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Abstract

Compared with the conventional reconfigurable intelligent surfaces (RIS), simultaneous transmitting
and reflecting intelligent omini-surfaces (STAR-IOSs) are able to achieve 360° coverage “smart radio
environments”. By splitting the energy or altering the active number of STAR-IOS elements, STAR-IOSs
provide high flexibility of successive interference cancellation (SIC) orders for non-orthogonal multiple
access (NOMA) systems. Based on the aforementioned advantages, this paper investigates a STAR-IOS-
aided downlink NOMA network with randomly deployed users. We first propose three tractable channel
models for different application scenarios, namely the central limit model, the curve fitting model, and
the M-fold convolution model. More specifically, the central limit model fits the scenarios with large-size
STAR-IOSs while the curve fitting model is extended to evaluate multi-cell networks. However, these
two models cannot obtain accurate diversity orders. Hence, we figure out the M-fold convolution model
to derive accurate diversity orders. We consider three protocols for STAR-IOSs, namely, the energy

splitting (ES) protocol, the time switching (TS) protocol, and the mode switching (MS) protocol. Based
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on the ES protocol, we derive closed-form analytical expressions of outage probabilities for the paired
NOMA users by the central limit model and the curve fitting model. Based on three STAR-IOS protocols,
we derive the diversity gains of NOMA users by the M-fold convolution model. The analytical results
reveal that the diversity gain of NOMA users is equal to the active number of STAR-IOS elements.

Numerical results indicate that 1) in high signal-to-noise ratio regions, the central limit model performs
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as an upper bound of the simulation results, while a lower bound is obtained by the curve fitting model;
2) the TS protocol has the best performance but requesting more time blocks than other protocols; 3)

the ES protocol outperforms the MS protocol as the ES protocol has higher diversity gains.

Index Terms

Intelligent omini-surface, non-orthogonal multiple access, physical layer channel model approxima-

tion, reconfigurable intelligent surfaces
I. INTRODUCTION

As a promising technique of the six-generation cellular networks (6G) [2]-[5], conventional
reconfigurable intelligent surfaces (RIS) are able to enhance the channel quality of current
networks. By controlling the electromagnetic response of signals via the RISs, integrated signals
are radiated and transmitted to the targeted direction. Hence, the reconfigurable environments are
able to actively transfer and process information, which is named as “smart radio environment
(SRE)” in recent works [6], [7]. Although RISs have extraordinary benefits for the 6G networks,
one of the key challenges of RISs is that the conventional substrates of RISs are opaque items that
may block the signals to the users behind the RISs, which results in a worse performance for the
blocked users. To overcome this limitations, the recent development of meta-surfaces, namely the
simultaneous transmitting and reflecting intelligent omini-surfaces (STAR-IOSs), allows signals
to pass through substrates via refraction [8]-[12]. Compared with the conventional RISs with
half-space SREs, the STAR-IOSs realize a highly flexible full-space SRE [13]], [[14]. Hence,
independent reflection and refraction beamforming is able to be designed and integrated with
high flexibility of STAR-IOS serving areas [15[], [16]]. In a word, STAR-IOSs bring the 360°
coverage of SREs into reality [6], [[L7].

To enhance the full-space coverage of SREs, three STAR-IOS protocols are proposed in recent
works, namely the energy splitting (ES) protocol, the mode switching (MS) protocol, and the
time switching (TS) protocol [6]], [13]. Among the three protocols, the TS protocol exploits all
STAR-IOS elements in different time blocks to separately reflect and transmit signals. The ES
and MS protocols are capable of offering the flexibility of successive interference cancellation
(SIC) orders for an advanced transmission scheme, namely non-orthogonal multiple access
(NOMA). More specifically, the ES protocol manages the energy allocation among reflecting
and transmitting links and the MS protocol activates different numbers of STAR-IOS elements
for reflecting and transmitting links. After that, we are able to artificially differ the channel

quality of the reflecting and transmitting links by different energy splitting coefficients via the



ES protocol or by different numbers of active STAR-IOS elements via the MS protocol. With
the ability of controlling the channel quality, when considering that a reflecting user and a
transmitting user are paired in one NOMA cluster, STAR-IOSs help to adjust the SIC orders for
satisfying different constraints, such as allowing the user with a high priority to obtain a high
channel gain and maintaining a successful SIC process. Hence, the STAR-IOSs distinguish the
SREs of NOMA users, which expands the applications of NOMA in the 6G networks efficiently
[18]], [19]. Hence, the evaluation of STAR-IOSs in NOMA systems are highly valuable to be
investigated.

A. Related Works

1) Related Works for Conventional RIS-aided NOMA: Recent research contributions have
evaluated the conventional RIS-aided NOMA systems in several aspects. Several optimization
methods are firstly proposed to cope with the integrated signals [20]-[22]]. More specifically,
the works propose joint passive beamforming designs for multi-cluster multiple-input-single-
output (MISO) NOMA systems in [20], for RIS enhanced massive NOMA systems in [21], and
for NOMA systems with user-ordering designs in [22]]. With the aid of beamforming designs,
the optimized physical channel models are evaluated by [23]-[25]. The works in [23[]-[25]
model the RIS-aided channels when the authors consider the RISs as linear materials. When
considering the RISs as integrated antennas, channel models are proposed with performance
analysis, such as channel models based on zero-forcing beamforming designs in [26l], [27]. Under
the presence of hardware impairment of RIS-aided networks, the physical layer performance
analysis is investigated by deriving the outage probability and throughput expressions in [28],
and the security performance of a RIS-aided internet of things (IocT) NOMA network is also
analyzed in [29]].

2) Related Works for STAR-10S-aided NOMA: As a brand-new topic, only a few works
have been investigated for the STAR-IOS-aided NOMA systems. The recent research focuses
on the optimal beamforming designs of STAR-IOS networks based on power consumption
minimization [[13], phase shift optimization [30]], sum-rate maximization [31]], and sum coverage
range maximization [32]]. Additionally, a joint design for STAR-IOS enhanced coordinated multi-
point transmission (CoMP) NOMA systems is proposed by [33]. As the STAR-IOSs improve the
flexibility for downlink NOMA systems [6]], physical layer performance analysis is needed to
derive valuable insights for finding out more optimization problems. However, obtaining tractable

channel models is the main challenge for performance analysis of STAR-IOS-aided networks.



Additionally, theoretical performance analysis for STAR-IOS-aided NOMA systems is still in

their infancy.

