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1 | INTRODUCTION

1.1 |

| Pham Ngoc Son'

Background and motivations

| Vo Nguyen Quoc Bao”

Abstract

This paper investigates intelligent reconfigurable surface-assisted non-orthogonal multiple
access NOMA) networks for short packet communications where the source with multiple
antennas utilizes beamforming technology to serve two end users including a near user and
a far user. The analysis system, closed-form expressions of the average block error rates
(BLERSs), latency and reliability at all users are derived under assuming perfect channel state
information over quasi-static Rayleigh fading channels. For evaluating the improvement
of the network system, a deep neural network (DNN) framework is designed to predict
the performance parameters in two cases: (i) BLERs prediction of the users, (ii) transmit
power allocation under the constraints of BLERs at each user which satisfy the extremely
high reliability requirements of uRLLCs. The extensive results demonstrate that first, the
DNN-based estimation results are more accurate than Monte-Carlo simulation results with
low execution time. Second, the allocated power for each user can be accurately predicted
at the high layers. Finally, two methods of evaluating the effectiveness of the DNN model,
i.e. root mean square error and mean absolute percentage error, reach low error which
verify the power of the designed DNN model for future analysis.

[2]. For achieving the requirements of uRLLCs, short-packet
communications (SPC) are a dominant solution for next-
generation wireless networks designed to support only short
packet transmission [3]. In addition, non-orthogonal multi-

The beyond 5th generation wireless networks (5.5G and 6G)
will be one of the important components in our future lifestyles,
industries, and societies. Because of the prompt demands for the
internet of everything (IoE) system and intelligent applications
such as industrial automation, tackle internet and vehicle-to-
everything (V2X) communications, advanced main services are
considered including massive machine-type communications
(mMTCs), enhanced mobile broadband (eMBB), and ultra-
reliable and low-latency communications (uURLLCs). Especially,
uRLLCs will lay the foundation for mission-critical applica-
tions with stringent requirements on latency and reliability [1].
For example, factory automation and tactile internet require
the delay of 1-10 ms and the ultra-reliability of 99.9999%

ple access (NOMA) is recently proved as one of the pivotal
technologies for the future mobile networks in terms of sup-
porting massive connectivity, enhancing spectrum efficiency
and further improving reliability and latency [4]. Based on
the main strategy of NOMA, multiple users can be served at
the same time/frequency/code by power domain allocation
method via employing superposition coding (SC) and suc-
cessive interference cancellation (SIC) [5]. Besides, NOMA’s
high compatibility with many other potential techniques, e.g.
multiple-input multiple-output techniques (MIMO), coopera-
tive networks, millimeter wave communications and intelligent
reflecting surface (IRS). Particularly, IRS has regarded as
one of breakthrough technologies for revolutionizing wireless
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communications which are a lot of outstanding advantages such
as (i) smart and reconfigurable propagation environment due
to being able to adjust the amplitude and the phase of the
incident signal on IRS, (ii) deploying on any surface, e.g build-
ings, walls and windows, and (iii) low energy consumption,
scalable cost/complexity because the passive elements of IRS
do not require dedicated energy resoutce for transmission or
decoding [6, 7]. Inspired by the benefits of NOMA and IRS
above, we consider the combination of IRS and NOMA in
SPC for aiming to ensure extremely high reliability for uRLLCs.
Recently, to guarantee the high quality of service (QoS) and
the strict latency of uRLLCs, deep learning (DL) is gained
recognition as a feasible solution to solve variety of practical
problems, such as performance prediction, congestion control,
queue management and resource allocation for IoE systems and
modern wireless networks [8]. Especially, DNN which one of
potential DL models is considered for minimizing the compu-
tational complexity to meet the real-time requirements of future
network systems [9].

