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Abstract

To address the rigorous requirements of ultra-reliable low-latency communication (URLLC)
in beyond 5G/6G networks, we propose an innovative architecture combining automatic
repeat request (ARQ) protocol with a simultaneously transmitting and reflecting recon-
figurable intelligent surface (STAR-RIS) to enhance short-packet non-orthogonal multiple
access (NOMA) communications. Specifically, retransmission mechanism provided by
ARQ is utilized to mitigate packet errors stemming from practical system imperfections,
i.e., imperfect channel state information (ipCSI), imperfect successive interference can-
cellation (ipSIC), and hardware impairments. Using the analytical foundation provided
by finite blocklength (FBL) theory, expressions for two key performance metrics, i.e., the
average block error rate (BLER) and effective throughput, are derived for two NOMA
users. Simulation results validate the analytical derivations and demonstrate that the ARQ
scheme provides significant reliability gains for each user and achieves synergistic gain with
STAR-RIS technology. In addition, the effective throughput exhibits a peak at an optimal
blocklength, balancing the reliability gain from a longer blocklength against the spectral
efficiency loss from a lower coding rate. This optimal blocklength decreases with more
STAR-RIS elements, as improved channel conditions reduce the need for long blocklengths.

Keywords: STAR-RIS; NOMA; ARQ; average BLER

1. Introduction

The proliferation of Internet of Things (IoT) devices, alongside advances in indus-
trial automation, autonomous systems, and tactile internet technologies, is catalyzing the
evolution toward advanced wireless networks, notably the beyond fifth generation (B5G)
and sixth generation (6G) paradigms. This evolution is fundamentally motivated by strin-
gent requirements for ultra-reliability, minimal latency, massive-scale connectivity, and
superior spectral efficiency [1,2]. Ultra-reliable low-latency communication (URLLC) is
now regarded as a key enabling technology to meet these stringent requirements, partic-
ularly for mission-critical services where packet error rates as low as 10~ to 10~? and
latencies below 1 ms are mandated [3,4]. Unlike conventional wireless systems that rely on
Shannon’s capacity theorem under the assumption of infinite blocklength (IBL), URLLC
often involves the transmission of short packets with finite blocklength (FBL), where a
non-negligible decoding error probability persists even if the transmission rate remains
lower than the channel capacity [5,6]. This fundamental shift from the IBL to the FBL
regime necessitates not only a reevaluation of traditional performance metrics but also the
creation and implementation of novel transmission schemes to ensure reliable short-packet
communications.
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Recently, non-orthogonal multiple access (NOMA) is positioned as an attractive mul-
tiple access methodology, chiefly because of its enhanced efficiency in utilizing spectral
resources and its capability to accommodate massive connectivity [7,8]. Utilizing power-
domain multiplexing and successive interference cancellation (SIC) to facilitate resource
sharing among multiple users within the same spectral and temporal dimensions, NOMA
achieves markedly higher network throughput and accommodates more concurrent trans-
missions than do orthogonal multiple access (OMA) approaches [9-11]. Specifically, in
downlink NOMA implementations, fairness is pursued by assigning higher transmit power
to receivers experiencing weaker channel gains, typically far users. Conversely, those
with stronger channels (near users) execute SIC, first decoding and eliminating the signals
intended for far users prior to retrieving their own information [12,13]. However, the
practical implementation of SIC is often constrained by non-ideal factors such as residual
interference from imperfect synchronization and signal distortion due to quantization
errors, which prevent near users from perfectly cancelling far users’ signals, a phenomenon
referred to as imperfect SIC (ipSIC) [14,15]. This imperfection can severely degrade the de-
coding performance of near users, particularly in short-packet scenarios where the margin
for error is extremely limited.

Reconfigurable intelligent surface (RIS) is receiving growing interest as a paradigm-
shifting technology capable of intelligently shaping wireless propagation channels, with
the goals of extending coverage, boosting energy efficiency, and improving signal qual-
ity [6,10,16]. This technology employs a planar array of passive elements that individually
reconfigure the phase and amplitude of incident electromagnetic waves to steer signals
toward intended receivers. Advancing beyond conventional RIS, the simultaneously trans-
mitting and reflecting RIS (STAR-RIS) empowers each element to both reflect and refract
signals simultaneously. This capability facilitates omni-directional (360°) coverage and
offers superior adaptability in coordinating users distributed on both sides of the sur-
face [17,18]. Operational protocols for STAR-RIS, including energy splitting (ES), mode
switching (MS), and time switching (TS), provide diverse options for balancing imple-
mentation complexity with system performance. By integrating STAR-RIS with NOMA
architectures, it is possible to enhance channel gains, mitigate inter-user interference, and
improve the overall system performance, particularly in scenarios where direct links are
blocked or severely attenuated [19]. Specifically, the work in [19] introduced a STAR-RIS
operating protocol that employs mode switching combined with element partitioning.
Subsequently, ref. [20] presented a joint optimization framework for user blocklengths,
transmit power, and STAR-RIS beamforming to minimize total power consumption under
per-user reliability constraints. Furthermore, ref. [21] proposed a dynamic user grouping
method designed to maximize the spectral efficiency of such systems. Analytical expres-
sions for the block error rate (BLER) and goodput of a STAR-RIS-assisted NOMA downlink
system were derived in [22]. In the FBL regime, ref. [23] designed a semi-NOMA scheme
for STAR-RIS-aided symbiotic networks.