B. Motivation and Contributions

To achieve the full-space coverage of SREs, we aim to first derive the tractable expressions
for depicting physical channel models and to evaluate the physical layer performance. We
additionally consider randomly deployed users to analyze the spatial effects in full-space SREs.
Moreover, we utilize the ES, MS, and TS protocols to realize the application of STAR-IOSs.
As the STAR-IOSs provide flexible SIC orders, we present three different channel models
and investigate the outage performance of STAR-IOS-aided NOMA systems. Hence, the main

contributions are summarized as follows:

o We derive three physical layer channel models for STAR-IOS-aided networks, i.e., the
central limit model, the M-fold convolution model, and the curve fitting model. More
specifically, we exploit the curve fitting model and the central limit model to analyze the
outage performance. We conclude that the central limit model is utilized in the case with
a large number of independent STAR-IOS elements, while the curve fitting model fits any
scenarios but needs different curve fitting functions. As these two models cannot achieve
accurate diversity orders, we additionally utilized the M-fold convolution model to evaluate
asymptotic performance with diversity analysis.

o We exploit the curve fitting model and the central limit model to derive the closed-form
expressions of the outage probability for NOMA users under the ES protocol. The analytical
results indicate that the curve fitting model performs as a close lower bound of the simulation
results while the central limit model is an upper bound.

o Under the ES, MS, and TS protocols, we derive the asymptotic outage probability expres-
sions for NOMA users based on the M-fold convolution model. We then derive the diversity
orders for the three protocols. The analytical results indicate that the diversity orders are
equal to the active number of STAR-IOS elements.

o We verify our analytical results by Monte Carlo simulations. Numerical results demonstrate
that: 1) STAR-IOSs enhance the outage performance of NOMA systems significantly and
provide high flexibility for SIC orders; 2) the TS protocol has the best outage performance
but it only serves one user in each time block; and 3) with two users served in the same
resource block, the ES protocol outperforms the MS protocol as the diversity gains of the

ES protocol is larger than that of the MS protocol.



C. Organizations

This paper is organized into the following sections. In Section II, we introduce a STAR-
[0S-aided NOMA system model with randomly deployed users. In Section III, we derive three
physical layer channel models, including the curve fitting model and the central limit model to
evaluate approximated performance, and the M-fold convolution model to derive the diversity
orders. In Section IV, we derive the closed-form outage probability expressions for NOMA users.
In section V, we derive the asymptotic outage probability expressions with diversity analysis.
We present numerical results in Section VI, followed by Section VII as a conclusion.

II. SYSTEM MODEL
A STAR-IOS-aided downlink NOMA network is considered, which includes a fixed base

station (BS), a fixed STAR-IOS, and randomly deployed users (reflecting users and transmitting
users). We consider that a reflecting user and a transmitting user are paired in the same resource
block with different power levels. We assume different NOMA pairs are allocated into orthogonal
resource blocks, thereby inter-NOMA-cluster interference is ignored. We additionally assume the
direct links for the two NOMA users are blocked. More specifically, for the reflecting user, the
direct link is blocked by obstacles, such as trees or buildings. Thus, only the reflecting links
via the STAR-IOS are included for the reflecting user. For the transmitting user, its location is
behind the STAR-IOS substrates, thus the user is blocked. As the STAR-IOS is transparent for
the signals of the transmitting user, the transmitting user still receives refracted signals with the
aid of the STAR-IOS, which is the only approach for the transmitting user to receive signals.
To sum up, the BS firstly transmits signals to the STAR-IOS, followed by the radiation signals

to the reflecting user and the transmitting user.

A. Theoretic Foundation of STAR-10Ss
The main difference between STAR-IOSs and conventional RISs is that STAR-IOSs allow

signals through themselves via refraction, which allows independent reflecting and refracting
beamforming for the two half-spaces to achieve high flexibility [6], [13], [15]. Hence, the serving
area of STAR-IOSs is enhanced from a half circle (for the conventional RISs) to a whole circle
area with the aid of simultaneous reflection and refraction. We define the reflecting and refracting
coefficients as R, and T, for the m' STAR-IOS element, respectively. We consider that the
phase shift coefficients are two independent variables, denoted as ¢'/! for the reflecting user and
¢"J™ for the transmitting user. Additionally, we assume the STAR-IOS has M elements satisfying
1 < m < M. Hence, the reflected and refracted signals of the mt" STAR-IOS element are
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Fig. 1. Illustration of the considered STAR-IOS-aided downlink NOMA network: a fixed BS, a fixed STAR-IOS, and a pair of
NOMA users (a transmitting user and a reflecting user) are considered.

expressed as R, = W it and T, = W 3ol respectively, where oIt gri € [0, 27).
Additionally, the 3"/! is the energy coefficient for reflecting links and the (37" is the energy
coefficient for transmitting links.

Based on the theories in [6]], [13]], we note that the STAR-IOS-aid networks have three practical
protocols to be exploited, namely the ES, MS, and TS protocols. The detailed description and
constraints are presented in the following.

1) Energy Splitting Protocol of STAR-IOSs: In terms of the ES protocol, we consider all the
STAR-IOS elements (M elements) simultaneously operate refraction and reflection modes, while
the total radiation energy is split into two parts. When assuming the STAR-IOSs are passive
with ignorable energy consumption, we present a constraint on the aforementioned coefficients
as | Rm|” 4 |Tin|> < 1. Hence, this protocol is mathematically presented as 37/ 4 47/ < 1 [13].
As we expect the best utilization rate of STAR-IOS elements, we assume 377! + 37/ =1 in the
following investigation [13].

2) Mode Switching Protocol of STAR-I0Ss: For the MS protocol, no STAR-IOS element will
simultaneously reflect and refract signals. Instead, the STAR-IOS elements are partitioned into
two groups. More specifically, the first group of STAR-IOS elements is exploited to fully reflect
signals for reflecting links, while the other group of the STAR-IOS elements performs as the full
refraction mode to be utilized in transmitting links. We assume that M, ;; STAR-IOS elements are
utilized for the reflecting links and M, ;. STAR-IOS elements are exploited for the transmitting
links. Hence, with the best utilization of STAR-IOS elements, we mathematically present the
constraint of the MS protocol as M, ¢ + M, = M. For the M, elements, we have B}"rf b=1
and 87" = 0, while for the M, [, elements, we have 37/! = 0 and 37/" = 1.



3) Time Switching Protocol of STAR-1IOSs: When it comes to the TS protocol, the M elements
are operated as the full refraction mode or the full reflection mode in different coherent time
slots. For time slots with refraction modes, we have 37/' = 0 and 87/” = 1 and all the M
STAR-IOS elements perform as the full refraction mode. Additionally, we note 57/' = 1 and
Brf™ = 0 for time slots with the full reflection mode and all the STAR-IOS elements fully reflect
signals. We define two time variation coefficients, namely A, ;. and A, for the transmitting and
reflecting links, respectively. Hence, we mathematically define the constraint as A, s, + A5 = 1

to present the percentage of time slot allocation.

B. Deployment of Devices

We consider a single-cell STAR-IOS-aided NOMA network. In this case, the BS is deployed
at the center of the cell. Since the STAR-IOSs are always deployed at buildings facades, the
positions of STAR-IOSs are fixed and known by us. We choose one of them to investigate the
performance with the position denoted as xg. Then, we assume the STAR-IOSs are deployed
on tall buildings. Thus, the links between the BS and the STAR-IOS elements are line of sight
(LoS) links. For the users, the positions of the reflecting user and the transmitting user are
expressed as xpq and X, respectively. Note that direct links from the BS to the reflecting users
are blocked by obstacles. Hence, we define the channel links as three types: 1) the link between
the BS and the STAR-IOS as the BR link with the distance dgr = ||xr/|, 2) the link between
the STAR-IOS and the reflecting user as the RU, s link with the distance djy, = ||xgr — X:al,
and 3) the link from the STAR-IOS to the transmitting user as the RU, s, link with the distance
037 = Ilxr — Xl

We assume that users are uniformly distributed within the serving area of the STAR-IOS.
Without loss of generality, we consider the serving area of the STAR-IOS is a circle with the
radius R, denoted as O(0, R), where O(a,b) is an annulus with the inner radius a and outer
radius b. Additionally, this area is split into two parts: 1) the half ball facing the STAR-IOS as the
reflecting area, namely B, ¢/, and 2) the rest half ball behind the STAR-IOS as the refracting area,
namely B, ;.. We randomly choose a user from B, and a user from B, ;. as the NOMA pair.

