH CACHING AND SWIPT

FIGURE 2. Illustration of the developed CDFs and PDFs in Eqs. (19) –(23) by assuming K = 32.

FIGURE 3. OP versus SNR: a) Effect of K and b) OP comparison with different STAR-RIS protocols.

B. OUTAGE PERFORMANCE EVALUATION
Fig. 3 plots the OPs of N, S, and F as a function of transmit
SNR ρ under varying STAR-RIS element settings, where the
numerical results are produced by setting a = 0.8, b = 0.6,
�N = �S = 0.01, α = β = 0.5, q = 4, rf = 0.5, rn = 0.75
bps/Hz, and rs = 1.5 bps/Hz. It is observed from the figure
that the analytical outcomes (solid lines) show good approx-
imation with the simulation results (markers). It is also seen
from Fig. 3(a) that the OP improves with the increase in the
transmit SNR and quickly converges to zero at high SNR
regime. This means that the higher the transmitted SNR,
the higher the reliability of the transmission. In addition, the
results also indicate that the OP decreases with increasing K.
In particular, when increasing K from 16 to 48, the system
can save over the transmit SNR up to 10 dB with N and
F while reaching out 20 dB of transmit SNR with S. This
sheds light on the fact that increasing K can not only improve
the reliability of transmission but also efficiently save the
power budget for 6G green communication. In Fig. 3(b), it

can be seen that exploiting the proposed ES protocols for
STAR-RIS design shows superior outage performance com-
pared to two benchmark protocols, mode-switching (labeled
by “Mode.”) and time-splitting (labeled by “Time.”), when
SWIPT-PS is exploited at N. This is because, in “Mode.”
protocols, the number of STAR-RIS elements used for reflec-
tive and reflection zones is reduced by half. Meanwhile, for
“Time.” protocols, the communication quality decreases sig-
nificantly due to increased transmission delay, causing more
error probability and thus increasing OP.
Fig. 4 shows the impact of the EH coefficient α (or β)

and target rates rf on the OPs of N, S, and F, where K = 48,
a = 0.8, b = 0.6, and rf = rs = 0.5 bps/Hz. In Fig. 4(a),
by letting ρ = 7.5 dB, rf = 0.5, and �N = �S = 0.01,
it is observed that when α (or β) increases, the time dura-
tion/power portion available for the EH process at N becomes
larger, which increases the transmit power for the superposi-
tion coding of S and F. As a consequence, the OPs of S and
F are improved. In particular, there exists an optimal point at
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FIGURE 4. Effects of the EH coefficients and cell edges’ target rate on the OP.

FIGURE 5. Effects of PA factors on the OP performance.

which the OP of F can be minimized. This is because the OP
of F counts the outage event based on the decoding ability
at N. On the one hand, when α (or β) is small, N is highly
capable of decoding F’s signal, but the harvested energy is
quite small for serving cooperative communication. Thus,
F can only rely on the SINR from direct communication,
resulting in the constant OP. On the other hand, when α (or
β) becomes larger, i.e., more energy harvests, F has a chance
to improve its performance through cooperative communi-
cation, leading to OP improvement. However, it is worth
noting that making α (or β) too large also increases the
duration of the power portion used for information process-
ing at N, which leads to an increase in its OP. In this case,
F decodes its message from direct communication without
any improvement. Moreover, exploiting PS protocols at N
shows better performance than that of TS. This is because
the use of PS protocols only reduces the quality of the
received SINR, while for TS protocols, it directly causes

a larger threshold decision � for decoding xf and xn, lead-
ing to poor OP performance for N. In Fig. 4(b), by letting
ρ = 10 dB, α = β = 0.5 and �N = �S = 0, it is evident
that when rf becomes large, the chance of error in decoding
increases, this increases the OPs of N and S. Meanwhile,
the OP curves of F increase with rf due to an increase in
error data transmission probability.
Fig. 5 plots the OPs of N, S, and F as a function of PA

factors a (or b) under settings of ρ = 15 dB, α = 0.3,
β = 0.7, �N = �S = 0.01, K = 32, rf = 0.5 bps/Hz, and
rs = rn = 0.75 bps/Hz. It is evident that smaller values of
a (or b) result in an increased power budget allocated to N
(or S)’s signal, decreasing the OP of N (or S), as depicted
in Fig. 5(a). As a (or b) increases, the amount of power
allocated to F increases, leading to a decrease in the OP of
F, as depicted in Fig. 5(b). Both of these events reduce the
OP of the system. Thus, there exists an optimal value a (or
b) that minimizes system outage performance.
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FIGURE 6. Effective EC of nodes: a) Effect of ρ on and b) ESC comparison.