It is important to recognize that the validity of the aforementioned studies on STAR-
RIS-assisted NOMA networks is predicated on the critical assumption of perfect channel
state information (CSI). However, the inherent pilot-data resource competition, combined
with the inability to average out noise, makes channel estimation error a central and un-
avoidable challenge in the design of short-packet communication systems. Research has
quantified the benefits of deploying STAR-RIS in NOMA systems under imperfect CSI
(ipCSI). Ref. [24] demonstrated that such deployment yields superior spectral efficiency
compared to systems using conventional RIS. Then, ref. [25] analyzed the system’s re-
liability by investigating the average BLER in a short-packet NOMA setup, taking into
account the combined impact of both ipSIC and ipCSI. On the other hand, in practical
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transceivers, components such as power amplifiers, oscillators, analog-to-digital converters,
and mixers introduce non-ideal effects like I/Q imbalance, phase noise, amplifier non-
linearity, and quantization errors. These impairments degrade signal quality by causing
distortion, introducing additional noise, and creating residual interference that cannot be
completely eliminated through digital signal processing [26-28]. It was found in [29] that
RIS integration in a short-packet NOMA system mitigates hardware impairments while im-
proving diversity order. An analysis of the joint effect of ipSIC and hardware impairments
on the average BLER and achievable throughput was examined in [30] for a RIS-assisted
short-packet NOMA network. Within the context of short-packet communications under
ipSIC and hardware impairments, the work in [31] demonstrated the superior performance
of active STAR-RIS-assisted NOMA over its passive counterpart.

To mitigate the adverse effects of ipSIC, ipCSI, and hardware impairments constraints,
automatic repeat request (ARQ) protocol provides a well-established solution for improving
transmission reliability through retransmissions [32-34]. In ARQ, receivers acknowledge
successful packet decoding by sending an acknowledgment (ACK), while a negative ac-
knowledgment (NACK) triggers a retransmission from the transmitter. Although ARQ
inevitably introduces additional latency and reduces spectral efficiency due to repeated
transmissions, it can significantly lower the packet error rate, especially when the number
of retransmissions is limited to control delay [35,36]. For URLLC applications with strict
delay budgets, a single retransmission (i.e., one ARQ round) is often sufficient to achieve
substantial reliability gains without excessive latency overhead [37]. Recent studies have
demonstrated that ARQ protocol significantly improves short-packet communications
efficiency, not only in NOMA networks [37,38] but also in networks where NOMA is
integrated with RIS [39]. However, the integration of ARQ into NOMA systems employ-
ing STAR-RIS for short-packet communications, considering the joint impact of ipSIC,
ipCSI, and hardware impairments, remains an open research problem with significant
practical implications.

To address these existing gaps in the literature, we introduce a new transmission
approach that integrates ARQ protocols into STAR-RIS-assisted NOMA systems designed
for short-packet communications. The proposed scheme seeks to enhance communica-
tion reliability under practical and non-ideal operational constraints, including hardware
impairments, ipSIC, and ipCSI. The main contributions of this work are summarized
as follows:

1. We propose the use of a STAR-RIS to enable a downlink short-packet NOMA network,
in which a base station (BS) communicates with a near user positioned in the reflection
region and a far user located in the refraction region of the STAR-RIS. To improve
transmission reliability under practical imperfections, an ARQ protocol with one
retransmission opportunity is employed. This mechanism is designed to mitigate
packet errors arising from ipSIC, ipCSI, and hardware impairments.

2. We present newly derived closed-form expressions that characterize both the average
BLER and the effective throughput achieved by the near and far users. The analysis
covers various transmission scenarios based on the success/failure states of the first
transmission and the corresponding resource allocation strategies in the retransmission
phase. The conventional non-ARQ scheme is evaluated as a baseline to quantify the
improvements in reliability and spectral efficiency offered by the proposed scheme.

3. Comprehensive Monte Carlo simulations are performed to verify the accuracy of
the derived analytical expressions and demonstrate that the ARQ scheme provides
substantial reliability gains for both NOMA users, and its combination with STAR-
RIS technology yields synergistic benefits. Moreover, the optimal blocklength re-
quired for achieving maximum effective throughput decreases with more STAR-
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RIS elements, as the resultant channel improvement reduces the need for long
blocklength transmissions.

The remainder of this paper is organized as follows. Section 2 details the system
configuration, including channel modeling, the operational principles of the STAR-RIS, and
the newly introduced ARQ-based transmission framework. A comprehensive performance
evaluation is conducted in Section 3, where analytical expressions for the average BLER and
effective throughput are derived for each user. Numerical simulations and corresponding
analyses are presented in Section 4, illustrating the benefits of the proposed method and
examining the influence of key system parameters. Concluding remarks and potential
directions for subsequent research are provided in Section 5.

2. System Model

Figure 1 depicts a downlink NOMA network enhanced by a STAR-RIS. The system
includes a BS, a STAR-RIS equipped with N passive elements, and two NOMA users (a
near user U; and a far user Uy) located on either side of the STAR-RIS. When utilizing
short packets, the constrained blocklength not only inevitably leads to decoding errors but
also complicates SIC. ARQ can enhance transmission reliability in such scenarios. Upon
an unsuccessful decoding attempt by either U; or Uy, a NACK is fed back to the BS to
request a retransmission; an ACK is returned upon successful decoding. The transmission
process terminates under two conditions: when both users have successfully sent ACKs, or
when the maximum permissible number of retransmission attempts has been exhausted.
To limit potential delays, a single retransmission opportunity is allowed [37]. For simplicity,
the original transmission attempt is referred to as the first phase, while the subsequent
retransmission is denoted as the second phase.