Hence, we evaluate the spatial effects of the chosen NOMA users. In this case, the probability



density functions (PDFs) of d). and d} are expressed as

2
fap (@) = 5 / / WRerdQ— = 8

fdvfl = / ; W—derdﬁ = RZ. (2)

C. Signal Model
Based on the NOMA technique, the strong NOMA user in the NOMA pair accomplishes the

SIC procedure. As the STAR-IOS is able to adjust the energy allocation coefficients 37/! and
BrI" via the ES protocol, we allocate more energy for reflecting links. In practical scenarios,
to ensure the links between the STAR-IOS and the users are LoS links, we assume the radius
of STAR-IOS serving area R is not large. Thus, the influence of path loss is not severe. Under
this situation, we find a pair of energy allocation coefficients (37/! and 37/") satisfying that the
reflecting user is always kept as the strong user. Therefore, the reflecting user operates the SIC
process. For the MS and TS protocol, we extend this assumption by allocating different numbers
of active STAR-IOS elements or time blocks. Based on this assumption, the channel models are
designed in the following.

1) Small-scale Fading Model: We assume that all the links in this model are Rician distribu-
tion. We denote the small scale fading of three types of links as hppg,, for BR links, her&m for
RU, s links, and h’;%f(}:m for RU, s, links for Vm € {1,2,---, M}. Hence, the PDF for Rician
distribution is expressed as

Foonm (@) =Fup (@) =Forpe () =200 e [= (14 )07 1, 2VEA+R], @)

RUm exp (k)

where £ is the coefficient of Rician distribution and Iy(x) is the Bessel function. In this case,
we assume that the mean values and variances of all the Rician channels are expressed as
h = mlﬂ( 1 —k) and n = 1 — 4(1+k) [ F ( , 1 —k:)]2, where |Fy (-, -;-) is the
confluent hypergeometric function of the first kind.

We combine the BR and RU,.y; links as the reflecting link, namely ¢"7! for the m' STAR-IOS
element. Additionally, we combine the BR and RU,.;, link as the transmitting link, namely g"/"
for the m' STAR-IOS element. Based on the theoretic fundamental constraint of STAR-IOSs,

we express the small scale fading model of the reflecting and transmitting links as
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transmitting links, Gg‘U: [hg%U,l? h’}"w R hg%U,M] , Gg’{J: [h;’%& b h;’ﬂ}“’z, e h’;% [}“’M , and
Ger = [hBr1, hBR2, -, hBRM]-

2) STAR-10S-aided Path Loss Model: We define the path loss model of the three links
via conventional wireless communication models. Hence, we respectively express the path loss

expressions for BR, RU,, and RU, ¢, links as

Ppr(xr) = Cpr|xr| " = Cprdgy, 5
_ — O

Pi (r, X5f) = O |[xr — x| = i (d58) (©)
_ —O

Pi (cr, xttey) = Ot e = xifol| ™ = Ot (i) @)

where the P expresses the path loss, {Cpg, Chit, Crir} = < 47ffc)2 are reference-distance based
intercepts for different links and the reference distance dy = 1 m in this work, in which ¢ = 3x10%
m/s is the speed of light and f. is the used carrier frequency. Additionally, the «; is the path
loss exponent for users.

3) Signal-to-Interference-and-Noise Ratio (SINR): To ensure the strong user (the reflecting

user) having the SIC process, we allocate more transmit power to the week user (the transmitting

user) by the BS. Hence, the SINR of the SIC process for the reflecting user is given by

2

ay frPtPBR(XR)PEJZ (Xr, X%) }gj;{ :
2

gl l‘

®)

Ysic = )
+ o2

a1 Py PR (XR) Py (Xr, X537

2 is the variance of additive white Gaussian noise

where P, is the transmit power of the BS, o
(AWGN), and a, ¢, and a,s are transmit power allocation coefficient satisfying a, . + a,¢ = 1
and a, g < ayfr.

With the aid of SIC, the reflecting user removes the messages of the transmitting user. Then,
the reflecting user decodes its required messages. Hence, the signal-to-noise ratio (SNR) of the

reflecting user is presented as

r r rfll2
a1 PPEr(XR) Phay (Xr, X7) ek
Vet = = )]

When we consider the other NOMA user’s messages as interference, the transmitting user
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directly decodes its signal. Hence, the SINR of the transmitting user is expressed as
2
arfrPtPBR<XR)P;ZJICJT (XRu X;{[;) ‘g:rfr }

gl

Vefr = 2 : (10)
a1 PP (XR) Ph (XR, X73)) +0°

Based on the aforementioned SINR expressions, our first target is to derive the STAR-IOS-

aided channel models in the following section.

ITII. STAR-IOS-AIDED CHANNEL MODEL APPROXIMATION

As the exact channel models of STAR-IOS-aided networks are complex, it is important to
derive approximated mathematical channel models that are tractable for performance analysis.
Hence, we present three approximated models for different application scenarios, namely the
central limit model, the M-fold convolution model, and the curve fitting model. More specifically,
the M-fold convolution model is used to derive diversity orders. The central limit model is suitable
for large STAR-IOSs with a large number of elements. For the curve fitting model, it fits all
scenarios by adjusting the curve fitting functions and parameters but exploring a suitable curve
fitting function is a challenge. Detailed derivations and discussions are expressed in the following

subsections.

A. Central Limit Model

When we assume the channel gains of all the elements of STAR-IOSs are irrelevant, the
channel model of STAR-IOS-aided networks is expressed as the summation of different variables.
Hence, the central limit theorem is an appropriate mathematical tool to derive the approximated
channel model. Although it has the constraint that the STAR-IOS elements are large enough,
the central limit model is one of the most popular models in recent works because of its great
tractability on derivations. Hence, under the case with quantities of uncorrelated channels passing
by different STAR-IOS elements, we exploit the central limit model to investigate the channel

performance.

Lemma 1. We assume that the quantity of STAR-10S elements M is large and the channels
for different STAR-10S elements are independent. For the ES protocol and with the aid of the

central limit theorem, the PDF and cumulative distribution function (CDF) of the central limit
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model are derived as
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where hT’f is the mean value of |g"f| with rf € {rfr,rfl} representing the transmitting links

Fg:,f (12)

and the reflecting links, respectively. The 77@ is the variance of |g"!|. Based on the properties
of the expectation and the variance for independent variables, we derive hgg = \/ﬁTfM h? and
772{ = B¢ M (2B2n + 772). Additionally, the function erf(-) is the error function.

Proof: See Appendix A. [ |

Remark 1. For the MS and TS protocols, the central limit channel model expressions are
almost the same but the coefficients are different. More specifically, for the MS protocol, we
have BZiMS = M,;h? and 77;{,MS = M, (20*n +n?) with rf € {rfr,rfl} for transmitting
links and reflecting links, respectively. For the TS model, the channel model coefficients are

expressed as BZQTS = Mh? and n’e"g,TS =M (2B2n + 172).

