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Abstract—A simultaneously transmitting and reflecting recon-
figurable intelligent surface (STAR-RIS) assisted uplink non-
orthogonal multiple access (NOMA) framework for finite block-
length (FBL) transmission is proposed. Considering the differ-
ent communication requirements of Internet of Things devices
(IoTDs), a novel design to achieve high-rate and low-error is
proposed. Two operating protocols for STAR-RIS are considered,
namely energy splitting (ES) and mode switching (MS). 1) For
STAR-RIS with ES, an alternating optimization (AQ) algorithm
is proposed to handle the highly-coupled mixed integer program-
ming problem. More particularly, a low-complexity received-
signal-strength-based device pairing scheme is proposed. Based
on the given device pair, the closed-form solutions for the power
allocation problem are obtained. The transmitting and reflecting
coefficient optimization problem is solved by exploiting the suc-
cessive convex approximation and semidefinite relaxation meth-
ods. 2) For STAR-RIS with MS, a double-layer penalty-based
(DLPB) algorithm is proposed to tackle the newly introduced
binary amplitude constraints. Numerical results reveal that: i)
the proposed AO and DLPB algorithms can converge within a
few iteration times; ii) the FBL transmission performance can
be improved by employing the proposed STAR-RIS framework
compared with conventional transmitting/reflecting-only RISs;
iii) NOMA is capable of enhancing FBL rate while guaranteeing
the reliability constraints compared with orthogonal multiple
access.

Index Terms—Finite blocklength (FBL) transmission, Internet
of things (IoT), non-orthogonal multiple access (NOMA), simul-
taneously transmitting and reflecting reconfigurable intelligent
surface (STAR-RIS).

I. INTRODUCTION

The flourishing Internet of Things (IoT) technology will
provide an enabling platform for the ubiquitous smart devices
and sensors, making it an integral part for the realization
of intelligent communication systems. It is predicted that by
2030, about 50 billion IoT devices (IoTDs) will be in service
worldwide [1], which will form a tremendous network of
interconnected devices from wearables to driverless vehicles.
Profiting from this, our world is developing towards a more
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intelligent direction, covering various important fields such
as smart home, smart healthcare, intelligent agriculture and
intelligent manufacturing [2]-[4].

On the one hand, IoTDs serving different industries also
have different communication objectives and requirements,
such as large bandwidth, high data rate, stringent reliability
and end-to-end latency [5], [6]. On the other hand, the demand
for massive IoTDs connections also makes the scarcity of
spectrum resources increasingly prominent. Therefore, the
novel design for satisfying various objectives and massive
connections of IoT networks is becoming increasingly urgent.
Furthermore, IoTDs may be deployed in a variety of complex
environments, and the presence of high-rises, trees and other
objects may cause the obstruction of line-of-sight (LoS) link,
especially in urban or indoor environments. In order to over-
come these challenges, reconfigurable intelligent surface (RIS)
can be recognized as a potential green solution to improve
communication quality by intelligently adjusting the wireless
radio environment with extremely low energy consumption.

Traditionally, RISs consist of an array of low-cost passive
reflecting elements, in which each element independently
reflects the incident signal after adjusting the electromagnetic
wave phase. However, the limitation of conventional RISs lies
in its reflecting-only ability, which means that the transmitter
and the receiver should be located on the same side of RIS,
resulting in half-space coverage constraints. For solving this
problem, a new paradigm named simultaneously transmitting
and reflecting RIS (STAR-RIS) has been proposed, where
the incident signals can be reflected and transmitted to both
sides of the surface concurrently, thus achieving a full-space
intelligent propagation environment [7]-[10]. Three practical
protocols for operating STAR-RISs in wireless networks,
namely energy splitting (ES), mode switching (MS), and time
switching (TS), were proposed by the authors in [7].

A. Prior Works

Strict latency requirements and massive access requirements
are key challenges for IoT. Aiming at realizing extremely
low packet error probability and ultra-low latency for IoT
networks, finite blocklength (FBL) transmission is viewed
as a feasible solution, which has attracted considerable at-
tention in recent years [11]-[15]. Moreover, non-orthogonal
multiple access (NOMA) is considered a key remedy to
provide massive connectivity by allowing multiple devices to
share the same time-frequency resources simultaneously, and
eliminating inter-device interferences at the receivers through

|IEEE Transactions on Communications



oNOYTULT D WN =

Under review for possible publication in

successive interference cancellation (SIC) technology [16],
[17]. For improving user fairness and spectral efficiency of
IoT networks, the authors in [18] introduced NOMA into FBL
transmission, and investigated the tradeoff among the through-
put, latency and reliability. Considering the joint decoding of
short packets in NOMA-based networks, the authors in [19]
studied the optimization of decoding error probability and
power allocation factor. To address the problem that wireless
signals are easily blocked by densely deployed equipment
in factory automation scenarios, the authors in [20]-[22]
proposed to utilize RIS to provide an alternative link, thus en-
hancing the FBL transmission rate and reliability. The authors
in [23] combined RIS and NOMA into IoT systems to meet
the needs of high energy efficiency, low power consumption
and wide coverage. Aiming at maximizing the network sum
rate or energy efficiency for RIS-assisted NOMA systems,
the joint resource optimization problems were investigated
in [24]-[26]. However, although the combination of RIS and
NOMA has obvious advantages in enhancing capacity, it still
has the limitations of half-space smart environment.

STAR-RISs have natural advantages in NOMA-based com-
munication systems because of their distinctive ability to
expand the channel differences by reconstructing the wireless
propagation environment on both sides, which encourages
the research on the integration of STAR-RIS and NOMA
technologies [27]-[30]. The studies in [27] and [28] confirmed
the superiority of STAR-RIS-NOMA in improving system sum
rate compared with the conventional RIS and STAR-RIS-
OMA. A simultaneous-signal-enhancement-and-cancellation-
based design was proposed for STAR-RIS enhanced NOMA-
joint-transmission-coordinated-multipoint networks in [29],
aiming at eliminating the inter-cell interferences while boost-
ing the desired signals simultaneously. Under FBL regime, the
authors in [30] provided block error rate (BLER) analysis for
STAR-RIS-aided downlink NOMA communication system.
However, when applied to uplink communication systems, the
incident signals come from both sides of the STAR-RISs,
which will inevitably cause energy loss and information leak-
age. Focusing on uplink NOMA systems with the assistance of
STAR-RISs, the authors in [31]-[33] investigated the hardware
and signal model for the dual-sided STAR-RISs, the transmit
power minimization problem and the secrecy transmission
problem, respectively. In order to explore the potential of
exploiting STAR-RIS to enhance throughput in uplink NOMA
systems, the authors in [34] theoretically derived the ergodic
sum rate under channel estimation errors and hardware impair-
ments, while the authors in [35] investigated the average rate
maximization problem with movable STAR-RIS. However,
these researches are only aimed at one single performance
metric, which cannot be applicable to IoT networks with
diverse communication requirements.

B. Motivation and Contributions

On the one hand, massive IoT devices will generate a
huge number of short data packets for uplink transmission,
which requires high-efficiency multiple access to alleviate the
pressure of scarce spectrum resources. On the other hand,
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IoT devices have various communication demands, which
requires novel system design to satisfy specific needs in
different application scenarios. Although the STAR-RIS-
assisted NOMA system has received widespread attention,
the research on dual-sided STAR-RIS for uplink transmission
is still in its infancy, which motivates us to develop this
paper. More specifically, there is no research considering that
users on STAR-RIS’s two sides have different communication
requirements, especially for the uplink-transmission-dominant
networks with FBL constraints. Therefore, we focus on the
FBL transmission performance enhancement in STAR-RIS-
aided uplink NOMA IoT networks, aiming at maximizing the
achievable sum rate of the IoTDs on the reflection space, while
ensuring the reliability of the IoTDs on the transmission space.
The main contributions of our works are listed as follows:

1) We propose a STAR-RIS-assisted uplink NOMA com-
munication framework for IoT networks, where IoTDs on
reflection space (R-IoTDs) are transmission performance-
oriented, aiming to enhance achievable FBL rate, while
the IoTDs on transmission space (T-IoTDs) aim at guar-
anteeing certain reliability under FBL constraints.