()
Qe

gnZ
I I .
h B
/“ \NE B STAR-RIS

gnl

(9
Qo

Due to surrounding blockages, it is assumed that no direct link exists from the BS

BS

Figure 1. System model.

to either user U;, where i € 1,2 [19,25]. This serves to quantify the fundamental gains
of the STAR-RIS and is well-justified in typical 6G coverage-hole scenarios (e.g., dense
urban canyons). It establishes a performance lower bound for the worst-case users that the
STAR-RIS is designed to assist. All nodes are also assumed to be equipped with a single
antenna. For the n-th element on the STAR-RIS, the wireless channel from the BS to the
STAR-RIS during the I-th transmission phase is represented by ,, while the channel from
the STAR-RIS to user U; is denoted as gfﬂ., withl/ € 1,2andn € 1,2,...,N. These channels
follow a Rayleigh distribution, characterized as CA(0,1). Given that the BS is typically
stationary, the CSI for the link spanning from the BS to the STAR-RIS can be obtained with
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reasonable accuracy using standard estimation methods. However, acquiring perfect CSI
for the STAR-RIS to U; links is challenging due to feedback delay [40]. Consequently, the
estimated channel can be formulated as

§hi = p&hi + /1 p28hs, 1

where g;i denotes the ideal channel, while g;i corresponds to the estimated channel, and
gn ; being the estimation error, is uncorrelated with gm Here,0 <p <1is the correlation
coefficient between the ideal channel g and its estimated counterpart g ., serving as a
measure of estimation accuracy.

2.1. The First Phase

The BS in the first phase uses superposition coding to send signal x = /a1Px; +
VaaPx; to Uy and Uy, where P is the transmit power of the BS, x1 and x; are the unit-power
signals for U; and U, respectively, a1 and a; are their corresponding power allocation
coefficients satisfying a1 + ap = 1 and ap > a7. The STAR-RIS elements function according
to the ES protocol, which partitions the incident energy into two streams to simultaneously
reflect and refract the incoming signal. The received signal at U; can be expressed as

N
vl = (Z dg',}lr e+ Z Wrﬁmhng ejem>(x+ﬂs}+%'+”ir @

n=1

where s ~ CN(0,k?P) and y; ~ CN (0, k2Pdgd "

E &y
=1

tions caused by hardware impairments at the BS and U;, respectively, with k; and k,

2
) denote the distor-

representing the impairments level at transmitter and receiver, respectively. Besides, the
link distances from the BS to the STAR-RIS and from the STAR-RIS to user U; are denoted
by dsr and d,;, respectively, with T representing the path loss exponent. Furthermore, the
n-th element on the STAR-RIS introduces an energy partitioning coefficient 0 < B,; <1,
which dictates the proportion of signal energy allocated to either reflection or refraction.
These coefficients satisfy B,,1 + B2 = 1. A corresponding phase shift 6,; € [0,277) is also
applied by each element. Without loss of generality, we assume that ,; = B; [25,41].
n; ~ CN(0,0?) is the additive white Gaussian noise (AWGN).

To maximize the received power at U;, the STAR-RIS adjusts 6,; by seting
0, = —arg(h,) — arg(gni) [41]. Then, according to (2), the received signal-to-interference-
plus-noise ratio (SINR) at U for detecting x; is given by

,.}/1 _ IsznBlp2x} (3)
Y2 AB1p% (a1 + ki) X] + ABL(1 + Kir) (1 — p2)Y] + dg,dfy
2 2
where X1 ’hl ’ Y hleffm| ki = k2 +k%,and A = % is the transmit

signal-to- no1se rat10 (SNR). Followmg [42], the instantaneous BLER when U; decodes x;
can be formulated as

el ~ ‘P(’Y%,zf by, L), (4)
1y
where ‘I’('yiz,bz,L) 2 Q 1n2w , V(YY) = 1= (14972 Qkx) =

\/V(W%,z)/L

2
= . ;o e~ zdt, by represents the number of bits in signal x,, and L is the blocklength. Once
U; has successfully decoded the message x», it executes SIC to subtract this signal compo-
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nent from its aggregate received signal, thereby facilitating the subsequent detection of its
intended message x1. Accordingly, the SINR at U, for detecting x; is given by

- uAB1p*X]
MU ABoR (e + ki) X+ AB1 (1 + ki) (1 — ) Y] + dTdT,

(5)

where 1 is the ipSIC factor, i = 0 is the case of perfect SIC (pSIC), and 0 < 1 < 1 refers to
ipSIC. Thus, the instantaneous BLER at Uj is expressed as

1 _ .1 1 \.1
ey, =&t (1 - 51,2)*31,1
.1 1
RepteE, (6)

where 8%,1 ~ T(’thbl, L), by represents the number of bits in signal xq, and the ap-
proximation is motivated by the very low target BLER in short-packet communication
systems [37].