B. M-Fold Convolution Model

When analyzing the performance of a system, we always consider the diversity orders to
evaluate the performance in high SNR regions. Although the central limit model performs as
a well-matched channel model with closed-form expressions, we cannot obtain the accurate
diversity orders as the high SNR region is not perfectly matching. Hence, exploiting the Laplace

transform, we achieve the accurate diversity orders by the M-fold convolution model.

Lemma 2. 7o investigate the diversity orders, we utilize the M-fold convolution method to derive
the STAR-10S-aided channel model. We denote the Rician coefficient of the BR links as k, and
that of the RU links as ko. We utilize the ES protocol in this theorem. In high SNR regions, we

derive the approximated PDF and CDF expressions as

ot [0 (0,0)]" &

i ms D =5 25" M 1) 4
ot B [0 (0,0)]" Y

gl |>.Es (z) = 2(8,5)" M (2M — 1)! v (9
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4t kb kL (14K ) (14 ko)) T (2n+2,2t+2
()2 (n!)? exp(k1+k2) t+n+5

oF (+,+;+;+) is the ordinary hypergeometric function. Additionally, the ki and ko are the Rician

where o (t,n) = )2F1 (2t—|—2,t—n—|—%;t—|—n—|—g;1),and

coefficients for the channels of BR links and RU links, respectively. If we consider all the channel

links with the same Rician distribution with parameter k, the parameter is further derived as

ALk (k) 2D L on 42,2642 1. 5.
o (1) = — ¥ oo N Fimtd JoFy (2t +2,t —n+ 5t +n+ 35 1).

Proof: See Appendix B. [ |

Corollary 1. For the MS protocol, the M-fold convolution channel model is derived as

0.0, 0] 1!

0+ — 15
ot Pors O = @M — (15
M,
0+ [0 (0,0)] M,y
_ . 16
ot s () oM, (2M,; — 1)1 (16)

where rf € {rfr,rfl} is presented as transmitting links and reflecting links, respectively. We
note that M, s, + M, 5 = M to fully utilize the STAR-IOS elements.

Additionally, for the TS protocol, the M-fold convolution channel model is derived as

[0 (0,0)]MaM-1

0+ _
flg,’;{|2,Ts (v) = 2(2M —1)! a7
M
0+ _ [U (07 0)] M
F|g:;{|2,Ts (v) = oM (2M — 1) (18)
Proof: The proof is similar to Lemma 2] [ |

C. Curve Fitting Model

The third approximated channel model is denoted as the curve fitting model. We exploit the
Matlab curve fitting tool to mimic the channel model as an extant distribution. More specifically,
independent channels of different STAR-IOS elements are considered, thus we approximately
mimic the channel model as a Gamma distribution. In a word, the curve fitting model has wider
application scenarios compared to the aforementioned two channel models, while it has new
challenges.

Compared to the M-fold convolution, the accurate diversity gains cannot be obtained by the
curve fitting model as the curve fitting model does not match the high SNR regions well. Hence,
the M-fold convolution model is still irreplaceable for diversity analysis.

Compared to the central limit model, the curve fitting model has pros and cons as follows.

The advantage of the curve fitting model is that it suits more scenarios and tractable for further
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derivation, i.e., the STAR-IOS-aided networks with few elements and multi-cell scenario.
Additionally, it even fits the scenarios when the STAR-IOS elements are influenced by each
other with different curve fitting functions. However, the disadvantage is that the curve fitting
model does not include detailed mathematical derivations, and exploring an accurate distribution
may be challenging in some specific cases. Moreover, it is hard to ensure that we are able to find
the best curve fitting function to make it more accurate than the central limit model. Hence, we
should select different channel models based on specific scenarios but not advocate exploiting

anyone.

Lemma 3. Utilizing the curve fitting tool, it indicates that the combined channel ‘ gr! ® is able
to be simulated as the Gamma distribution with the element o and 3. Under the ES protocol,

the PDF and CDF for the curve fitting model are expressed as

xo 1 €T
Nt ) = Ty By O (‘576) ’ 1
F 2 (z) = M (20)

g m

INCIR
where 7 (-, ) is the incomplete Gamma function and I'(-) is the Gamma function. Based on the
mathematical tool, we observe that « = M and 5 < M, e.g., a = 30 and [ = 22.46 when
the number of STAR-10S elements M = 30. The detailed values of the coefficient [3 should be
further calculated by the Matlab curve fitting tools.

Proof: Because of ‘g;{ - ﬁrf< %1 hTRfU’thRm with rf € {rfl,rfr} representing the

reflecting and transmitting links, we first utilize the curve fitting tool to mimic the variable of

rf ol
|gﬁmf|2 as a Gamma distribution. Hence, we express the PDF of |gﬁmf|2 as
it fo, @) = oz (-2) o
e r)=———exp|—=|.
62 * /v T(a)p P\ 7B

Based on 1)), we then derive the final PDF and CDF of } gr! ? as 19) and @O) in this

theorem and this proof is end. [ |

Remark 2. For the MS and TS protocols, the curve fitting channel model expressions are the

'The central limit model cannot match STAR-IOS-aided networks with few elements, thereby we need a channel model to
be exploited with few STAR-IOS elements. Additionally, we expect that the channel models have exponential functions, which
are tractable for multi-cell scenarios as we always use the Laplace transform to calculate the interference.
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same as the expressions for the ES protocol, while the coefficients should be changed. In detail,
for the MS protocol, we have o = M, s, and o = M,y for the transmitting links and reflecting
links, respectively. Additionally, the coefficient 3,y = 1 as no energy allocation is included. For
the TS protocol, the channel model coefficients are expressed as o = M and 3,y = 1. The
coefficient 5 under the MS and TS protocols should be further determined by the Matlab curve
fitting tools.

D. Comparison

In this section, we compare the accuracy and complexity of the three channel models. For
diversity analysis, since the curve fitting model and the central limit model have changed the
channel distributions and do not match the high SNR regions well [26], the M-fold convolution
model has more accurate diversity ordersH. Additionally, for asymptotic analysis, as the M-fold
convolution model exploits the Taylor series to derive the asymptotic expressions, the complexity

of the M-fold convolution model is the lowest among three models.

The number
of IOS

elements
M =20

The number of I0S |
elements M = 30

O Simulation results
<#Central limit model
—+Curve fitting model

v 300 400 500_ 600
The STAR-IOS-aided channel model | gt :

Fig. 2. A CDF comparison between the curve fitting model and the central limit model with various numbers of STAR-IOS
elements M = {10, 20, 30}. Lo .

Then, we compare the CDFs of the central limit model and the curve fitting model. For the
accuracy, Fig. [2l demonstrates that the central limit model is more accurate than the curve fitting
model. Thus, the central limit model has more accurate outage performance than the curve fitting
model. For the complexity, as the curve fitting model mimics the STAR-IOS channel as a Gamma
distribution, we are able to exploit current methods to evaluate the outage performance, especially
for multi-cell scenarios. Hence, the complexity of the curve fitting model on performance analysis
is lower than the central limit model.