2) For STAR-RIS with ES protocol, we propose an al-
ternating optimization (AO) algorithm to perform the
resource allocation in an iterative manner, aiming to
achieve high-rate and low-error (HRLE) for R-IoTDs
and T-IoTDs respectively. Specifically, we first propose
a received signal strength (RSS) based device pairing
scheme, then obtain the closed-form expressions for the
IoTDs’ transmission power allocation problem. Finally,
the STAR-RIS coefficient optimization problem is solved
by the successive convex approximation (SCA) and semi-
definite relaxation (SDR) methods.

3) For STAR-RIS with MS protocol, we propose a double-
layer penalty-based (DLPB) algorithm to handle the
newly introduced binary constraints. More particularly,
the inner layer is for solving the resource allocation
optimization problem with relaxed binary amplitude co-
efficient constraints, while the outer layer is for the binary
amplitude constraint recovery.

4) Numerical results reveal that: i) the proposed AO and
DLPB algorithms can achieve convergence within a few
iterations; ii) the proposed STAR-RIS framework can
obtain a higher sum FBL rate compared with the con-
ventional transmitting/reflecting-only RISs; iii) NOMA
scheme outperforms the OMA scheme in improving
the achievable FBL rate while guaranteeing reliability
constraints; iv) ES protocol of STAR-RIS has better FBL
transmission performance than MS protocol.

The organization for the rest of this paper is as follows.
In section II, we propose a STAR-RIS-assisted uplink NOMA
framework for FBL transmission. In section III, we propose
an AO algorithm for STAR-RIS with ES protocol to achieve
HRLE design. Based on the AO algorithm, we propose a
DLPB algorithm for STAR-RIS with MS protocol in section
IV. The simulation results and conclusions are given in sec-
tions V and VI, respectively. The notations used in this paper
are presented in TABLE 1.

|IEEE Transactions on Communications

Page 2 of 48



Page 3 of 48

oNOYTULT D WN =

TABLE I

NOTATIONS
Notations  Meanings
IoTD m m-th IoTD on R-Space
IoTD n n-th IoTD on T-Space
MIN set of IoTDs on R/T-Space
MIN number of IoTDs on R/T-Space
K number of STAR-RIS elements
Tm,n indicator of device pairing
ho path loss at the reference distance d = 1m
« path loss exponent
K Rician factor
Pm!Pn transmission power of IoTD m/IoTD n
Lm/Ly short-packet blocklength
emlen tolerable decoding error probability
Ry target  targeted transmission rate of IoTD n
0,/0: reflection/transmission-coefficient matrix of STAR-RIS
diag (x) diagonal matrix whose diagonal elements are x
Diag (X)  vector whose elements are the diagonal elements of X
Q(~) Gaussian Q-function

max [+, 0]
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Fig. 1. STAR-RIS assisted uplink NOMA transmission for IoT networks.

II. SYSTEM MODEL

We consider an uplink NOMA-based IoT communication
scenario with STAR-RIS-assisted, as illustrated in Fig. 1,
where single-antenna IoTDs transmit signals to a single-
antenna destination base station (BS), denoted as D. The
STAR-RIS splits the whole communication system into two
parts. One half space and D are located on the same side of
STAR-RIS, and the signals from IoTDs can be reflected to D,
called R-Space. The other half space and D are located on the
opposite side of STAR-RIS, and the signals from IoTDs need
to be transmitted to D passing through STAR-RIS, called 7-
Space. The outdoor IoTDs on R-Space and indoor 1oTDs on
T-Space are abbreviated as R-IoTDs and T-IoTDs, whose sets
are denoted by M (|JM| = M) and N (|[N| = N) respectively.

In this paper, we consider that the IoTDs on R-Space and
T-Space have different communication requirements. Specif-
ically, since STAR-RIS can be deployed on the glass in
buildings, the IoTDs on R-Space can be considered outdoor
devices with high transmission rate requirements. The IoTDs
on T-Space can be considered indoor devices, such as smart
sensors in intelligent homes. This kind of device has low
requirements for latency and transmission rate, and only needs
to transmit the signals to the destination BS within a tolerable
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Fig. 2. Dual-sided incident signal model.

error probability!. Therefore, R-Space and T-Space can be also
referred to as high-rate space and low-error space respectively,
as illustrated in Fig. 1.

A. STAR-RIS Model

STAR-RIS consists of a uniform planar array (UPA) with
K = K,K, elements, where K, and K, are the number
of elements along the z-axis and y-axis, respectively. Since
uplink transmission services are dominant in IoT networks,
we consider signals are transmitted from IoTDs on both sides
to D with the assistance of STAR-RIS. Denote the transmitted
data symbols of IoTD m (m € M) and IoTD n (n € N)
as s, and s,, respectively. Disregarding the effect of path
loss and fading, the signals of IoTD m and IoTD n radiating
from the k-th element towards R-Space and towards 7T-Space,
as shown in Fig. 2, can be given as follows

R,R T,R
BedO™ /Dmsm + Bei0™ fprsn, (la)

RT joitT 7,7 o T
s =\ B €% \omsm + /B €% \/prsy, (1b)

where p,, and p, denote the transmission power of IoTD
m and 10TD n respectively. 8%, 85" (87, B1") de-
note the amplitude coefficient of reflection for R/T-Space
(transmission from R/T-Space to T/R-Space) of the dual-sided
STAR-RIS. Specifically, 877, 8", 857, g™ € [0,1] for
STAR-RIS operating with energy splitting (ES) protocol, and

,?’R, kT’T, ,Ij”’T, ,CT’R € {0,1} for STAR-RIS operating
with mode switching (MS) protocol satisfying the principle of
energy conservation, i.e., ﬁ% Ty Bk = 1and 5 —|—ﬂT’T =

1 [7]. Similarly, e,fR e [0,27) (6,7, .9” € [0,27))
denote the phase shift coefﬁc1ent of the dual- 51ded STAR-RIS.

Symmetrical dual-sided STAR-RIS elements are consid-
ered [31]. Thus, we have ,f’R = kT’T, ,f’T = ,{’R,
ij’R GkT’T al Gf’T HkT’R, which are abbreviated
as 3, ﬁ};, 6}, and th respectively hereinafter, denoting the
amplitude coefficient of reflection/transmission and the phase
shift coefficient of reflection/transmission. Accordingly, (1)
can be reformulated as

R — \/ﬂf‘ﬁe; VPmSm + \/ /B;;ejé‘)2 VPnSn, (2a)
s = \/BL% B + /B s, (2b)

Sk,R =

Although the scenario considered in this article is specific, it provides
the possibility for STAR-RIS to support users with different communication
requirements. Based on the proposed framework, more STAR-RIS-aided
wireless systems with various communication requirements can be designed.
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where 8;,8; € [0,1] for ES, 85,8, € {0,1} for MS,
Br + BL = 1, and 67,0 € [0,27). Note that D is located
at R-Space, thus the signal sy r is the main consideration.
Denote the reflection-coefficient matrix and the transmission-
coefficient matrix of STAR-RIS as ®, € CK*K and ©, €
CHEXK respectively, given by

0, = ding (VA - /B, /Bel)

(3a)

©; — diag <\/ﬁ?€jﬁi’... e ’\/@em{)

(3b)

B. Channel Model

Uplink NOMA scheme is adopted, where one R-1oTD and
one T-IoTD are considered to share a same resource block.
Define a binary matching coefficient x,, ,,, where z,, , =1
indicates that m and n are on a same NOMA cluster, sharing
the same time-and-frequency resource block, z,,, = 0,
otherwise. Without loss of generality, we consider that IoTD
m and IoTD n are on a same NOMA cluster. To investigate
the pairing strategy of one device on each side of STAR-RIS,
we consider the case that M/ = N in this paper.