During the detection process at U, the signal component designated for U is regarded
as interference. Thus, the received SINR at U, for detecting x; is given by

T = 2 Pap”Xs ?)
" Aop? (@ + ki) X5 + AB2(1+ ki) (1 — 02)Y; +dGdE,
N 2 2
where X1 = 21 |hi]|8L,|| ,and Y] = Lef®2| . Thus, the instantaneous BLER at U
n= n=
is expressed as
el ~ ¥ (b b L) (8)

2.2. The Second Phase

The first transmission attempt does not ensure flawless reception at the user terminals.
If a packet decoding error occurs, a NACK is returned to solicit a second transmission;
conversely, an ACK is transmitted to terminate the process. Based on the receivers’ status,
four possible cases are outlined in Table 1. Notably, to enhance transmission reliability,
when either user successfully recovers its intended message during the first transmission
phase, the entirety of the communication resources are then dedicated to the remaining user.

Table 1. Table of retransmission cases.

Cases u; u, Retransmitted Signals STAR-RIS Working Modes
1 NACK NACK Va1 Pxy + v/aa Pxy ES
2 ACK NACK v/ Pxy Full refraction mode
3 NACK ACK VPx; Full reflection mode
4 ACK ACK Null Null

In both Case 1 and Case 3, U; experiences a packet decoding error, which triggers a
request for a retransmission. Specifically for Case 1, the signal received by U; during the
second phase is expressed as

N
= (£ g [P )t
Ssr

n=1
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Following the same procedure as in the initial transmission phase, U; should first decode
the message intended for U, with SINR given by

wAP1p° X7
AB10? (a1 + kir) X3 + A1 (1 + ki) (1 — p?) Y7 +d5dY

" = (10)

2 2

. Therefore, the corresponding instan-

where X2 ’ Y ‘hz

N .
,and Y2 = | ¥ hZelfn
n=1

taneous BLER can be expressed as

Eﬁ ('71 b2, ) (11)

After successfully decoding U,’s message, U; subtracts this signal from the combined
received signal. Thus, U; decode the signal x; with SINR given by

21 _ wAB1p* X7 (12)
Yy Kir) X2+ ABy (1 + ki) (1 — p2) Y2 + dg,dT,
Bro? (paz + ki) X3 + A1 (1 + ki) (1 — 02)Y] + d5dfy
and the corresponding instantaneous BLER is formulated as
1~ ¥ (141 b L), (13)

For case 3, the STAR-RIS operates in full reflection mode, i.e., ;1 = 1 and B, = 0.
The received signal at U is expressed as

N 1 A B
W= <Z \ dndr phgie ™ + Z dr dr iz, ejgnl) (VPxips) -+ . (14)
1 srrl

n=

In this case, the decoding SINR for x; at Uj is given by

223 = AP X] (15)
VT A0k X2+ A1+ ki) (1 — p2) Y2 + d5dY
and the corresponding instantaneous BLER is expressed as
ey ~ ¥ (17 b L). (16)

According to case 1 and case 3, the instantaneous BLER for U in the second phase is
given by
2 1 2,1 2,1 1 2,3
&, ey, (81,2 + 81,1) + (1 Euz)sl 1 (17)
In case 1 and case 2, U, initiates for retransmission. For case 1, the received signal at
U, is expressed as

N
y%/l = Z ,fnzT %gﬁ e]9n2 + Z #hngn 6]9;12 (x + “Ms) + H2 + na. (18)
dSVer dsrdrz

n=1

When decoding its own message, U; treats the signal intended for U; as interference.
Therefore, the decoding SINR for x; at U is given by

21 “2/\/52P2X§
oy

- , (19)
2 APop?(ar + ki) X3 4 AP2(1 + ki) (1 — 0?)YZ + dT,dT,
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2

2
N
where X2 = ‘ngl |h%||g%2’ ,and Y? = . Thus, the instantaneous BLER is

N .
Y, h2elfn
n=1

expressed as

5% é (72 2 b2, ) (20)

In the scenario described by case 2, the STAR-RIS is configured to operate solely in the
refraction mode, which is achieved by setting B,,; = 0 and 8,2 = 1. The received signal at
U, is given by

N 1 .
Pl g + Z ) 22l (VPx2+ pis) + iz + na. (21)
~ \| d5d5, d d

In this case, the decoding SINR for x; at U, is given by

2,2 APX3
122 T 3 o %2 22 T (22)
= APk X5+ AL+ ki) (1 — p2) Y5 +dEdT,
and the corresponding instantaneous BLER is expressed as
&5~ ¥ (133 b L) (23)

Based on the operational conditions defined in case 1 and case 2, the instantaneous
BLER for U in the second phase is given by

2.1 21 1,22
ey, N e €yn + (1 — ey, )822 (24)

3. Performance Analysis

In this section, we provide a thorough performance evaluation of the proposed network
in terms of reliability and spectral efficiency. We begin by examining the statistical properties
of the received SINRs. Following this, analytical formulas in closed-form are derived for the
average BLER and the effective throughput pertaining to both the near and the far users.