FIGURE 7. Effective ESC of nodes: a) ESC under different STAR-RIS protocols and b) Effects of α/β.

C. EFFECTIVE EC EVALUATION
By assuming that the threshold rates are rf = rn = rs = 0.5
bps/Hz, Figs. 6-8 will first explore the impact of transmit
SNR on the effective EC, then compare ergodic sum capacity
(ESC) between NOMA and OMA, and finally observe the
influence of PA factors and EH coefficients on ESC.
In Fig. 6, the effective EC is plotted as a function of

transmit SNR ρ, where a = 0.8, b = 0.6, α = β = 0.5,
�N = �S = 0.01, and K = 48. It is observed from
Fig. 6(a) that the effective ECs of N, S, and F increase
with ρ in low as well as medium SNR regime and satu-
rate in high SNR regime, which confirms the fact that the
presence of imperfect SIC at N and S degrades their effec-
tive EC, whereas that of F is affected by the presence of
unavoidable inter-user interference of N and S. In addition,
the figure also shows that the EC performance of F and S
does not change when using SWIPT-PS or SWIPT-TS cri-
teria. Meanwhile, there is a significant EC distinction for
N when adopting SWIPT-PS or SWIPT-TS. In particular,

due to the shorter duration used for information processing
in SWIPT-TS than in SWIPT-PS, this increases the outage
performance for decoding xf while also reducing the rate
transmission capability by half. Next, Fig. 6(b) shows the
ESC comparison between the proposed system with per-
fect SIC (pNOMA, �N = �S = 0) and imperfect SIC
(ipNOMA, �N = �S = 0.01), and the baseline OMA system
that exploits five orthogonal users’ transmission time. As
observed, when SIC operation is properly designed by N
and F, the effective ESC linearly increases with the incre-
ment of transmit SNR and mostly outperforms its OMA
counterparts. However, when the quality of SIC is poorly
designed, the ESC of NOMA systems is degraded signifi-
cantly and only outperforms OMA in the low-to-moderate
SNR regime.
In Fig. 7, the impact of the number of STAR-RIS elements

K as well as the way to split EH coefficients α (or β) on the
effective EC performance is examined. By setting ρ = 10
dBm, a = 0.8, b = 0.6, α = β = 0.5, and �N = �S = 0.01,

392 VOLUME 5, 2024



FIGURE 8. Effective ESC of nodes vs a and b: a) SWIPT-TS and b) SWIPT-PS.

one can observe from Fig. 7(a) that the increasing number of
STAR-RIS elements help in enhancing the systems’ effective
ESC. Besides, it also reveals that using the TS protocol
turns back the best ESC improvement for less value of K.
However, when K exceeds 40, it is clear that using the ES
and “Mode.” protocols yields a comparable ESC performance
while outperforming “Time.” ones. Taking into consideration
the impact of imperfect SIC operation and K = 48, it can
be seen from Fig. 7(b), that ESC is a concave function
with β, while either concave/non-concave with respect to
α. Obviously, when SWIPT-PS is used, the ESC can be
maximized when β is set close to 0.6, while, for SWIPT-TS,
the value of α should be around 0.45.
Finally, Fig. 8 quantifies the effect of PA factors on the

effective ESC under settings of ρ = 10 dBm, α = β = 0.5,
�N = �S = 0.01, and K = 48. First, it can be observed
from Fig. 8(a) that when SWIPT-TS is adopted, the ESC
is a concave function with respect to b, and its maximum
value varies around 0.55, whereas for a, the maximal ESC
is obtained when a converges close to 1. Therefore, the
reasonable PA solution for maximizing ESC should be a 

0.55 and b 
 0.9. For SWIPT-TS adoptions, the result shows
that the ESC reaches its maximum value when either b 

0.55 and a 
 0.9 or a 
 0.55 and b 
 0.9.