The direct channel from IoTD m to D is denoted as h,,,
which is modeled as Rician fading channels,

— R o 1 (e}
Pon,a = A/ ho(dm,a) <\/ g Kh{%,ds + 4/ mh%{é S) ,

“)
where hg denotes the path loss at the reference distance d =
1m, d,, q is the distance between IoTD m and D, o > 2 is
the path loss exponent, and £ is the Rician factor. hL°5 is the
deterministic LoS component, hf}{fdos is the non-LoS (NLoS)
component which is modeled as Rayleigh fading. The channels
from IoTD m to STAR-RIS, from IoTD n to STAR-RIS and
from STAR-RIS to D are denoted by g, s, gn,s and gsq
respectively, which can be generated by Rician fading mode
similarly. Therefore, we can obtain the equivalent cascaded
m-RIS-D channel and n-RIS-D channel as

Cm = hm7d + gg73®rgs7da (52)

and
Cn = 81 O18s. (5b)

With given (m, n), the received superimposed signals at D can
be given by

yzcmmsm+cn\/ﬁsn+w7 (6)
where w ~ CN (0,0?) is the additive white Gaussian noise
(AWGN) at D. The signal-to-interference plus noise ratio
(SINR) for decoding s,, z € {m,n} at D is

2
pzlcz|

Aepzles)® + 0. (1= \2) peles|” + 02

Yz = (7N
If z = m, then Z=n, else Z=m. A, € {0,1} indicates
the decoding order of s,, and s, at D, A\, + A\, = 1. If
pm|cm|2 > pn|Cn|2, then A\, = 1, A\, = 0, else A\, = 0,
An = 1. 0, € [0,1] denotes the residual interference factor

4

caused by imperfect SIC. Specifically, 0. = 0 means perfect
interference cancellation, g, = 1 means the failure of interfer-
ence cancellation.?

C. Performance Metrics for FBL Transmission

FBL transmission is considered in the IoT scenario. The
data generated by IoT devices usually only contains 20-250
bytes [36], so FBL will increase the proportion of intended
data in the transmitted packet, thus improving the spectral
efficiency. Furthermore, FBL transmission is an effective
technology to reduce the transmission delay and processing
delay, thus realizing the high timeliness of information for
delay-sensitive IoT applications. However, FBL has a negative
effect on the channel coding gain. In this regard, Shannon’s
theory based on an infinite blocklength (IFBL) assumption
will overestimate the achievable rate and underestimate the
error probability of the systems operating under FBL con-
straints. Therefore, aiming at satisfying the communication
requirements with FBL constraints, the following performance
metrics are considered.

1) Achievable FBL rate: Considering the given packet length
L,, and tolerable decoding error probability &,,,, the maximal
rate for [oTD m transmitting the message to D reliably can
be characterized by the achievable FBL rate, given by [37]

1

Ry =logy (14 vm) — £m 1——7, (8)
(1+vm)
where k,, = 3%‘1:2) is a constant value when the tolerable

decoding error probability ¢, and blocklength L,, are given,
Q71 [] denotes the inverse of Gaussian Q-function Q (z) =

f o iefédt
2) Decoding error probability: For IoTD n on the T-Space,
with a given packet length L, and target rate R, target, the

decoding error probability can be calculated as

1Og2 (1 + 771) - Rmtarget
—— Lyn2|. 9
(1+'Yn)2

Note that for the IoTDs on the same subchannel, the equation
L,, = L,, should hold. In this paper, we aim to maximize the
sum FBL rate of R-IoTDs while guaranteeing the decoding
error constraints of T-IoTDs, namely, high rate and low error
(HRLE).

En:Q

III. HRLE DESIGN WITH ES PROTOCOL

In this section, we will propose an alternating optimization
algorithm to realize high-rate for R-IoTDs and low-error for
T-IoTDs for STAR-RIS with ES protocol. Specifically, HRLE

2We can observe from expression (7) that the number of devices sharing
a same resource block is restricted in the considered system, and the BS
only performs interference cancellation once for each NOMA cluster, which
will not cause excessive accumulated residual interference. Moreover, with the
development of SIC technology and the improvement of hardware capabilities,
the value of residual interference o, can be extremely small. Therefore, to
evaluate upper bound of the FBL transmission performance, we consider
perfect SIC in this paper, which means po. = 0 in (7). We might extend
our work to imperfect SIC in the future.
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will be achieved through jointly optimizing device pairing, the
transmission power of IoTDs, and the amplitude response and
phase shift coefficient of STAR-RIS, with the mathematical
form given by

(P1) : max Z T Roms (10a)
{x.pr.pt,©r,O¢} meM,neN

st Tmn €{0,1},Vm e M,n € N, (10b)

> a5 wma <1, (10¢)

meM neN

{ A'm = 17An = O,If p7rL|CTrL|z Z pn|cn‘§a
)\m - 07)\71 = 171f pm|6m| < pn'cn‘ 3

(10d)

Dz < Py max, Vz € {1,t}, (10e)
Br, B €10,1],8; + B =1,Vk € K, (10f)
r.0t €0,2m),Vk € K, (10g)
en < Enymax, Y0 EN, (10h)

where (10b)-(10c) are the constraints for device pairing,
(10d) is the decoding order constraint, (10e) is the maximum
transmission rate of IoTDs, (10f) is the amplitude constraints
for STAR-RIS with ES protocol, (10g) is the phase shift
coefficient constraint of STAR-RIS, and (10h) is the maximum
tolerable decoding error probability of IoTDs on the T-Space.

The proposed optimization problem is intractable due to the
high coupling of optimization variables and the non-convexity
of the objective function and the constraints. Furthermore, the
device pairing index x,, , can only be O or 1, which makes
the proposed optimization problem a tough mixed integer
programming (MIP) problem. In this section, we propose an
alternating optimization based algorithm to solve (10) in an
iterative manner.

A. Received-Signal-Strength-Based Device Pairing Scheme

In this subsection, we propose an algorithm to solve the
device pairing problem with the given transmission power
of 10TDs, and amplitude response and phase shift coefficient
of STAR-RIS. The optimality proof of the proposed scheme
is given under the condition of high SINR. Under such cir-
cumstances, the product of transmission power and equivalent
cascaded channel gain, p.|c.|®,z € {rt}, is determined
values. Actually, pz\cz|2 is the received signal strength of s,
at D. The device pairing problem can be written as

(P1.1) : max Z Oy (11a)
x meM,neN
s.t. (10b) — (10d). (11b)

Remark 1. If D first decodes IoTD n’s signal and then
decodes IoTD m’s signal, the device pairing scheme will
not have an effect on the achievable rate of IoTD m since
Sn as interference has been eliminated according to the SIC
principle.

Theorem 1. Without loss of generality, we consider that
2 2 2 2

pilen " > po, ez, | 22 > pumleml”s pilen]” >

pa,|co,|” > -+ > pnlen|”. Under the high SINR conditions,
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Algorithm 1 RSS-Based Device Pairing Scheme
Input: M,, N,.

Output: x*.