3.1. Preliminaries

Following the methodology outlined in [43], the cumulative distribution function
(CDF) for the random variable Xﬁ can be closely approximated using a Gamma distribution,
expressed as
7k, vV/x)

le(x) TR (25)

— _Nr? —
where k = o 2,andv 16

function v(-,) follow the deﬁmtlons provided in [44]. Furthermore, the random variable

762, the gamma function I'(-) and the incomplete gamma

Yl.] follows an exponential distribution, and its corresponding probability density function
(PDF) is directly provided as [40]

1 _ v
fylj(.’/) =§N¢ " (26)
Based on the analysis in Section 2, we can express all SINR expressions, i.e., 7%,2, 7%,1'
7%,2, ’y%’%, 7%’%, ’y%’?, ’y%ﬁz, and ')’z 5, in the following unified form

0,X]
Yo = i 1]' ’ (27)
q)gXi + TgYi +Qy
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where the coefficients @, ®;, ¥y, and )y are given in Table 2.

Table 2. Coefficients of SINR Expressions.

£ Corresponding SINR Oy D, ¥y Qy

1 T2 wABo®  ABio*(ar ki) ABi(1+ky)(1—p2) d5dT,
2 4 wiABo? AB1oR(Yar + ki) AB1(L+ky)(1—p?)  d5dT,
3 122 AP APop*(ar + k) ABa(l+ky)(1—p%) didf,
4 7 WABI?  ABioA(a1 + k) ABI(1+ky)(1—p?) dLdD,
5 7 mABIo? AP1oA(Yaz + k) ABi(1+ky)(1—p?) d5dT,
6 L6 A Aok A1 +ky)(1—p?)  dody,
7 722 AP ABap (a1 + ki) Aa(l+ku)(1—p?)  dLdy,
8 122 Ap? Aok A +ky)(1—p%)  d5dy,

Then, the CDF of vy, can be obtained as

0,X)
F,,(z) = Pr 0 <z). (28)
QX +¥,Y +

When z > %, we have Fy,(z) = 1. When z < %, the CDF of -y, can be derived as

Yoyz+Qyz

R = [ [T fy oy dxdy

[ Y oyz+Qyz
,Y (k’ v @g—@gz )

o _y
_/o roN ¢ W

(@) M w, [¥yNzxy, + Qpz
~ —| ko ———m— |, 29
m;l F(k) 7( @g - q)[Z ( )

where step (a) is to apply the Gauss-Laguerre quadrature [25], x,, is the m real roots of
Tm(x) = & d‘i—MM (xMe™), wy, = (MH)Z(J]CW’ and M is the Laguerre tradeoff factor.

Combining these two cases yields the CDF of -y, given by

M
W k, ‘I"/NzmerQ[Z , < @,
Fw(z)_{ X r(kﬂ( OV ez ) is sy (30)

1, otherwise.

3.2. Average BLER of U,

If Uy be unable to decode its designated messages accurately, it will initiate a request
for one retransmission. When U] still be unable to recover the messages after retransmission,
a packet error will inevitably occur. Thus, the average BLER at U] is given by

tu, = E(elyel, )- (31)
Substituting (6) and (17) into (31), the average BLER at U; can be further expressed as
= 21, 21 23
gy, =E ( (sluz <£1,2 + 81,1) + (1 - sluz)slll) (s{z + 8%/1) ) (32)
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Under the assumption that channels are independent between transmission slots, we can
rewrite (32) as

eu, = (E(ely,) (E(32) +E(1)) + (1 E(el ) )E(3) ) (E(el2) + E(e1,) ). 33)
Prior to the derivation for ;;,, we derive the closed-form expressions for E (eb) and

E (8%,1) in the following two Lemmas.

Lemma 1. The closed-form expression for E( €] 2) is given by

T
1) _ _ ¥ T
E(81,2> H(AZ a1 +ktr> +H<“1+kt7 B2> <t—21 2T . GtF] (V2)>
[1%) [1%) 1 1 %)
H —Ay))—-H —B ——(—=——n
+< (“1+ktr 2> <0‘1+ktr 2>)<2 <0€1+ktr 2)

T
VL ( a [1_ 2
XgZ\/Z+; oT (Dél-i-kty Az) 1 gtFW%/Z(vl) , (34)
1
b 2by 2 1
whereh2:2L—1,g2:(27T<2L—1>> ,A2:h2—W,B h2+2f
B,—A
i = %(txlpjrzktr _A2) - %<lxl+kt +A2) 2 = = 22 : + BZJ2FA2’ CL COS(ZST17T>
1 >
H(x) = 0’ * ;8 , and T governs the trade-off between computational complexity
, X

and accuracy.
Proof. See Appendix A. O

Lemma 2. The closed-form expression for E (sh) is given by

o o1 1 T /
E(S%J) o H(A1 - Yoy + ktr) * H<l[10€2 + ktr > <2 2T F’Y%,l (V4))

t=1
o1 o1 1 o1
+(H———A)-H———B S (—2
((Wﬁktr 1) (Wﬁktr 1>)<2 <¢“2+ktr 1)
T
s1tVL ad _ _ 2
xglﬁ+t:21 o <¢a2+ktr A1>\/1 6iF (13) |, (35)

1
— T — ﬂ 2 — 1
where hy = 2T —1, g1 = <2n(2L —1>) , Ay _hl_W’B h1+2gf’
_ 1 _ ct(B1—4q) B1+A
v =% (gt — A1) + 3 (arke + Ar) and vy = S0y Bghs

Proof. The above result can readily be obtained by applying an analytical approach analo-
gous to that detailed in Appendix A. [