V. CONCLUSION
This work proposed feasible solutions that exploit the
interplay of caching and SWIPT adoptions in enhancing cell-
edge users’ performance of STAR-RIS-empowered NOMA
systems. Taking two energy harvesting techniques into
account, SWIPT-PS and SWIPT-PS, closed-form approxi-
mations and asymptotic expressions of the OP and effective
EC were derived under practical imperfect SIC conditions.
Numerical results not only corroborated the developed the-
oretical analyses but also confirmed the effectiveness of the
proposed solution in improving cell-edge users’ performance,
the outstanding SWIPT-PS exploitation compared to the

SWIPT-TS mechanism, the superiority of considered STAR-
RIS-enabled ES protocols over mode-switching and time-
splitting ones when deploying a large number of RIS
elements, as well as the-out-of-box performance gain of
NOMA over OMA signaling when dealing with properly
SIC design.
Some interesting directions, which can be further extended

from this work, include the consideration of multi-antenna
system setup, transceiver and hardware impairments, inac-
curacies/uncertainties channel estimation process, and co-
channel interference, as well as the optimization of resource
power allocation to minimize the outage performance and/or
to maximize the ESC.

APPENDIX A
PROOF OF SECTION III-A
Following discrete phase-shift models, one has that Xs, Yn,
and Zf can be rewritten, respectively, as

Xs =
K∑

k=1

√
ηsk�SR�RW |[gSR]k||[gRW ]k|ejφe ,

Yn =
K∑

k=1

√
η
f
k�SR�RF|[gNR]k||[gRS]k|ejφe ,

Zf =
K∑

k=1

√
η
f
k�NR�RF|[gNR]k||[gRF]k|ej(φe+arg(hNF))

+√
�NF|gNF|ej arg(hNF).

Since |[hRN]k| and |[hSR]k| are respectively equivalent to
|[hNR]k| and |[hRS]k|, thus it only sufficient to find the dis-
tributions of Xs and Zf . Owing to ejφ = cosφ + j sinφ and
|ejφ | = cos2 φ + sin2 φ = 1, one can rewrite Xs and Zf as

|Xs| =
K∑

k=1

AsW |[gSR]k||[gRW ]k|(cosφe + j sinφe),
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|Zf | =
K∑

k=1

BfF|[gNR]k||[gRF]k|(cosφe + j sinφe)

+√
�NF|gNF|.

Recall that gTxRx obeys Rayleigh distributions, and φe
follows U(−2−qπ, 2−qπ), one has that

E{|gTxRx|} = √
π/2, E{|gTxRx|2} = 1, (A.1)

E{cosφe} =
∫

φe

cos x

2−q+1π
dx = sin

(
2−qπ

)

2−qπ
, (A.2)

E{cos2 φe} =
∫

φe

cos2 x

2−q+1π
dx = 1

2
+ sin

(
2−q+1π

)

2−q+2π
, (A.3)

E{sinφe} =
∫

φe

sin x

2−q+1π
dx = 0, (A.4)

E{sin2 φe} =
∫

φe

sin2 x

2−q+1π
dx = 1

2
− sin

(
2−q+1π

)

2−q+2π
. (A.5)

From (A.1) to (A.5) and the relation Var{x} = E{x2}−E{x}2,
one can arrive at the following distributions

Re{|Xs|} ∼ N (
μsre, σ

s
re

)
,Im{|Xs|} ∼ N (

μsim, σ
s
im

)
, (A.6)

Re{|Zf |} ∼ N
(
μ̂
f
re, σ̂

f
re

)
,Im{|Zf |} ∼ N

(
μ̂
f
im, σ̂

f
im

)
, (A.7)

where

μsre = E{Re{|Xs|}} = KAsW sin
(
2−qπ

)
/2−q+2,

σ sre = Var{Re{|Xs|}}
= K

(
AsW

)2
(1

2
+ sin

(
2−q+1π

)

2−q+2π
− sin2 (2−qπ

)

2−2q+4

)
,

μsim = E{Im{|Xs|}} = 0,

σ sim = Var{Im{|Xs|}} = K
(
AsW

)2
(1

2
− sin

(
2−q+1π

)