1: repeat

2: Find m = max ppy|en,
meEM,,

> n = min pnlcal’;
- n n
’ nENu ’

3 if plem|® = pulca|® then

4: Allocate IoTD m and IoTD n to the same pair;
5: Let 2y, ., = 1, M, = M, \m, N, = N \n;

6: Am =1, A, =0;

7. else

8: Find m = Igin Pmlcm|?s

9: Allocate IOW%D m and IoTD 7 to the same pair;
10: Let 2, ., = 1, My = M, \m, N, = N, \n;

11: An =0, A, =1;

12:  end if

13: until M, = 9, N,, = @.

if D first decodes IoTD m’s signal and then decodes IoTD
n’s signal, the optimal device pairing scheme that maximizes
the sum transmission rate of loTDs on R-Space is that [oTD
m € My with maximum pp|cm|® and 10TD n € N, with
minimum py|cn|® are assigned to the same cluster. That is,
the optimal device pairing scheme should be

Hopt:{(1T7N)7(2T7N_1)7“' a(Ma]-t)}' (12)

Proof. See Appendix A. |

Based on Remark 1 and Theorem 1, we propose the
received signal strength (RSS) based device pairing scheme
as concluded in Algorithm 1. Specifically, in the case that the
decoding order is \,, = 1 and A\, = 0, in order to maximize
the sum transmission rate of IoTDs on R-Space, m € M,
with maximum pm\cm\z and n € N, with minimum pn\cn\Q
is matched into a same pair according to Theorem 1. On
the contrary, if the decoding order is A,,, = 0 and A\, = 1,
m € M, with minimum p,,|c,,|* and n € A;, with minimum
10n|cn|2 is matched into a same pair since the transmission rate
is irrelevant to the device pairing scheme based on Remark
1, while minimizing the interference to n at the same time.
Other unpaired devices in the system can be transmitted in an
orthogonal or non-orthogonal manner, which is not within the
scope of this study.

B. Power Allocation Algorithm

In this subsection, we solve the uplink transmission power
allocation problem under fixed device pairing, and STAR-RIS
coefficient, which can be expressed as

(P1.2): max > R, (13a)
{pr.pe} meM,neN
s.t. (10d), (10e), (10h). (13b)

The optimization goal is to maximize the sum transmission
rate of IoTDs on the R-Space, and the decoding order will
have a significant impact on the rate calculation. Therefore,
according to the different decoding orders, we will discuss
the power allocation scheme in the following two cases.
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Theorem 2. To maximize the sum transmission rate of loTDs
on the R-Space while satisfying the maximum decoding error
constraints of IoTDs on the T-Space, the minimum SINR of
1oTD n should meet the following conditions,

Tn

+
—1
ST ﬁ_RZOH |

(14)

vy = min { solve [logz (L4 ) — %

Case 1: When IoTD m is the stronger user and IoTD n is
the weaker user, that is when the decoding order is A\, = 1 and
An = 0, the closed-form expressions of optimal transmission
power for IoTD m and IoTD n can be given by

prn = Pm,maxv (lsa)

* 2
p* = min {W Pnymax} . (15b)

|Cn|2

Case 2: When IoTD m is the weaker user and IoTD n is

the stronger user, that is when the decoding order is A\, =0

and A, = 1, the optimal transmission power of IoTD n and
IoTD m can be expressed as

p:; = Pn,maxa (16a)
Prmax|cnl” 2
pjn:min{ maxlen|” o |2,Pm,max}. (16b)

'Yr*L|Cm|2 lem

Proof. Case 1: If IoTD m is the strong user, its signal is
decoded by the BS first, where IoTD n’s signal is regarded as
interferences. Therefore, in order to maximize the achievable
rate of IoTD m, the transmission power of IoTD m should be
as large as possible, that is,

p;kn = Pm,max- (17)

At the same time, the transmission power of [oTD n should
be the minimum value under the condition that the maximum
decoding error probability constraint is met, and should not
exceed its maximum power. Then we have

* 2
p:. _min{,ynj-gapn,max}~ (18)

|cn

Case 2: If IoTD m is the weaker user, the IoTD n’s signal
has been eliminated when the BS decodes s,,. Thus, IoTD
n’s transmission power will not affect [oTD m’s achievable
rate. However, to increase the achievable rate of IoTD m by
enhancing the transmission power while still meeting the error
probability constraint of IoTD n, the transmission power of
IoTD n should be as large as possible, that is,

p:, = Pn,max~ (19)

Moreover, [oTD m’s power should be the maximum value
that brings interference to IoTD n but still meets IoTD n’s
minimum SINR constraint, i.e.,

* p:l‘cn‘Q

= (20)
Pmlem|” + 02

6

Though some algebraic transformation and substituting p;, =
P, max into (20), and taking the maximum power of IoTDs
into consideration, we can obtain

2
. Pn ma. |Cn| 02
p:n = min { e ‘2 7Pm,max . (21)

Vi lem =k

Remark 2. In a single iteration, constraint (10h) may not be
satisfied even if IoTD n transmits signals with its maximum
power, which can be caused by poor channel conditions or
the unoptimized STAR-RIS coefficient. This problem can be
solved by iterative optimization, and the optimization problem
will eventually converge to the optimal solution meeting the
constraints.

C. STAR-RIS Coefficient Optimization For ES

The STAR-RIS amplitude response and phase shift coeffi-
cient optimization problem will be solved in this subsection,
with the given device pairing scheme and IoTDs’ transmis-
sion power. The mathematical form of STAR-RIS coefficient
optimization can be written as

(P1.3): max Z

s.t. (10d), (10£), (10g), (10h).

Due to the non-convexity of the objective function and
constraints, (P3) is a non-convex optimization problem. It can
be easily proved that (8) is the difference between two mono-
tonically increasing concave functions, which makes it difficult
to judge its concavity or convexity. Utilizing first-Taylor
Expansion, we rewrite the function g (7,,) = /1

Ty B, (22a)

(22b)

_ 1 _

(1+'7m)2
included in the second term of (8) into a linear function as
follows,

G (Ym> Ym) = g (Fm) + g (Fm) (Ym = Ym) » (23)

/ _ 1
Where g ("/m) - (1+’Y7n)2\/(1+77n)271
of g(Ym)> 4m is the feasible point. Then the achievable
transmission rate of IoTD m can be given by

is the first derivative

R = 10g2 (1 + ’Vm) — km [g (’?m) + g/ ('?m) ('Ym - '?m)] ’

24
which is an increasing concave function with respect to ,,.
However, Rm is still non-concave to the optimization variables
©, and ©,. Thus, we deal with this problem through the
following methods.

Let u, = Diag (0©,) =
[\/BEei®i, .. |\ /Bzed% ... ,\/@ejezf, : e {nt}
denote the amplitude response and phase  shift
coefficient vector of the STAR-RIS. Introduce a variable
®,, = diag (gf;{’s) gs.a € CE*L then the cascaded channel
from IoTD m to the destination BS via STAR-RIS can be
rewritten as gl ©,g,4 = uf’®,,. Thus, the equivalent
combined channel gain can be expressed as

}hm,d + gg,nggs,dIQ = ’hm,d + uﬁ@mﬁ

—uf®,, ®Hu, + uf &, hy g+ b g @20, + gl

25)
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_ [ en®l ®nhma (K+1)x (K+1)

Let Q,, = [hm,mbﬁ 0 e C ,
a, = ulr e CEHDX1 " then we have
|hm7d+gg,s@rgs,d|2 = u7Q,u, + |hm7d|2. Introduce

another variable U, = @,a € CHE+DXE+D thus we can
get 7Q,, 0, = Tr(Qnu,uf) = Tr(Q,U,), satisfying
U, > 0 and rank (U,.) = 1. Thus,

em|” = |hm.al” + Tr (QU,). (26)

Similarly,
lenl” = Tr (QuUY), 27)
where Q,, = ®,® € CE*K with ®,, = diag (gg’s) 8s.d €
CEx1 Uy, = wul! € CKE*K gatisfying U; = 0 and

rank (U;) = 1. Furthermore, due to the coupling relationship
between the amplitude coefficients of reflection and transmis-
sion, the following conditions should be met,