A comparison of Equations (3) and (10) reveals that E (s%é) and E (sb) share an
identical form, leading to the deduction that E (e%) =E (8%’2>. Similarly, Equations (5)
and (12) are equivalent, implying E (sﬂ) =E (eh). Moreover, Equation (15) exhibits a

structure analogous to (5). Consequently, the closed-form expression for E (sﬁ) follows
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from (35) by substituting a4y =1, 1 = 1, y = 0, and nyh (x) with F'y%?(x) The closed-

. 23 . .
form expression for E (81’1> is given by

23\ = _r 1 SN
E(su)H(Al o) PH G B ) (Do V- HEa(w)

I oL [ 1
xg1ﬁ+zg12T (kﬂ—Al)\/l—Q%Fﬁg(W))) (36)

By inspecting Equations (3) and (7), a structural similarity is observed between the
expression for E (8%12) and that of E (8%12) . Consequently, the closed-form result for E (sluz)
can be derived by replacing F’y%’z(x) with F’y%rz(x) in Equation (34). The closed-form

expression for E (eluz) is given by

T
1 o B 1% 1% . £ 2
E<€u2) a H<A2 ag + ktr) " H(“l + kir Bz) (Z 2T 1 gtF“/iz (V2)>

=1
Xy %) 1 X2
H —A))—H B (= — —h
+( <0€1+ktr 2) <¢’<1 + kir 2)><2 (061 + ki 2)
X ﬁ+ig2”ﬁ 2 A\ 1-@Fy (1) (37)
&2 LT N 2 Gy 7, ) )

Substituting E (s;z), E(el), E(e13), E(e11), E(13), and E(el,) into (33), the
closed-form expression for the average BLER of U is obtained.
In traditional STAR-RIS assisted NOMA networks that do not employ ARQ, the

average BLER of U] is given by

"M = E(el) +E(ela)- (38)
A comparison of Equations (38) and (33) shows that Eﬁ;m_ARQ > £y5,, indicating that

the reliability of data transmission is improved through the use of ARQ.

3.3. Average BLER of U,

U, will also solicit a second transmission attempt when it fail to recover its intended
data in the initial phase. A packet is considered in error if correct decoding is not achieved
by the conclusion of the second transmission opportunity. The average BLER of U, is
given by

- 1 .2
gy, = E(Euzsuz)- (39)

Substituting (8) and (24) into (39), the average BLER at U, can be further expressed as

gy, =E (5%12 (5%1] eéé + (1 — sbl)eé’é) ) (40)

Owing to the statistical independence between the two transmission slots, (40) can be
further expressed as

= ()£ (1) +£() + (@) (- () -5(h).
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It can also be seen that E (82 2) is identical to E( ) implying E (52 2) =E (8%12)'
Furthermore, from Equations (22) and (15), the expression for E (82’2> is analogous to that
of E <52’3>. Replacing g with g5, hy with hy, A; with Ay, By with By, and F,yz,3(x) with

1,1

sz,z( x) in (36) yields the closed-form expression for E (€2 2) given by
22

T

E(23) = H(A2 - kl) * H(kl - BZ) (21 QM%;%W))
(o) () - (2

T oonvL (1
XgZ\/Z+ Z gzzT (ktr — AZ) \/ 1- Q%Fﬁ’i(vl)> . (42)

Substituting E (sbz) ,E (8%’2), E( ) and E (82 2) into (41), the closed-form expres-
sion for the average BLER of U is obtained.

In traditional STAR-RIS assisted NOMA networks that do not employ ARQ, the
average BLER of U, is given by

-Non—ARQ __ 1
ey - E(euz). (43)

Comparing Equations (43) and (41) further confirms that ARQ improves transmis-
sion reliability.

3.4. Effective Throughput of Uy

The analysis above demonstrates that ARQ enhances transmission reliability. However,
retransmitting the same message reduces spectral efficiency. To evaluate this trade-off, the
effective throughput is adopted as the metric, defined as

= (1 B(eb)) (- (b)) + 5 () (1 B(eh)) + (b ) (- B()) o
Utilizing (6), (8), and (17), (44) can be further expressed as
= 7 (1 E(h) ~B(e4)) (1= E(e)) + 7 B(eb) (1 E(ch2) — B(eh))
ot (E(ha) +E(ha)) (1= B(ele) ((2) + £(81)) - (1 B(ehe))E(2) ) s)

For conventional STAR-RIS-assisted NOMA networks operating without any retrans-
mission mechanism, the effective throughput is given by

AR = bL (1-E(el2) —E(elr))- (46)
Substituting E (81 ) E (8% 1) E (81u2) E (eﬂ) E (s ) and E( ) into (45) and (46),
Non—ARQ

the closed-form expressions for 77, and 17, are obtained.

3.5. Effective Throughput of U,
Similarly, the effective throughput of U, is derived as

= B0 2() (1 () + o) (- 2() - Be) (k@) @
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Utilizing (6), (8), and (24), (47) can be further expressed as

o= 21 £(42) - () 1 ) - (4 + E(4)) - ()
() (- (i) +())E(2) - (1-£(4) -E())EE).