2−q+2π

)
,

μ̂
f
re = E{Re{|Zf |}} = KBfF

sin
(
2−qπ

)

2−q+2
+ √

�NF

√
π

2
,

σ̂
f
re = Var{Re{|Zf |}}

= K
(
BfF

)2(1

2
+ sin

(
2−q+1π

)

2−q+2π
− sin2 (2−qπ

)

2−2q+4

)

+�NF

(
1 − π

4

)
,

μ̂
f
im = E{Im{|Zf |}} = 0,

σ̂
f
im = Var{Im{|Zf |}} = K

(
BfF

)2(1

2
− sin

(
2−q+1π

)

2−q+2π

)
.

With (A.6) and (A.7) in hand, one can deduce that

E{|Xs|2} = E{(Re{|Xs|} + Im{|Xs|})2}
= E{Re{|Xs|}2} + 2E{Re{|Xs|}}E{Im{|Xs|}}

+E{Im{|Xs|}2}
= σ sre + (

μsre
)2 + σ sim, (A.8)

E{|Xs|4} = E{(Re{|Xs|} + Im{|Xs|})4}
= E{Re{|Xs|}4} + E{Im{|Xs|}4}

+6E{Re{|Xs|}2}E{Im{|Xs|}2}

+4E{Re{|Xs|}}E{Im{|Xs|}3}
+4E{Re{|Xs|}3}E{Im{|Xs|}}

= (
μsre

)4 + 6
(
μsre

)2
σ sre + 3

(
σ sre

)2

+3
(
σ sim

)2 + 6
[
σ sre + (

μsre
)2
]
σ sim, (A.9)

E{|Zf |2} = E{(Re{|Zf |} + Im{|Zf |}
)2}

= E{Re{|Zf |}2} + 2E{Re{|Zf |}}E{Im{|Zf |}}
+E{Im{|Zf |}2}

= σ̂
f
re +

(
μ̂
f
re

)2 + σ̂ sim, (A.10)

E{|Zf |4} = E{(Re{|Zf |} + Im{|Zf |}
)4}

= E{Re{|Zf |}4} + E{Im{|Zf |}4}
+6E{Re{|Zf |}2}E{Im{|Zf |}2}
+4E{Re{|Zf |}}E{Im{|Zf |}3}
+4E{Re{|Zf |}3}E{Im{|Zf |}}

=
(
μ̂
f
re

)4 + 6
(
μ̂
f
re

)2
σ̂
f
re + 3

(
σ̂
f
re

)2

+3
(
σ̂
f
im

)2 + 6

[
σ̂
f
re +

(
μ̂
f
re

)2
]
σ̂ sim. (A.11)

From (A.8) to (A.11), one can map the distributions of
Xs and Zf into Gamma distribution, by making the use of

κs = E{|Xs|2}2

Var{|Xs|} = E{|Xs|2}2

E{|Xs|4} − E{|Xs|2}2

=
(
σ sre + (μsre)

2 + σ sim

)2

2
[(
σ sre + (μsre)

2 + σ sim

)2 − (
μsre

)4
] , (A.12)

λs = Var{|Xs|}
E{|Xs|2} = E{|Xs|4} − E{|Xs|2}2

E{|Xs|2}

=
2
[(
σ sre + (μsre)

2 + σ sim

)2 − (
μsre

)4
]

σ sre + (
μsre

)2 + σ sim

, (A.13)

τf = E{|Zf |2}2

Var{|Zf |} = E{|Zf |2}2

E{|Zf |4} − E{|Zf |2}2

=
(
σ̂ sre + (μ̂sre)

2 + σ̂ sim

)2

2
[(
σ̂ sre + (μ̂sre)

2 + σ̂ sim

)2 − (
μ̂sre

)4
] , (A.14)

θf = Var{|Zf |}
E{|Zf |2} = E{|Zf |4} − E{|Zf |2}2

E{|Zf |2}

=
2
[(
σ̂ sre + (μ̂sre)

2 + σ̂ sim

)2 − (
μ̂sre

)4
]

σ̂ sre + (
μ̂sre

)2 + σ̂ sim

. (A.15)

The proof is completed.