2As the central limit model and the curve fitting model have changed the distributions for the STAR-IOS channels, they cannot

fit the high SNR regions well. The M-fold convolution derives the original distribution of the IOS channels, thus it has accurate
diversity orders.
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To sum up, we exploit the central limit model to obtain best accuracy of outage performance;
we harness the curve fitting model to obtain tractable derivations (especially for multi-cell

scenarios); and we utilize the M-fold convolution model to obtain accurate diversity gains.

IV. OUTAGE PERFORMANCE ANALYSIS

In this section, we investigate the outage performance of the STAR-IOS-aided downlink
NOMA network. More specifically, we consider exploiting the central limit model and the curve
fitting model to calculate the approximated expressions of the outage probability for the reflecting
and transmitting users.

In the following, we utilize the ES protocol to calculate the approximated outage probability via
the central limit model and the curve fitting model. The outage performance of the MS protocol
and the TS protocol is investigated with the same approaches of Theorem [ to Theorem 4|
while the details are omitted due to space limitations.

Based on the NOMA technique, we first express the definition of the outage probabilities of

the reflecting and transmitting users as

Pors (@) =1=Pr{vs1c > 7S ven > 70}, (22)

Prpe (@) =Pr{ym <43}, (23)

where 7531 is the threshold for the SIC process, 75 is the outage threshold. We then calculate
the closed-form outage probability expressions based on the three aforementioned models as

follows.

A. Central Limit Model

As we have calculated the channel model by Lemma [ we first utilize the central limit model
to calculate the approximated outage probability expressions of the reflecting and transmitting
users. Note that we have defined the power allocation coefficients as a,;. and a,p for the
transmitting user and reflecting user, respectively. Based on the outage probability definitions,
we obtain that P, - () =1 when a,p, < 73/%app and P, ;. (x) = 1 when a., < Yenarfi.

As we split more energy by the STAR-IOS elements to the reflecting user, it performs as the
strong user. With the SIC process, we evaluate the outage probability of the reflecting user as
the Theorem [l Without the SIC process, the outage probability expression of the transmitting

user is derived as Theorem 2|
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Theorem 1. We note that P, ., (x) = 1 when a,5. < 7;;/a,p. Under the case as a,p >
valCa, 11, we derive the closed-form outage probability expression of the reflecting user under

the ES protocol as

Po’ftt,?“fl = Z 2n2+1
n=0 ply/m (2n + 1) <2n2}{l>

2n+1 a4r 7 2n+1—r 2
R hrfl o
> Z <27’L—|—1) 2 ( eq) ( TmaXdBR ) ’ (24)
r

T T/l
r={1,3,--,2n+1} 5 +2 PtCBRCRU
SIC ;2 out 2
where Y. = max{a fw_”;sfca L 7’? fj } Yot is the outage threshold and (:f) = T,,(r:‘ir),.
rfr th T T : :
Proof: See Appendix C. [ |

Theorem 2. We note that P, .. () = 1 when a,f, < Yparp. Under the case as a, . >
Yenar s and with the aid of the ES protocol, the closed-form outage probability expression of the

transmitting user is derived as

. > A(=1)" o 2n + 1
Pmllt,rfr = Z 2n41 Z r

n=0 ply/7 (2n + 1) (277;1{7”> Y =13, 2041}

agr e 2ndl—r - z
S5 +2 PCprCHy;

X

out .2
Yin @

where TQ = W.

Proof: With the aid of (1)) and the Taylor series of the error function, following the process

of Theorem (I, this outage probability of the transmitting user is derived as

2n+1
- . hrit 4 %ﬁftr
Pionge () =2 | B B R
out,rfr \/7_TR2 0 — n! (2n+1) 9 rfr
n= \/ “7leq
2n+1
;err . ng%’fo&t
2 «— (1" e PCprChy
-=y (=1) i dz. (26)
VT~ n!(2n+1) rfr
n=0 277611

and this theorem is proved based on the binomial theorem. [ |
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B. Curve Fitting Model
As the central limit theorem only fits the scenario when the STAR-IOS is large with plenties

of STAR-IOS elements. For those STAR-IOSs with few elements, the central limit model is not
accurate. Hence, we consider the curve fitting model to cope with this problem. Additionally, the
curve fitting model can be exploited into multi-cell networks since it is able to mimic the multi-
cell networks as distributions with an exponential function to calculate the Laplace transform of
interference.

We first note that P, , . (z) = 1 when a,z. < 73/%a,p and P, ;. (x) = 1 when a,5, <
Venar 51 Hence, in the following theorems, we calculate the outage probability of the reflecting and
transmitting users, respectively, when the outage probability is not constantly equal to one. We
focus on the reflecting user in Theorem [3| Then, we utilize the same channel model to investigate
the outage performance of the transmitting user. Hence, we derive the outage probability of the

transmitting user in Theorem [4

Theorem 3. We consider the scenario that all the channels through different STAR-10S elements
are independent. Based on the curve fitting model with the ES protocol, we modeled the STAR-10S
channel as a Gamma distribution. Under the case as a, s, > 755 Ca, 11, we derive the closed-form

outage probability expression of the reflecting user as

a+n

2 = (—1)" Roelatn) T maxd%y

cf _ max

Pout,rfl - r Z ] 2 Tf?R . (27)
() n! (a+n) o (a+n)+ 2]\ PCrCHIB1B

Proof: See Appendix D. [ |

Theorem 4. We consider the same scenario in Theorem 3| that is, the independent channels
among the STAR-10S elements. Additionally, we consider the case a,y. > Vinarp1. Following the
aforementioned constraints with the ES protocol, we derive the closed-form outage probability

expression of the transmitting user as

o] n o + ot (a+n
Pcf — 2 Z (_1) TZdBR R (otm)+2 ) (28)
wutrIt T () R? =l (o +n) \ P.CprCir B0l ar(a+n)+2
Proof: The proof is similar to the Appendix D. [ |

V. ASYMPTOTIC OUTAGE PERFORMANCE AND DIVERSITY ANALYSIS

Based on our analysis, we note that the two models, namely the central limit model and the

curve fitting model, match the outage probability perfectly when the transmit power is not too



18

large, while the performance in high SNR regions is not matched well. When we verify the
aforementioned two models, we find that the two channel models perform as upper or lower
limits when the transmit SNR is high enough. This is because both the central limit theorem
and the curve fitting tool have changed the distribution of the STAR-IOS channels. Hence, we
cannot obtain the accurate diversity order but receive the upper or lower boundaries of the
accurate diversity orders. To obtain the accurate ones, we first exploit the M-fold convolution
model to calculate the asymptotic expressions of the outage probability for the NOMA users
under three protocols, i.e., the ES, MS, and TS protocols. Then, we harness the asymptotic
expressions to derive and compare the accurate diversity orders among the three protocols.

In the following, we derive the asymptotic expressions by the M-fold convolution model based
on the ES, MS and TS protocols, respectively, which are shown as Theorem [3 to Theorem [6]
and Corollary 2] to Corollary Bl We then compare the diversity orders of three protocols via

the M-fold convolution model as Corollary [6/ to Corollary [9 and Remark (3| to Remark

A. Asymptotic Analysis on the M-Fold Convolution Model

Based on the ES protocol, we first derive the closed-form asymptotic outage probability
expressions for the reflecting user and the transmitting user as Theorem [3] and Theorem [6]
respectively. Then, we derive the asymptotic outage expressions based on the MS and TS
protocols by Corollary 2] and Corollary [l in the following.