For conventional STAR-RIS-assisted NOMA networks operating without any retrans-
mission mechanism, the effective throughput of U, is given by

e = bfz(l ~E(el) ) @)

The closed-form expressions for 77, and ﬂﬁj"iARQ are derived by inserting the analyt-

ical results for E (8%2) ,E (sh) ,E (81u2>, E (e%é), and E (E%%) into Equations (48) and (49),
respectively.

4. Numerical Results

This section presents simulation outcomes to validate the analytical derivations and
to explore how primary system variables influence reliability and spectral efficiency. The
parameter configurations used for these simulations, unless otherwise stated, are detailed
in Table 3. The simulated BLER values are obtained using a semi-analytical Monte Carlo
method with 10° independent channel realizations. For each realization, we evaluate
the conditional BLER analytically based on the instantaneous SINR, then average these
probabilities. Unlike direct error counting, this approach does not require observing
actual decoding failures, enabling accurate estimation of ultra-low BLERs with manageable
computational complexity.

Table 3. LIST OF SIMULATION PARAMETERS.

Parameter Value
Blocklength L =200
Noise power 0? = —121 dBm
Transmit power P =20dBm
Number of STAR-RIS elements N =15
Channel correlation coefficient p=07
IpSIC factor p=0.1
Complexity accuracy tradeoff parameter M =300, T =50
Level of hardware impairments ki =k, =01
Distance between nodes dsr = 05km, d,y =04 km, d,, =05 km
Path loss coefficient T=27
Number of information bits by =200, b, = 150
Power allocation factors a1 =02,00 =08
Reflection and refraction coefficients B1 =05 6,=05

Figure 2 presents the average BLER versus the transmit power P for different L,
comparing the proposed ARQ-assisted scheme with the conventional non-ARQ scheme.
First, the close match between simulation data and theoretical curves serves as strong
evidence for the accuracy of the derived analytical expressions. Second, the average
BLER for both near and far users declines significantly with increasing transmit power P
under both ARQ and non-ARQ schemes when P is relatively low. Beyond a certain point,
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however, the average BLER approaches a floor, indicating that further increases in power
yield diminishing returns in performance improvement. Most notably, the proposed ARQ-
assisted scheme consistently demonstrates significantly improved reliability compared to
the benchmark non-ARQ strategy.
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Figure 2. Average BLER versus the transmit power P for different L.

Figure 3 shows the average BLER versus the transmit power P under the proposed
ARQ-assisted scheme, considering various non-ideal factors. When p = 1, ¢ = 0, and
ki = k, = 0, it indicates that there are no channel estimation errors, no residual interference
cancellation signals, and no hardware impairments. In this case, the average BLER is
minimized and no error floor is observed at high transmit powers. Consequently, the
emergence of such an error floor under practical conditions is directly attributable to these
non-ideal factors, indicating that merely increasing transmit power cannot overcome the
performance ceiling they impose. These ideal conditions establish a crucial theoretical
performance baseline for the system, serving as a benchmark against which practical
implementations can assess the extent of performance degradation. In the presence of
non-idealities, such as imperfect interference cancellation, channel estimation errors, and
hardware impairments, the average BLER increases relative to this ideal reference.

Figure 4 illustrates the average BLER versus the power allocation factor &1 for both
ARQ-assisted and non-ARQ schemes. For the far user, the average BLER increases with «q
under both schemes. This trend occurs because a higher #1 reduces the power allocated
to the far user, lowering its received SINR and consequently raising the BLER. While
this effect is observed in both schemes, the average BLER is consistently higher in the
non-ARQ scheme, demonstrating the robustness of the proposed ARQ-assisted mechanism
against unfavorable power allocation for the far user. For the near user under the non-ARQ
scheme, the average BLER first decreases as a larger #; enhances its own signal power,
but subsequently increases when a1 grows too large, as the far user’s diminished power
degrades SIC. Under the ARQ scheme, however, the near user’s average BLER follows a
more complex trajectory: it initially rises, then falls, and rises again. At very small a1, a
slight increase shifts retransmissions from OMA to NOMA mode, temporarily elevating
the BLER. Further increases in & then improve U;’s own decoding sufficiently to reduce
BLER. Finally, when &1 becomes excessively large, imperfections such as ipSIC dominate,
causing BLER to rise once more.
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Figure 3. Average BLER versus the transmit power P for different non-ideal factors.
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Figure 4. Average BLER versus the power allocation factor &;.

Figure 5 plots the average BLER versus the number of STAR-RIS elements N for both
ARQ-assisted and non-ARQ schemes. The results show that the average BLER for both
users decreases as N increases under both schemes. This improvement occurs because a
larger N significantly enhances the SINR for each user, thereby improving overall system
reliability. Furthermore, due to the diversity gain provided by ARQ, the ARQ-assisted
scheme exhibits a steeper decline in BLER as N increases. This indicates a synergistic
effect between ARQ and STAR-RIS in enhancing reliability. ARQ effectively amplifies the
array gain benefits of the STAR-RIS, especially when the number of elements is limited.
Consequently, ARQ serves as a complementary and cost-effective mechanism for achieving
ultra-high reliability in STAR-RIS-aided systems.