APPENDIX B
PROOF OF SECTION III-A
A. PROOF OF THEOREM 1
From (16), the OP of decoding xn at N can be expressed as

PNout = 1 − Pr
[
γ
xf
N ≥ 22rf /ω − 1, γ xnN ≥ 22rn/ω − 1

]
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= 1 − Pr

[
|Xn|2 ≥ δf

κρ
, |Xn|2 ≥ δn

κρ

]

= F|Xn|2
(

max{δf , δn}
κρ

)
. (B.1)

By plugging F|Xn|2(·) in (19) into (B.1), one can obtain the
result in (35), and the proof ends.

B. PROOF OF THEOREM 2
After substituting (7) and (8) into (16), the OP at S can be
rewritten as

PSout = 1 − Pr
[
γ
x̄f
S ≥ 22rf − 1, γ xsS ≥ 22rs − 1

]

= Pr

[

|Xn|2|Yn|2 < max{δ̄f , δ̄n}
νρ

]

=
∫ ∞

0
F|Xn|2

(
max{δ̄f , δ̄n}

νρy

)

f|Yn|2(y)dy. (B.2)

By expressing �(κn,
x
λn
) = G2,0

1,2(
x
λn

| 1
κn,0 ) and then

invoking [52, eq. (9.31.2)], one has that G2,0
1,2(

x
λn

| 1
κn,0 ) =

G0,2
2,1(

λn
x | 1−κn,1

0 ). After plugging F|Xn|2(·) in (19) and f|Yn|2(·)
in (21) into (B.2), PSout can be rewritten as

PSout = 1 − 1

�(κn)

∞∫

0

G0,2
2,1

(
νλnρ

max{δ̄f , δ̄n}
y
∣
∣∣
1 − κn, 1

0

)

× yκn−1

�(κn)(λn)
κn

exp(−y/λn)dy. (B.3)

Using [52, eqs. (7.813.1) and (9.31.2)], one can get the
solution in (37), completing the proof.

C. PROOF OF THEOREM 3
From (18), the OP at F can be rewritten as

PFout = Pr
[
γ
xf
N ≥ �f , γ

xf
F < �̄f , γ

x̄f
F < �̄f

]

+ Pr
[
γ
xf
N < �f , γ

xf
F < �̄f

]

=
⎧
⎨

⎩

J1 + J2, �f <
a

1−a ∧ �̄f < a
1−a ∧ �̄f < b

1−b ,
J3, �f >

a
1−a ∧ �̄f < a

1−a ∨ �̄f < b
1−b ,

1, �f >
a

1−a ∧ �̄f > a
1−a ∧ �̄f > b

1−b ,
(B.4)

where

J1 = Pr

[

|Xn|2 ≥ δf

κρ
, |Xf |2 < δ̂f

ρ
, |Xn|2|Zf |2 < δ̄f

νρ

]

= F|Xf |2
(
δ̄f

ρ

) ∞∫

0

F|Zf |2
(
δ̄f

νρx

)

f|Xn|2(x)dx

−F|Xf |2
(
δ̄f

ρ

)

F|Xn|2
(
δf

κρ

)

−F|Xf |2
(
δ̄f

ρ

)
δf
κρ∫

0

[

1 − F|Zf |2
(
δ̄f

νρx

)]

f|Xn|2(x)dx,(B.5)

J2 = Pr
[
γ
xf
N < �f , γ

xf
F < �̂f

]

= F|Xn|2
(
δf

κρ

)
F|Xf |2

(
δ̂f

ρ

)
, (B.6)

J3 = Pr
[
γ
xf
F < �̂f

]
= F|Xf |2

(
δ̂f

ρ

)

. (B.7)

Making the same derivation as in (B.3), one can readily
solve the first integral in (B.6) while the second integral
can be approximated using Gauss-Chebyshev quadrature as
in [51, eq. (45)]. With these outcome in hand, one first plugs
F|Xf |2(·) into (B.6), (B.6), and (B.7), then substitutes F|Xn|2(·)
into (B.6), and finally inserts the results of (B.6) and (B.6)
into (B.4). After some algebraic steps, the final solution as
in (39) is obtained, completing the proof.
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