1) The Reflecting User: Considering the ES, MS, and TS protocols, we first derive the

asymptotic expressions of outage probability for the reflecting users in the following.

Theorem 5. We note that all the channels for different STAR-IOS elements are independent.
Additionally, it is tractable to calculate that the outage situation always happens for the case
as app < ygfcarﬂ. Under the ES protocol and considering a,yp, > Vf;fcarﬂ, we derive the

closed-form asymptotic outage probability expression for the transmitting user as

M poy M a M
PmﬁEs (.T) o [U (07 0)] R TmadeR (29)
out,r fl - M rfl :

M (Oth + 2) (2M - 1)'(6rfl) PtCBRCRU

Proof: As we have derived the CDF of the STAR-10OS channel model via the M-fold

convolution method in Lemma 2] we substitute the CDF of the M-fold convolution model into



19

the equation , we obtain the integration as

R o
m Tmaxd ; xat
Pou{,ﬁff(x) :/0 F|gr-fl 2 <¢> fdﬁfrj (x)dx

m PtCBRC;J;Jl
M
[U (07 O)]M Tmaxd%tR R oM+l
= 7 o e dx. (30)
M(2M - 1)'(6Tfl) BCBRCRU 0
. . . R matlvf+1 R(xtlvf . .
By calculating the integration fo Fr—dr = a1z we derive the final expressions. [ |

Corollary 2. For the MS protocol, the asymptotic outage probability expression is derived as

M,
PmﬁMS (x) B [O' (07 O)]MrflROctMrfl Tmaxd%tR fl (31)
out.r It M, g (e My +2) (2M 5y — D'\ P,CrCHy '
Proof: The proof is similar to Theorem [ |

Corollary 3. For the TS protocol, we derive the closed-form asymptotic outage probability

expression as

M o M Qi M
me,TS (Z’) — [U (07 0)] R TmaXdBR ) (32)
outyrfl M (oM +2) (2M — 1)\ P,CprCil!
Proof: The proof is similar to Theorem [ |

2) The Transmitting User: Then, we derive the asymptotic outage probability expressions of

the transmitting user based on the ES, MS, and TS protocols in the following.

Theorem 6. Note that the outage probability for the transmitting user is constantly equal to one
when a, s, < Vinarp. Hence, we consider a,s. > vyya,p and derive the closed-form asymptotic

outage probability expression for the transmitting user as

0,0)]" RoeM Ty )
S 1) i ) (3)
out,r fr M (atM —+ 2) (2M - 1)'(6Tfr)M PtCBRC;i];]T

Proof: We substitute the CDF of the M-fold convolution model in Lemma 2] into 23)), we

express the outage probability of the transmitting user as

M ot M R _a;M+1
s 10(0,0) ( Yl ) [ 64
0

out,rfr (ﬁrfT)JV[M (2M — 1)' PtCBRC;EJ;JT

and this integration can be easily calculated to obtain the final expression. [ |
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Corollary 4. For the MS protocol, the asymptotic outage probability expressions for the trans-

mitting user is derived as

M’rfr at M, (o773 M’rfr
me,MS (ZIZ’) _ [U (07 0)] R I TdeR (35)
out,r fr M, pr (e Mgy +2) (2M, 5 — D!\ P,CrrCHET
Proof: The proof is similar to Theorem [ |

Corollary 5. For the TS protocol, the asymptotic outage probability expressions for the trans-

mitting user is derived as

0,0)]" ReeM Tods, )\
me,TS (SL’) = [U( > )] 2"BR . (36)
out,r fr M (atM + 2) (2M - 1)' PtCBRC;JZj

Proof: As the proof has provided in Theorem 6] we omit the proof. [ |

B. Diversity Analysis

After deriving the asymptotic expressions for the ES, MS, and TS protocols, we then derive
the diversity orders for the reflecting user and the transmitting user as the following remarks
and corollaries.

1) The ES Protocol: We firstly express the diversity orders of the reflecting and transmitting

users based on the ES protocol as follows.

Corollary 6. We assume the transmit SNR p; — oo. For the ES protocol, the accurate diversity
order of the reflecting user is derived as
mf,ES
lOg [Pou{,rfl (pt)}

dP¥ = — lim = M. 37
l pt—0 log (p) GP

where p; = P;/c?
Proof: As P;Z{ ﬁc}q (pt) is expressed as POTZ{ ﬁr}q (pe) = Ap; ™, where A is the constant without

pi. Hence, we calculate the limit as d,;; = — lim = M and the proof is end. [ ]

Corollary 7. We assume the transmit SNR p; — oo. For the ES protocol, the accurate diversity
order of the reflecting user be derived as
mf,ES
IOg [Pou{,rfr (pt)]

d¥¥ = — lim = M. 38
T e log(p) oY
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Proof: The proof is similar to Corollary (6] [ |

Remark 3. For the ES protocol, the diversity orders for the reflecting and transmitting user are

equal to M, which is the total number of the STAR-IOS elements.

2) The MS Protocol: We then derive the diversity orders of the reflecting and transmitting

users based on the MS protocol by the following corollary and remark.

Corollary 8. We assume the transmit SNR p; — oo. For the MS protocol, we derive the accurate

diversity orders of the NOMA users as

log | Pt (po)]

dMy = — i = M, 39
T T Tog (a0 A o
log | Pt (po)]
M5 = — lim ikl = M,y (40)
pt=—00 log ()
Proof: The proof is similar to Corollary [ ]

Remark 4. For the MS protocol, the diversity orders for the reflecting and transmitting user are
equal to M, s, where rf € {rfl,rfr} for the reflecting links and transmitting links, respectively.

This value is the active number of the STAR-10S elements.

3) The TS Protocol: We additionally derive the diversity orders of the reflecting and trans-

mitting users according to the TS protocol.

Corollary 9. We assume the transmit SNR p; — oo. For the TS protocol, we calculate the

diversity orders for the users in the NOMA pair as
diy =dlp =M. (41)
which is the number of the total STAR-10S elements.

Remark 5. When we compare the diversity orders of the three protocols in Tablelll we conclude
that the diversity orders of users are equal to the number of active STAR-10S elements. For
the ES and TS protocols, all the STAR-IOS elements are fully activated, thereby the diversity
orders are large. However, for the MS protocol, the active STAR-IOS elements are split into

two portions to be exploited to reflect or refract signals. Hence, the diversity orders of the MS
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protocol generally cannot match the transmitting and reflecting gain of the ES or TS protocol.
VI. NUMERICAL RESULTS

This section presents the numerical results for the outage performance of users. More specif-
ically, the Monte Carlo simulations validate 1) the analytical closed-form expressions based
on the central limit model and the curve fitting model, and 2) the diversity orders based on
the M-fold convolution model with three protocols, namely the ES, MS, and TS protocols.
Unless otherwise stated, the numerical coefficients are defined as follows. The noise power is
0? = =170 + 10log (f.) + Ny = —90 dB, where N; is 10 dB and the carrier bandwidth f. is
10 MHz. The transmit power P; varies in [10,24] dBm. The path loss exponent is a; = 2.4.
The outage threshold and the SIC threshold are equal as ;!¢ = v9%¢ = 2%1 — 1. The power
allocation coefficients of the BS are a,;. = 0.6 and a, s, = 0.4. The energy splitting coefficients
for the ES protocol are 3,5 = 0.3 and 3,5 = 0.7. The distance from the BS to STAR-IOS
is dgr = 100 m. The other coefficients are varied and specifically defined in the following
paragraphs. Additionally, we denote “CL” as the central limit model and “CF” as the curve

fitting model in the legends.

elements M = 20

1077 The number of STAR-IOS
elements M = 30

The range of I0S
1072 deployment R = 30 m .