Figure 6 depicts the effective throughput versus the transmit power P, comparing
ARQ-assisted and non-ARQ schemes. The effective throughput generally increases with P,
indicating that higher transmit power enhances spectral efficiency. However, due to the
fixed information bit and blocklength requirements, further increasing P yields diminishing
returns and cannot improve throughput indefinitely. In the low-power region, the far user
achieves a greater effective throughput than the near user, because the power allocation
scheme inherent to NOMA assigns a lower portion of the total power to the near user,
thereby constraining its performance. Conversely, in the high-power region, the near user
benefits from its superior channel conditions and attains higher throughput than the far
user. Finally, the ARQ-assisted scheme provides a more pronounced throughput gain
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for the near user. This is attributable to the near user’s higher first-attempt BLER, which
stems from its more complex SIC process. In contrast, the far user, which decodes its
signal directly without SIC, experiences a lower initial BLER and thus benefits less from
retransmissions. ARQ effectively mitigates the near user’s inherent reliability limitation
by allowing packet retransmission, thereby converting its higher error probability into a
substantial gain in effective throughput.
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Figure 5. Average BLER versus the number of STAR-RIS elements N.
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Figure 6. Effective throughput versus the transmit power P.

Figure 7 illustrates the effective throughput versus the blocklength L under the pro-
posed ARQ-assisted scheme with p = 0.8. The effective throughput for both users initially
increases with L, reaches a peak, and then declines. This behavior results from a trade-off
between spectral efficiency and reliability. As shown in Figure 2, a longer blocklength
enhances transmission reliability, which initially improves throughput. However, given a
predetermined number of information bits, increasing L reduces the coding rate, thereby
lowering spectral efficiency. Beyond the optimal blocklength, the penalty from the reduced
rate outweighs the benefit from improved reliability, leading to a net decrease in effective
throughput. Moreover, the optimal blocklength decreases as the number of elements on the
STAR-RIS increases. This occurs because a larger STAR-RIS array enhances the maximal
achievable rate by improving the channel conditions. This improvement reduces the need
for long blocklengths to ensure a given level of reliability, allowing the system to operate
efficiently with shorter blocklengths and thereby achieve higher spectral efficiency.
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Figure 7. Effective throughput versus the blocklength L.

5. Conclusions

In this study, we integrated the ARQ protocol to improve the reliability of short-packet
communications within a NOMA system supported by a STAR-RIS. This configuration
enables two NOMA users, located on opposite sides of the STAR-RIS, to share the same
non-orthogonal resources. We further developed closed-form analytical expressions char-
acterizing both the average BLER and the effective throughput for each user, taking into
account hardware impairments along with ipSIC and ipCSI. Analytical results indicated
that the ARQ scheme yields significant reliability gains and exhibits synergistic perfor-
mance with the STAR-RIS. Furthermore, the effective throughput reaches a peak at an
optimal blocklength, balancing the reliability improvement of a longer blocklength against
the spectral efficiency loss from a lower coding rate. This optimal blocklength decreases
as the quantity of elements on the STAR-RIS increases, as improved channel conditions
reduce the need for long blocklengths. The current framework was studied under the
assumption of a static link configuration and a fixed ARQ strategy, which may lead to sub-
optimal reliability. Future work will focus on designing adaptive transmission schemes that
intelligently coordinate the STAR-RIS configuration with physical-layer parameters (e.g.,
blocklength and power allocation) to leverage the full potential of ARQ under imperfect
channel knowledge.

From a system-level perspective, the proposed STAR-RIS-assisted ARQ-NOMA frame-
work also exhibits favorable scalability. At the node level, increasing the number of
STAR-RIS elements enhances system reliability without significantly raising processing
complexity. In terms of signaling, the adopted ARQ mechanism introduces negligible
control overhead, consisting only of ACK/NACK feedback. Furthermore, this framework
aligns well with key 6G paradigms: STAR-RIS acts as a coverage-enabling technology,
NOMA supports massive connectivity, and the adopted ARQ mechanism provides a foun-
dation that can be naturally upgraded to hybrid ARQ (HARQ) and further integrated with
adaptive modulation and coding (AMC) for enhanced cross-layer synergy.
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Appendix A
According to (4), E (8%,2) can be derived as

1 ® 41
E(el,) = /O 8(12) fr, (¥)dx, (A1)
1/ 7%/2 < AZ/
where 19(’)/%/2) = % —oVL (’y%’z - hz), Ax < 7},2 < By, represents an approxima-
0/ 7%’2 > BZ/

tion of the instantaneous BLER and f, 1 (x) represents the PDF of ’y% 5. From (30), the

determination of the closed-form expression for E( €] 2) requires the consideration of three
specific cases.
Case 1: When o +k

Case 2: When A; <

<A2,wehaveE( ) =1.

o +k < By, E( 1 2) can be expressed as

B(el) = /OAZ s [T (2T ),y (1

1,2 2
L)
h L[5 E d
2f<0é1+ktr 2)+g2f/AZ 7%,2(3() x

T
VL( a —
ng(al ke 2) * t; 2T (061 + kir AZ) \/:F'y%/z (v1), (A2)

where step (b) results from the application of partial integration, and step (c) is evaluated

using the Gaussian—ChebysheV quadrature method.

Case 3: When B; < +k , the analytical methodology analogous to that used in

Case 2 can be applied, allowing E (81,2) to be formulated as

B,
E(S%;) = gz\/f/A Pﬂlz(x)dx

2
T
~ 43 2
~ Y o\ 1- 6, (). (A3)

Integrating the results from the three previously discussed scenarios provides the final

closed-form expression for E (8%2) , which is given by Equation (34).
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