U, (k, k) + U, (k, k) = 1,Vk e K. (28)
Accordingly, the received SINRs of IoTD m’s and n’s signal
at the BS can be respectively reshaped as

Pm [|hm,d|2 + Tr (QmU'r)}

T T A T QU 0

= pn'Tr (QnUr) (29b)

AP [|hm,d|2 Ty (QmUT)} e

(29a)

To handle the non-convexity of ]:Zm, we introduce two

. T
slack variables a = [a1, - ,Qm, - ,apn]| and & =
[517 T 75m7 T v(sN]T’ denote ;7'/ = H/la o Ymy :'?]W]T,
and reformulate the objective function as the following form

f (aa 67 U’r’vUta;)’/) = Z {]'OgQ (]- + am)
meM (30)
~tm [9 (Gm) + 9" Gm) Om = Fm)] },

where a and § should satisfy the following constraints,

o [lhnl® 4 T (Qn U]
T e Tr (QUy) + 02
P [[hmal® +Tr (QuU,)|

S W I (e W A N

(31a)

(31b)

Lemma 1. Given 7, f (a,d,U,., Uy, 7) is a tight lower bound

of the original objective function > R,,.
meM

Proof. Since ¢ (v) 1= m is concave, based

on the first-order condition for a concave function, we
have g (m) + ¢ (Gm) (Ym —Fm) > g(Ym), which
means 10g2 (1 + me) — KFm [g (:}/m) + g/ (’?m) (’Y’rn - ;%n)] <
logo (1 +vm) — Kmg (Ym) = R, It is easy to tell that
the right side of inequality (31a) and (31b) is actually ~,,.
Thus, when the constraints of (31a) and (31b) are satisfied,
fm,0m, Up, U, A) < Ry, e, f(@,0,U,,Upq) <

> R,,. Moreover, when v, = Jm, am = 7 and
meM

Under review for possible publication in

dm = Ym, we have f(a,8,U,, U, 5) = > Ry, which
meM

implies that f(«,d,U,,U;,7) is a tight lower bound of

> R |

meM
Therefore, the original optimization problem (P3) can be

rewritten as

P1.3.1 5,U,,U,,7), 32
(P1.3.1) {aﬁgfw}f(a, , ) (32a)
s.t. (10h), (28), (31), (32b)
Am =11, =0, if p,Tr (Q,Uy)

S Pm |:‘hm,d|2 + Tr (QmUr)] 3
Am =0,A, =1, if p,Tr (QnUt)
> Pm {‘hm,dﬁ +Tr (QmUr)] ’

(32¢)
U, =0,z € {rt}, (32d)
rank (U,) =1,z € {r,t}. (32e)

The decoding error constraint (10%) is intractable due to the

existence of Gaussian Q-function Q (z) = ffo ﬁe‘édt.
Since the Gaussian Q-function is monotonically decreasing
with z, ¢ < Q () is equivalent to z > Q™! (&). Thus, with
given maximum tolerable decoding error probability €, max
and targeted transmission rate R, arget, We recast (10h) into

the following form

10g2 (1 + 'Yn) _an,target 2 Q_llfgri,m;x> é Fons (33)
1 v Ly, In
1 (1+'Yn)2
which is equivalent to
logy (1+7m) — R > -1 e
Y Tn) — Lin target = Kn - .
2 arge (1 N ’yn)2

To tackle the non-convexity of (34), we first construct ap-
proximate linear upper bounds of ,/1 — m by utilizing
first-order Taylor expansion

NN _ 1 1 _ A
FOmAn) = 1= a5y + Gonare, (n =)
1
21w
(35)

where 4, is the optimal solution obtained in the previous
iteration. Thus, we can rewrite (34) as

10g2 (1 + ’Yn) - Rn,target Z Kfn]: (7n7 ’?n) , S N (36)

Further, to handle the non-convexity of (36), we introduce the
slack variables {iy y,tn,d, ¥}, Which satisfy the following
constraints

27 < Py [[mal” + T (QuUp)| + Ampn Tr (QuUL) +0%,

(37a)

2tmd > Ny T (QnUt) + 027 (37b)
bnu — bnd — Rn,target > 197” (37C)
In > EnF (Yo, Yn) - (37d)

|IEEE Transactions on Communications
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Through some algebraic operations, we can rewrite (37d) into

Un o\ (4 . . aUn
Yn < P (1 + "Yn) ('_Yi + 2')/71,) + Yn £ P w, (38)

n n

which can be approximately transformed into the following
linear form

pnTr (Q,U,)
< (2 = ) ([l + T (@ 0,)] +0?)

n

+é (>\7me [|hm,d|2 + Tr (mejrﬂ + 02) (19” - ﬁn)

+ (%: - ZU) )\nmeTHn <UT - fjr) .
(39)
However, (37b) is still a non-convex constraint. Utilizing first-
order Taylor expansion, we transform it as

20md 4 20 d N2 (1, g — in.d) > AP Tr (Q,Uy) +02. (40)

To this end, we have transformed the original non-convex
constraint (10h) into several convex constraints, i.e., (37a),
(37¢), (39) and (40). It is noteworthy that due to the existence
of the unit rank constraints, rank (U,) = 1,z € {r,t} in
(P3.1), the optimization problem is still non-convex. Thus, by
neglecting the rank one constraints, (P3.1) becomes a concave
semi-definite programming (SDP) problem. In addition, by
reshaping the constraints (31), we can obtain the reformulated
optimization problem

(P1.3.2) max
{,6,U,,Ust,tn,ustn,a,On}

s.t. (28), (32¢), (32d), (37a), (37¢), (39), (40),
QA {/\mpnTr (Q.Uy) + 0—2}

f(a757U7“7Uta:)”)7 (413)

< o [[Bonal® + T (Qu U, (41b)
Pm |:|hm,d|2 + Tr (QmUr):|
S 6m {)\mpnTr (QnUt) + 02} . (410)

However, constraints (41b) and (41c) are still non-convex.
Therefore, by utilizing the first-order Taylor expansion of
multivariate functions, we can transform constraints (41b) and
(41c) into the following linear formulations

dm{)\mpnTr(Qnﬂt) + 02} + dm)\manrfLI (Ut - fjt)
+{)\mpnTr(anjt) =+ 0'2} (= Gim)

< pn [l + T (QuU)],
(42a)
Pm {|hm¢,1|2 + T (QmUr)}

H{ AP T (QuUL) + 0} (6 — 3rn).
(42b)
Accordingly, (P3.2) is transformed into a standard concave
problem, which can be efficiently solved via the well-known
CVX tool. The rank-one constraint can be recovered by the
Gaussian randomization method.

8

Algorithm 2 Proposed AO algorithm for STAR-RIS with ES
Protocol

Input: x, p,, p:, ©,, ©;, maximum iteration times Jyax,

convergence threshold &.

Output: x*, p}, p;, O, OF.

1: Initialization: j = 1, x(1), pil), pgl), @51), ®§1).

2: repeat

3:  For given pgj ), pgj ), @Sj ) and @Ej ) , update the device
pairing scheme according to Algorithm 1, and obtain
x(I+1).