+ Simulation results: Reflecting user
O Simulation results: Transmitting user
_s|4CL: Transmitting user with R = 20
- CF: Transmitting user with R = 20
A CL: Reflecting user with R = 20

£ CF: Reflecting user with R = 20
107*[-x-CL: Transmitting user with R = 30
<&-CF: Transmitting user with R = 30
-7-CL: Reflecting user with R = 30
-s|-=CF: Reflecting user with R = 30

3
1075 Simulation results: Reflecting user
« Simulation results: Transmitting user
10™-v-CL: Transmitting user with M = 20
= CF: Transmitting user with M = 20
_|-4-CL: Reflecting user with M = 20

104 CF: Reflecting user with M = 20
s7-CL: Transmitting user with M = 30
1078l CF: Transmitting user with M = 30
--CL: Reflecting user with M = 30
_[><CF: Reflecting user with M = 30

Outage Probability
Outage Probability

o

10

100 102 104 106 108 110 11‘2 114 10 15 20 25 30
Transmit SNR p, = P,/o? (dB) The active STAR-IOS number M
(@) (b)

Fig. 3. Comparisons between the curve fitting model and the central limit model based on the ES protocol: (a) Outage probability
versus the transmit SNR with various numbers of STAR-IOS elements M = {20, 30}; (b) Outage probability versus the number
of STAR-IOS elements with various STAR-IOS deployment radii R = {20, 30} m.

In Fig. we further define the number of STAR-IOS elements as M = {20,30} and the

radius of STAR-IOS deployment area as R = 20 m. Then, we investigate the outage performance

TABLE I
DIVERSITY ORDERS FOR DIFFERENT STAR-IOS PROTOCOLS.
Protocol The TS Protocol | The ES Protocol | The MS Protocol

Diversity Orders M M M, ¢
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versus the transmit SNR p;, = P,/o?. One observation is that increasing the number of STAR-
IOS elements is able to significantly increase the performance of NOMA users, which is because
a large number of STAR-IOS elements provide well-integrated signals to enhance the channel
quality.

In Fig. the coefficients are defined that the number of STAR-IOS elements varies in
M = [10,30] and the radius of STAR-IOS deployment area is chosen from R = {20,30}
m. Hence, the outage performance versus the number of STAR-IOS elements is evaluated. We
observe that reducing the STAR-IOS deployment range enhances the performance as it reduces
the influence of path loss. Comparing Fig. and Fig. we conclude that the two channel
models match the low SNR regions better than the high SNR regions. Specifically, in high SNR
regions, the curve fitting model performs as a lower bound of the simulation results while the
central limit model is an upper bound.

With M = 30 and R = 20 m, the Fig. validates the correction of diversity orders derived
by the M-fold convolution model. When we consider that in the MS protocol, 70% of STAR-IOS
elements are utilized for the reflecting user and the rest are exploited for the transmitting user,
the Fig. indicates the diversity gains versus the active number of STAR-IOS elements. Based
on the two figures, we observe that the diversity orders are the same as the active STAR-IOS
elements, while the diversity order for the MS protocol is lower than that for the TS and ES
protocols, which fits our analytical diversity gains. This is because the MS protocol have fewer

active STAR-IOS elements than other protocols.

O ES: The transmitting user| The TS and ES
+ES: The reflecting user protocols
[|-e-TS: The transmitting user
-+TS: The reflecting user

®_ The transmitting 25
g user i

Z + ool|MS: The reflecting user x*
102 ] ; S ||<MS: The transmitting use
] O Simulation results o 4
o 5#CL: The transmitting user| 215
S ol % CF: The transmitting user | 2
& 19| 4-CL: The reflecting user g 2 The MS
3 ~+CF: The reflecting user Y 10 protocols
| |---Diversity Orders i
107%
The reflecting 5
user k
105 110 115 v 5 10 15 20 25 30
Transmit SNR p; = P,/o? The number of STAR-IOS elements M
(@) (b)

Fig. 4. Validating and simulations for diversity orders: (a) Outage probability versus the transmit SNR for different channel
models, i.e., the central limit model, the curve fitting model, and the M-fold convolution model; (b) Diversity gains versus the
number of STAR-IOS elements to compare different protocols, i.e., the ES protocol, the TS protocol, and the MS protocol.

With the same setting of Fig. and 4(b)l, we compare the outage performance of the NOMA
and OMA techniques in Fig. We additionally compare the outage performance of the ES,



24

g 10
i A 3
107k 107
2 2
L0t B0
o Qo
[ [
a a
Q ()
2107 2107 _
5 5 *MS: The transmitting usel
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Fig. 5. Simulations for outage probability: (a) Outage probability versus the transmit SNR to compare the NOMA technique
and the OMA technique; (b) Outage probability versus the transmit SNR to compare different protocols, i.e., the ES protocol,
the TS protocol, and the MS protocol.

TS, and MS protocols versus the transmit SNR in Fig. One observation is that the TS
protocol performs best but it cannot serve two users in the same time block. To serve two users
in the same resource block, the ES protocol outperforms the MS protocol as the ES protocol
integrates more STAR-IOS elements for each user to achieve higher diversity gains than the MS

protocol.
VII. CONCLUSIONS

This paper has proposed three channel models of STAR-IOS channels and evaluated the outage
performance of a STAR-IOS-aided downlink NOMA framework with randomly deployed users.
More specifically, we have exploited the central limit model and the curve fitting model to derive
the closed-form outage probability expressions and exploited the M-fold convolution model to
derive the diversity gains under the ES, MS, and TS protocols, respectively. The analytical results
have revealed that 1) the central limit model has the closed-form expression as the manipulation
of error functions; 2) the coefficients of the curve fitting model have the relationship with the
number of STAR-IOS elements as « = M and $ < M; and 3) the diversity gains under three
protocols are equal to the active number of STAR-IOS elements. Numerical results have shown
that: 1) STAR-IOSs enhance the channel quality of its aided user; 2) the central limit model and
the curve fitting model perform as boundaries of the simulation results in high SNR regions;
3) the TS protocol has the best performance but it cannot serve two users in the same time
block; and 4) with two users in the same resource block, the ES protocol outperforms the MS

protocols.
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APPENDIX A: PROOF OF LEMMA
o 2
As | gt = Brr ( > hg%fU,thR,m) forrf € {rfl,r fr}, we exploit the central limit theorem

M

to derive the variable ‘ gT’f = \/Bry 21 h;fUthR’m. As we assume that independent Rician
m= —

variables have the same mean and variance, denoted as h and 7, we derive the mean and variance

of}g ‘as

M
hey = E(|g,7)) ( Z RUthRm>=\/ﬁrfM7ﬂ (A1)

ey =Var (|g;]]) = Var (v By hsz,thR,m> = B, M (2h*n + 1), (A2)
m=1

where E(-) and Var(-) are the expectation and variance of a certain variable.