4:  For given xU+1), ©Y) and @Ej ) calculate and update
p£j+1), pEjH), according to (15) and (16);

5. For given xU+1), pW*D, pgjﬂ)
optimization problem (P3.2) in (41) to obtain
and Ugj +1);

6:  Using the Gaussian randomization method to recover
the optimal STAR-RIS coefficient @9 +1) and @,Ej +1)
from U$j+1) and Ugjﬂ);

7. Update @) = oUtD), §0) = U+, ng) = L((jjﬂ),
P0) = 9+ 3D = LD,

8 J+J7+1;

, solve the convex
U7(~j+1)

> Rw — > RaV|<c
meM meM

9: until j = Jy,. or

Lemma 2. Denote o*, §*, U} and Uj are the optimal solu-

tions to (P1.3.2), . RZ, are calculated with the obtained
meM
~* and >, R!, are calculated with 4. With given 7, we

meM ,
*
have > R:f > > RL.
meM meM

Proof. Based on Lemma 1, we have > R >

meM

f(a*, 6%, U Us, ). When & = 4 and § = 4, we

have f (d,g,ﬁr,ﬂt,’)’/) = Y. R!,. Furthermore, since
meM

a*, 6%, U and Uy are the optimal solutions, we have

f(a*vd*U;ka;&kvﬁ/) Z f(dagvﬁrvﬁta:)/)~
Z R;kn, Z Z R'lm,'

meM meM

Therefore,

D. Overall Algorithm for ES

We propose an alternating optimization (AO) based algo-
rithm to perform the joint optimization for maximizing the sum
FBL rate of R-IoTDs, as summarized in Algorithm 2. Specif-
ically, we first propose an RSS-based device pairing scheme,
then obtain the closed-form solution of power allocation. The
STAR-RIS reflecting and transmitting coefficient optimization
problem is solved by transforming it into a convex problem.
Finally, the solution to the initial joint optimization problem
is obtained by an alternative and iterative method, where the
initial point of each iteration is the solution in the previous
iteration.

The device pairing scheme involves finding the maximum
or minimum values of M and N (M = N), leading to
the computational complexity of O (2M?). The computa-
tional complexity of solving the power allocation problem
is O (1) with the given device pair since the closed-form
solution is obtained. Thus, the computational complexity of

|IEEE Transactions on Communications
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power allocation for all device pairs can be computed as
O (2M). The computational complexity of solving the STAR-
RIS coefficient optimization problem mainly comes from
the SDP problem, which can be approximately calculated
as O (log (%) (2K4'5 +21MK3'5)>, where ¢ > 0 is the
convergence accuracy of SDP [38, Theorem 3.12]. There-
fore, the overall polynomial complexity of the proposed al-

gorithm can be approximately calculated as O 12{2M 24

log (%) (2K*5 + 21M K3-%) }), with I, representing the

number of iterations required
rithm 2.

or the convergence of Algo-

IV. HRLE DESIGN WITH MS PROTOCOL

In this section, we will solve the HRLE design problem
for STAR-RIS with MS protocol. In contrast to ES scheme,
the MS protocol only allows the amplitude response value of
STAR-RIS to be O or 1 instead of any value from O to 1,
which has the advantage of easy implementation. However,
the binary constraint will also make the optimization problem
intractable due to its non-convexity. The mathematical form
of the HRLE problem with MS can be expressed as

P2): max Ton.n R, 43a)
( ) {x.pr.pt,Or,0¢} 7716/\;16./\/ ’ (
s.t. (10b) — (10f), (10g), (10h), (43b)

B, Br € {0,1} ,Br + B = 1L,VE € K, (43¢0

where (43c) is the amplitude constraint for STAR-RIS with
MS protocol. By comparing (10) and (43), we can see that
the difference only exists in the constraints on the STAR-
RIS amplitude coefficient. Therefore, the proposed RSS-based
device pairing scheme in Section III-A and the obtained
closed-form solutions for power allocation in Section III-A are
still applicable. Thus, we focus on addressing the STAR-RIS
coefficient optimization problem in this section.

A. STAR-RIS Coefficient Optimization For MS

With given device pairs and transmission power, the trans-
mitting and reflecting coefficient optimization problem for
STAR-RIS with MS protocol can be given by

P2.1): max Tm.nBRom, (44a)
( : {©,.8:} mE/\;LEN ,

s.t. (10d), (10f), (10g), (10h), (44b)

Br,Br €{0,1} ,Vk € K. (44c)

It is easy to tell that compared with the STAR-RIS co-
efficient optimization problem (22) with ES protocol, (44)
involves the additional non-convex binary constraints (44c).
Therefore, we only need to focus on dealing with this new
difficulty since other non-convex terms can be handled by a
similar method given in Section III-C. First, we transform the
binary constraint (44c) into its equivalent form

Br (Bi —1)=0,Vz e {t,r},k e K. (45)

Under review for possible publication in

By adopting the similar processing method of the objective
function and other constraints in Section III-C, and introducing
(45) as a penalty form into the objective function in (41), the
reformulated optimization problem is

P2.2 5.U,.U
( ) {Ot,5,U7\,Ur?,?fu,Ln,dﬂgn}f(av ) t)

+ z z_1 ,
nze%s:,r} kglc Pi (B = 1) (46)

s.t. (28),(32¢), (32d), (37a), (37¢c),
(39), (40), (42a), (42b),
where 1 > 0 is the penalty factor.

Lemma 3. The equality constraint (45) can be satisfied as
7 — 0.

Proof. Please refer to [39]. |

However, the resulting optimization problem (P3.1’) is still
non-convex. Thus, we construct the lower bound of the penalty
form by utilizing the first-order Taylor expansion

87 (8 - 1) = 87 (B —1) + (26 - 1) (B - B7)

. NE

= (28 -1) - (%) .

) 47)
where 37 is a feasible point in each iteration of the SCA
method. By introducing (47) into the objective function of
(46), we can obtain the reconstructed optimization problem

(P23) f(aaéaUT‘7Ut)

{,6,U,, Ut tn ustn,d,9n

o 2% (- 1) - (5) ]

ze{t,r} kex
st (28),(320), (32d), (37a), (37c),

(39), (40), (42a), (420),
(48)
which is convex and can be efficiently solved via standard
convex problem solvers such as CVX.

B. Overall Algorithm for MS

To solve the sum FBL rate maximization problem for
STAR-RIS with MS protocol, we propose a double-layer
penalty-based (DLPB) algorithm as concluded in Algorithm
3. Specifically, the inner loop is AO with introduced penalty
terms, where the device-pairing, power allocation and relaxed
STAR-RIS coefficient are optimized in an alternative manner
similar to Algorithm 2, while the outer loop is for the binary
amplitude constraint recovery. Similar to the analysis given in
Section III-D, the overall computational complexity can be cal-

culated as O<13]2{2M2+1og (%) (2K4-5 + 21MK3'5) }>,

where I3 denotes the number of iterations required for the
convergence of Algorithm 3.

C. Comparison of AO and DLPB

To illustrate the proposed algorithms clearly, we summarize
them into schematic diagrams. The proposed AO algorithm for
ES protocol is shown in Fig. 3 (a), where three sub-problems

|IEEE Transactions on Communications
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Algorithm 3 Proposed DLPB Algorithm for STAR-RIS with
MS Protocol
Input: x, p,, p:, ©,, ©;, maximum iteration times Jyax,
Li,ax, convergence threshold &, &5.
Output: x*, p}, p;, O, ©OF.
1: Initialization: j =1,1=1, x(1) pgl), pgl), (-)9), @ﬁ”,
penalty factor n, discount factor 0 < ¢ < 1.
2: repeat
3:  Perform steps 2-9 in Algorithm 2. Specifically, step 5
becomes solving the problem (P3.2") in (48);
4:  Update x(1), pgl), pgl), oW, @El) with the current
solutions x4, p¥), p¥). @) @) j=1;
s:  Update n = 7=V /¢;
6: I+ 1+1,
7. until

RSS-based device
5 pairing [
RSS-bas_c_d device (Algorithm 1)
pairing T
(Algorithm 1) Power allocation
l (Closed-form
solutions)
Power allocation v
(Close(_i—fonn STAS-RIS coefficient
solutions) optimization
l (with penalty term)
STAS-RIS coefficient
optimization Converge or j=/max
(SCA, SDR)

Yes

Update penalty factor

Converge or j=Jinax?

(a) AO algorithm for ES

Converge or =L,y ?

(b) DLPB algorithm for MS
Fig. 3. Illustration for the proposed algorithms.

are solved alternatively until the convergence condition or
maximum number of iterations is reached. The proposed
DLPB algorithm for MS protocol is shown in Fig. 3 (b).
Specifically, the inner layer of the DLPB algorithm is similar
to the AO algorithm with introduced penalty terms, while the
outer layer is for the binary constraint recovery by exploiting
penalty-based optimization®.

V. SIMULATION RESULTS

In this section, we evaluate the performance of our proposed
AOQO algorithm and DLPB algorithm for the STAR-RIS-assisted

3TS operating protocol is not considered is this paper because STAR-RISs
with TS protocol can only provide “smart radio environment” for IoTDs on
one single side at a time.

10

TABLE II
SIMULATION PARAMETERS
Parameter Setting
noise power o2 (dBm) -110
path loss at the reference distance d = 1m -30dB
path loss exponents o, s, 0n,s 2.5
path loss exponents oy, 4 4
path loss exponents ag g 22
Rician factor 3dB
number of STAR-RIS elements 20
number of IoTDs on R/T-Space 2
maximum transmission power of IoTDs (dBm) 23
blocklength L (channel uses) 200
tolerable decoding error probability € 10=°
convergence threshold & 10—3
g :
2.86% —_s— K:ZO,ru[el:O.l
=) rate =0.5 to —%— K=20,rate =0.5
§ sk K=30 rate,=0.1 K=30rate =0.1| |
z \\ —A— K=30,rate =0.5
a) t
E A_A_A—A—A—A-,E—A—A
o 4.49% i
B K=20 to K=30
_‘("m) (rmeI:O.l)
g = a¥eos
- 2.69% 4.35%
g rate =0.5 to K=20to K=30
5 rate =0.1 (rate,=0.5)
< 304 i

. . . . .
5 10 15 20 25 30
Number of iterations

Fig. 4. Convergence performance of the AO algorithm for STAR-RIS with
ES protocol.

uplink NOMA system via simulations*. Consider a three-
dimensional coordinate system, where the BS and the STAR-
RIS are respectively located at (0, 0, 10) meter (m) and
(40, 0, 5) m. The R-IoTDs are randomly located in a circle
with a radius of 5 m centered on (35, 0, 0) m, and the T-
IoTDs are randomly located in a circle with a radius of 3 m
centered on (45, 0, 5) m. The simulation results are obtained
through an average of more than 500 channel realizations. The
parameters used in the simulations are given in TABLE II.
A stringent tolerable decoding error probability, i.e., 1075, is
considered to meet the requirements of mission-critical IoT
services [41]. Moreover, a relatively short blocklength, i.e.,
200 channel uses, is considered to reduce the transmission
latency while ensuring reliability to a certain degree. To
evaluate the effectiveness of the proposed algorithms, we
compare them with those schemes of information-directed
branch-and-prune (IDBP) algorithm proposed in [42], con-
ventional reflecting/transmitting-only RISs with K/2 elements
(C-RIS), random amplitude and phase coefficient at STAR-RIS
(Random-STARS), OMA scheme, fixed transmission power at
IoTDs with their maximum power (Fixed-P).

“In this paper, we focus on the beamforming design of small-scale STAR-
RIS networks to reveal the potential of STAR-RIS-assisted uplink NOMA
transmission. However, by partitioning the STAR-RIS into several tiles, a
scalable algorithm can be utilized to handle the high computational complexity
cased by massive elements of STAR-RIS [40], which can provide inspiration
and guidance for our future works on large-scale STAR-RIS.
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ToTDs
o
g >

Decoding Error Probability of T-

0.01 -

Fig. 5. Converged error probability of T-IoTDs obtained by the AO algorithm
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- | =8 K=20,ErrorConstraint=10"
—h— K:ZOTEreronslraim:IO’Z

l(:30,Err0rConslminl:10'5
—£— K=30,ErrorConstraint=10

0.025
0.02
0.015
0.01

Number of iterations

(rate; = 0.1).

2.57%
m[e‘:(iﬁ to

rate =0.1
t

4.48%
K=20 to K=30
(raleiz(]. 1)

3.28%

rate =0.5 to 5.20%

K=20 to K=30
(rulel:O.S)

rate, =0.1

g ek

281 Y H—fh- *
—8— K:ZO,rule‘:O.l K:30,rale‘:0.l
27.5 —%— K=20,rate =0.5 —A—K=30,rate =0.5
I I n n

n
5 10 15 20 25 30
Number of iterations

Achievable sum rate of R-IoTDs (BPCU)

Fig. 6. Convergence performance of the DLPB algorithm for STAR-RIS with
MS protocol.

The convergence performance of the proposed AO algorithm
for STAR-RIS with ES protocol is evaluated in Fig. 4, where
rate; is the targeted transmission rate of T-IoTDs. It can be
seen that more iteration times are required for the algorithm
convergence when the number of STAR-RIS elements is 30,
i.e., K = 30, compared with K = 20, where the former needs
about 6 iterations while the latter needs about 10 iterations.
The achievable sum rates of R-IoTDs increase by about 4.49%
and 4.35% when the number of STAR-RIS elements increases
from 20 to 30, which owes to the higher transmission/reflection
beamforming gain brought by more elements. Furthermore,
when the T-IoTDs have looser target rate requirements, more
communication resources will be allocated to the R-IoTDs,
resulting in a higher achievable sum rate.

In Fig. 5, we depict the converged error probability of T-
IoTDs obtained by the AO algorithm with different decoding
error probability constraints. Although the decoding error
probability constraints are positive during the whole iteration
process, the inappropriate device paring or power allocation
may cause a higher decoding error probability than the target
one. However, the decoding error probability of T-IoTDs will
eventually converge to a value that satisfies the constraints,
which verifies Remark 2. Moreover, more iteration times are
required for K = 30 compared with K = 20.
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Fig. 7. The achievable sum rate of R-IoTDs versus number of STAR-RIS
elements.

In Fig. 6, we evaluate the convergence performance of the
proposed DLPB algorithm for STAR-RIS with MS protocol.
Note that the depicted figure is the outer loop iteration, so the
number of times required for convergence of the algorithm is
not significantly more than that of ES protocol. Similarly, more
iteration times are required for the algorithm convergence
when K = 30 compared with K = 20, and the achievable
rate of R-IoTDs will be improved by increasing the number
of STAR-RIS elements or relaxing the target rate constraint of
T-IoTDs. In addition, by comparing Fig. 6 with Fig. 4, we can
tell that compared with ES protocol, there is a performance
loss when the STAR-RIS adopts MS protocol, which is caused
by the constrained amplitude coefficient.