Hence, we express the PDF of ‘ gr! } as

1 x— hof ?
firiy () = exp —u . (A.3)
|gm| rf 2 rf

2T Neq Neq

Based on the derivation for a variable x that f,2 (y) = ﬁ (fo (V) + fo (—)), we derive
the PDF of ‘ gr! > as

1 — hrh)? +h1)?
f rf (y) e —— exp _M _I_eXp _w . (A'4)
9m rf 2776 2776
24/ 2mneqy 7 e
Then, we derive the CDF of the channel model as Lemma [] according to the derivation as
T —a)’ +a ’ a++/x a—+/x
IR % <exp (— (\f J ) + exp (—@ dy =v/'wb (erf( J:}b/_> — erf( \}[))

APPENDIX B: PROOF OF LEMMA [2]

With the assumption that k; and ko represent the Rician coefficients for the BR links and

RU links, respectively, we obtain that the PDF expression of \herUthRm\ is expressed as

fIhRU thR ’ml

[ee]
- 1 28+ .
as I, [p] = Z il Ee (B)™, we derive f\hﬁfy,mhm,ml as

=[S Fort, 1 (@) fingpnnl (£) dw. Exploiting the series of the Bessel function

41+ k) (14 ky) 2270 SN (ky (1 + K1) ti (ko (14 ko))"

f|h exp (ki)exp (k2) & t'(t+1) n!T (n+ 1)

(2) =

RU, thR m

n=0

00 l.t—n—l 2

X / exp [— (1 + k1) x] exp |:—(].—|—k‘2)—
0 2 x

] dw. (B.1)
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Based on Eq. [2.3.16.1] in [34] and formula calculation, the PDF is further derived as

f t+n+1 i f: ki 1 + kl 1+ kZ)]HTnH
|hRUthRm‘ t (n!)? exp (k1 + ks)

t=0 n=0
x Ky (22\/(1 Th) (1t k2)) , (B.2)

where K, (-) is the modified Bessel function of the second kind.

Based on (B.2), we express the Laplace transform expression of ‘h;’%fU’thRm} as
KAEI(L + k) (14 ko)) =

f‘hﬁythR,m‘ (x)} :42_: Z_: (Y2 (n)? exp (ky + ko)

X /00 o exp (—sz) Ky, (233\/(1 +k)(1+ k‘g)> : (B.3)
0

Based on M-fold convolution, we express the Laplace transform expression of the sum of

combined channels of different STAR-IOS elements Z |h RUthR7m| as

= { [ @]} ®

— (x) is derived as

B Rm

Using Eq. [2.16.6.3] in [34], the Laplace transform of f|hrf

RUm

t+n
s k 1+k1 (14ky)] 2 M
[f|hRU mhBR, m| } 42 Z n' exp (/{71 + ]{22)

t=0 n=0

(4\/(1 + ki) (1 +kz)>t NG F<2n+2,2t+2>
(s+2\/(1+k1)(1+k2)>2t+2 t+n+3
><2F1< 1 55— 21+ k) (1+k2)>. ®5)

X

242t —n+—;t+n+ -;
2’ 2 s +2/(1+ k) (1 + ky)

We assume s — oo. Then, the expression o F} (2t +2,t—n+3t+n+32; :z\/ﬁi:l)ﬁi?;)
1 2

is approximately expressed as o Fy (2t + 2,t — n+ 2;¢ + n + 2;1). Hence, the Laplace transform
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is finally derived as

( )] (5) = Z AR ERS[(1 4 Ey) (1 + ko) F(Qn +2,2t + 2)

RUthR,M| v o N2 (12 t+n+?2
t=0 n=0 (7 (n!)" exp (k1 + k2) n+;

f|h
1 o —(2t42)
X o) 2t+2,t—n+§;t+n+§;1 S

S e 5o

t=0 n=0

Hence, substituting (B.6) into (B.4)), we derive the Laplace transform expression of Z |h RUmh BRm]|

[ ] ) = {£[ At oy @]} = (m ia(t,ms%%) 7

We only keep the first item of the two Taylor series of the Bessel function in (B.7), which

as

RUthR m

means we consider n =0 and t = 0 in (B.7). We utilize the inverse Laplace transform to obtain

the PDF of Z ‘hRUthR,m| as

o0 o0 M
e (z) =L£7" ( o (t,n)s_(2t+2)> (x)

T
Z hRfU,thRym
m=1

[0 (an)]M 2M—1
-G (B.3)

Additionally, we note the equation fx: (r) = ﬁ [fx (V) + fx (—/x)]. We ignore the
M
Z hq]n%fU,thR,m

negative part of the aforementioned equation because of > 0. And then, we

m=1
M 2
derive the PDF of | > h%fUthR’m as
m=1
M, .M-1
o _ [0(0,0)]
Zl hRU thR m

2

M
> th,thRm ,rf € {rfl,rfr}. Hence, based on the
m=1

equation fox (¥) = 1 fx (%), we derive the PDF and CDF of g ? as the final expressions.

Note that we denote |7/ 2= B, ¥
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APPENDIX C: PROOF OF THEOREM

With the aid of the outage probability definition, the outage probability of the reflecting user

is expressed as

R T haxdBpr®t
Pout,rfl( ) / | rfl]2 (WRBC};;{} fd??f[} (CC) dz. (Cl)

Substituting the CDF of the central limit model and () into (C.I)), we further derive the outage

probability expression above as

Ry e prit _ [ Ymaxdplpact
1 R €q PtCBRCTﬂ €q PtCBRC;g
x | erf . (C2)
0

Pout,rfl ([L’) = ﬁ —erf

\/ 204 20ty

As the integration above cannot be derived, we utilize the Taylor series of the error function

erf (2) = % z—:o n!((;i)fl)z%“ to approximately calculate the outage probability. Hence, we

derive the equation (C3)) as

Pout,rfl ('T) = Z 2n+1 Z r

n=0 n'ﬁ (2n _'_ 1) <27};{) ’ r:{1,3,~~~72n+1}

% R (Xt’f'_"_l
< (rty i (Lol T e (C3)
eq rfl 2 ’ :
P tCBRCRU 0 R
AR . .
and after calculating the integration fo “"’T dr = @7;2, we obtain the final expressions.

APPENDIX D: PROOF OF THEOREM

Firstly, we substitute the CDF of the Gamma distribution, (2Q)), into the definition of the outage

probability of the reflecting user, (22)). Hence, we obtain the integration as

2 R T maxd ™
Pout.r (93)27/ oy | a, = dr. (-
trfl I'(a) R? J, PCprCyyBepf

We then exploit the Taylor series the expand the incomplete Gamma function as v («, §) =

Z (n%(:f:f” In this way, we further calculate the equation above as the following

T dat a+n R
Pou T max@ R / :L'at(a+n)+1d$. (DZ)
t,rfl ( RZ Z n' (PtCBRCRUﬂT’flﬂ> 0

Rat(a+n)+2

=l (arm) 3] and obtain the final answers.

Finally, we derive the integration f gorletn)H gy —
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