The relationship between the achievable sum rate of R-
I0TDs and the number of STAR-RIS elements is depicted in
Fig. 7. It can be seen that the achievable sum rates obtained
by the proposed AO algorithm and the IDBP algorithm are
almost coincident. Since the effectiveness of IDBP algorithm
has been verified by the simulation results in [42], where
the performance obtained by IDBP is close to the exhaustive
search with significantly reduced complexity, we can conclude
that the proposed AO algorithm is also near-optimal. When
the Fixed-P scheme is adopted, that is, when each IoTD sends
signals at its maximum power, the sum rate almost does not
change with the number of STAR-RIS elements. This shows
the importance of the joint optimization and cooperation of
various communication resources, otherwise, it is difficult
to exploit the potential performance gains brought by more
STAR-RIS elements. Except for the Fixed-P scheme, the sum
rate of R-IoTDs obtained by all other schemes increases with
the number of STAR-RIS elements due to the higher array
gain. Compared with the conventional RISs, random STAR-
RIS coefficient, OMA and Fixed-P schemes, the achievable
sum rate of R-IoTDs obtained by the proposed AO algo-
rithm for STAR-RIS with ES protocol increased by 11.75%,
23.65%, 85.96% and 226.56% respectively when K = 24,
which verifies the effectiveness of the proposed scheme. To
be specific, due to the fixed number of transmitting and
reflecting elements, the conventional RISs cannot exploit the
same degrees of freedom as STAR-RIS, leading to a worse
ability to intelligently adjust the wireless radio environment.
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Furthermore, Fig. 7 also shows that STAR-RIS with ES
protocol can achieve a better transmission performance than
that with MS protocol at the cost of implement complexity.
We compare the achievable sum rate of R-IoTDs versus the
maximum power of IoTDs under different algorithms in Fig. 8.
Regardless of the maximum transmission power of IoTDs, the
proposed scheme almost coincides with IDBP algorithm, and
is always superior to other comparison schemes. As expected,
we can see that the achievable sum rate of R-IoTDs enhances
with the increase of maximum transmission power of IoTDs,
except for the Fixed-P scheme. In order to obtain better FBL
transmission performance of R-IoTDs, the transmission power
of T-IoTDs of other schemes will be selected as a minimum
value that guarantees the decoding correctness constraints, no
matter what the maximum power is. However, the Fixed-
P scheme increases the transmission power of R-IoTDs and
T-IoTDs at the same time, which results in a less obvious
increase in the transmission rate of R-IoTDs due to higher
interference. In addition, with the increase of transmission
power, the performance gap between OMA scheme and the
proposed scheme becomes more and more obvious, because
NOMA can make better use of the difference in the received
signal strength to obtain greater performance gain than OMA.
The impact of short-packet blocklength is depicted in Fig.
9. The proposed AO scheme for STAR-RIS with ES protocol
always has the maximum sum rate, which confirms the supe-
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Fig. 10. The achievable sum rate of R-IoTDs versus maximum decoding
error constraint and target rate of T-IoTDs.

riority of the proposed scheme. Furthermore, the achievable
sum rate of all schemes increases with the blocklength, and
gradually approaches IFBL transmission. As shown in Fig. 9,
the performance gap between FBL and the IFBL transmission
is 4.91% when L = 100, and decreases to 0 when L = 10°.
Although the transmission scheme with IFBL can improve
the achievable rate of the system, it will also cause greater
end-to-end delay, which is unfriendly to latency-sensitive
IoT services. It is not difficult to tell from Fig. 9 that the
transmission rate reaches a relatively stable value when the
blocklength reaches a certain level, and there is almost no use
to increase the transmission rate by increasing the blocklength.
The performance tradeoff between achievable transmission
rate and latency encourages us to investigate the optimal
blocklength, which may be our future research direction.
The FBL transmission performance of R-IoTDs under dif-
ferent T-IoTDs’ maximum decoding error constraints and
required target rates is shown in Fig. 10. Except for OMA
scheme, the achievable sum rates of R-IoTDs increase with
T-IoTDs’ maximum decoding error constraint while decrease
with the required target rate. More communication resources,
including transmission power and STAR-RIS amplitude re-
sponse, will be needed to satisfy the stricter T-IoTDs’ re-
quirements (higher required target rate), leading to the decline
of FBL transmission performance of R-IoTDs, while it is
the opposite when the constraint is looser (higher tolerable
decoding error probability). For OMA scheme, the change of
the maximum decoding error constraint or the target rate of the
T-IoTDs does not have a significant impact on the achievable
sum rate of R-IoTDs, because the IoTDs on both sides of
the STAR-RIS occupy different subchannels and will not have
inter-device interferences. Furthermore, the proposed scheme
always has the best transmission performance compared with
all those schemes, confirming the effectiveness of adopting
STAR-RIS and NOMA in FBL transmission systems.

VI. CONCLUSIONS

In this article, a STAR-RIS-assisted uplink NOMA trans-
mission framework for FBL transmission was proposed, where
the IoTDs on two sides of the STAR-RIS have different
communication requirements. For improving the FBL trans-
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mission performance of the R-IoTDs while satisfying the
decoding reliability of the T-IoTDs, a sum rate maximization
problem was formulated. For STAR-RIS with ES protocol,
an AO algorithm was proposed to solve the highly-coupled
non-convex optimization problem alternatively. For STAR-
RIS with MS protocol, a DLPB algorithm was proposed to
tackle the newly introduced binary amplitude constraints. The
simulation results show that the proposed STAR-RIS frame-
work outperforms the conventional transmitting/reflecting-only
RISs. Furthermore, adopting NOMA can enhance the FBL
transmission performance compared with the OMA schemes.
In addition, the tolerable decoding error probabilities and the
targeted transmission rates have a significant impact on the
performance of FBL transmission, which inspires us to inves-
tigate the tradeoff between capacity, latency and reliability.

APPENDIX A
PROOF OF THEOREM 1

According to Theorem 1, for any subsets {wy,,ws_} € M,
and {wy,,ws,} € N, satisfying py,|c1,|* > pa,|ca,|* and
p1,lc1,|? > po,|ca, |2, the optimal device clustering scheme for
maximizing sum rate of IoTDs on R-Space is the following

I = {(wr,,ws,), (we,,w1,)} . (49)

Accordingly, the sum rate of w;, and wy, can be given by

Roum = 10g2 (1 + W) + 1og2 (1 + W)

P2,,‘Czt|2+1 P1t|01,,‘2+1

_I{lT 1 - %22 - HQ’V‘ 1 - %-
<1+ plr‘cl'r‘z‘ ) <1+ P2r,~|62r2| )
p2t|Czt +1 Pl C1t| +1
(50)
Assume the contrary, if IIy = {(w1,,ws,), (w2, ,w1,)} is

not the optimal set, then the device pairing scheme is given
by

H2 = {(wlrawlt)v(w2r7w2t)}~ (51)

Accordingly, the sum transmission rate of wy, and wo, is

Rl = log, (1 + p') +log, (1 n pl)

P p)
p1t‘61t| +1 p2t|62t‘ +1
1 1
_H/lr 1 - —22 - KQT 1- —22
14 Parlen | 14 P2z, ]
P1y|e1,| +1 P2y |c24 | t1
(52)

Under a high SINR regime, we consider that the short-
packet loss terms can be regarded as constant values, i.e., K.
and ko,_. Then we have

Rsum - R;um = 10g2 (p1,,. C1, 2 +p2t ‘CQt |2 + 1)

+log, (p2, lc2, 1> + p1,Jer, | + 1
—logy (p1, le1, [ +pa,fer, | +11
—logy (p2,le2, 1> + pa,Je2,|* + 1

2+

To simplify writing, introduce variables a = p1_|c1,.
2 2
e " +prlen " + 1 e =pu e, | +

palea, > +1, b= pa,

Under review for possible publication in

pu,len, P +1 and d = po, |ca, |* + pa, |2, |” + 1. Obviously, we
have a + b = ¢ + d. Furthermore,

la— b~ |e—d]
2 2 2
= ’(plq‘ ca, | ) - (p1t|01f,| — P2, e, | )‘
2 2 2 2
= |(prles, P = ples,IP) + (priler, P = pailes, )|

0,

2
1" —po,

—
IN=

(54)
where (1) holds due to (p17‘|clr|2 - p27‘|02r|2) > 0 and
(p1t|61,,|2 fp2t|02t|2> > 0, because if z > 0 and y > 0, then
|z — y| < |z + y|. Thus, we can get the following inequality

(a+b)° —(a—0b)°> (c+d)°—(c—d)’ 55)
= ab > cd.
Therefore,
R — R =10z, 2 > 0 (56)
sum sum g2 Cd Z Y
which  means that the device pairing scheme
11, = {(w1,,ws,), (ws,,w1,)} is superior to

Iy = {(w1,,w1,) , (w2,,w2,)}.
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