1.2 | Related works and challenges

Inspired by the great advantages of the above-mentioned
techniques, researchers have recently started to study the com-
bination of SPC-NOMA [10-13], and SPC-IRS [14, 15] or
SPC-DL in various scenarios [16, 17]. Specifically, Sun et al.
first investigated NOMA into SPC for low-latency in wireless
networks in ref. [10]. The results of the paper indicate that
the effective throughput of NOMA outperforms the effective
throughput of OMA with the same blocklength constraint, or
incurs lower latency to achieve the same effective throughput
target. Then, Yu et al. proved the superior performance of
NOMA over OMA in short-packet communications in terms
of BLERs for the physical-layer transmission delay reduction
in ref. [11]. Next, in ref. [12], Zheng et al. also analyzed the
BLERs of downlink NOMA network for SPC over Nakagami-
m fading channels in which the users are uniformly distributed
in a dics. The paper’s results show that the average BLERs
of the 2nd and 3rd users significantly decrease despite of the
small allocated power. Furthermore, Dung et al. extensively
investigated a multiuser downlink MIMO NOMA system over
Nakagami-m fading for SPC in [13]. The paper shows MIMO
with SPC can significantly improve the performance of NOMA
systems via BLERs in ensuring low-latency transmissions. Next,
a few works start to consider the association of SPC and IRS
as in [15]. Ramin et al. considered the IRS-aided SPC for the
uRLLCs system. The results show that the IRS-aided system
ensures high reliability and reduces latency as required by many
uRLLCs applications in terms of average decoding error prob-
ability and achievable rate. By leveraging IRS, in [14] Vu et al.
studied the performance of IRS-SNOMA systems under two
scenarios, namely perfect and imperfect SIC for serving two
users in SPC. The papet’s result proved the performance of
IRS-SNOMA system achieves better than that of IRS-SOMA
through both BLER and throughput. Finally, there are more
successes than expected of researchers when incorporating DL

into SPC to meet latency requirements for IoT applications [16,
17]. For example, in ref. [16], Van et al. designed DNN to pre-
dict the throughput for SPC in multi-hop wireless-powered IoT
networks. The paper shows the DNN’s prediction results are
accurate and the execution time is shorter than other methods.
The authors in ref. [17] proposed a novel multi-output deep-
learning framework to simultaneously predict the BLERs and
goodputs of the users for wireless-powered cognitive NOMA-
IoT networks with SPC. The paper proves the benefits of
DL model obtained such as high accuracy, low execution time
and reduced computational complexity through lowest indices
performance, i.e. RMSE and MAPLE.

1.3 | Main contributions and organizations

Although the above researches on SPC have been taken into
consideration in either NOMA, IRS, or DL, most of the existing
works have solely focused on Equation (1) analyzing the system
performance in terms of BLERs and throughput, Equation (2)
simulating to verify the correctness of the results of the system
by Monte-Catlo simulation. Generally speaking, there has not
been works which completely satisfy the uRLLCs requirements.
Specifically, the problem of optimizing the system performance
for meeting the conditions of extremely high reliability and low
latency in future-generation wireless networks are still unsolved
because the objective function for the optimization problem
is too complex or not convex. Recently, the SPC-aided DL
scenarios have emerged as a powerful tool for network per-
formance evaluation [16, 17] to address the computationally
infeasible or overly complex functions of conventional opti-
mization methods. However, for the best of our knowledge,
none of the previous works uses DL to solve the system perfor-
mance optimization problems of SPC under the reliability and
latency constraints of uRLLCs.

Motivated by the limitation and the promising joint ben-
efits of IRS, DL, and NOMA networks for SPC, in this
paper we investigate the performance of the IRS-aided NOMA
networks for SPC in which a beamforming technique is
employed to provide the required quality of service (QoS) for
all users. Moreover, DL is also proposed to perform tasks, i.c.
the system performance and the power allocation prediction
under the BLER constraints to satisfy uRLLCs require-
ments. Thus, our main contributions can be summarized as
follows:

* Firstly, we derive the approximated and asymptotic closed-
form expressions of the average BLERs for all users, i.e. near
user and far user. The result indicates that the average BLER
of far user which receives the source’s signal by the IRS sup-
port decreases rapidly compared to the average BLER of near
user in the average and high-SNR regions.

* Secondly, we formulate the approximation of the e2e latency
and reliability at all users which considered as new metrics to
evaluate objectively the proposed system performance. This
reveals the performance at far user is better than that of near
user despite the lower power allocation.
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TABLE 1  Main notations in the paper.
Notations Description
|- Absolute value
exp(+) Exponential function &
V(-) and E(+) Variance and expectation operator

Far user
Te) Gamma function (v u
T'¢,)andy(,-) Upper and lower incomplete Gamma functions ) 2
o6 Gaussian Q-function
2L (0505) Gauss hypergeometric function

Near user

* Thirdly, we construct a novel DNN framework towards real-
time improvement applications in future network systems
for predicting the BLERs of the users. The DNN results
prove that employing DNN is a promising solution in term
of accuracy and extremely short time compared to using the
Monte-Carlo methods.

* Finally, we design a general DNN to solve the problem of
optimizing system performance due to computational com-
plexity and objective function of non-convex optimization
problem by predicting the power allocation to each user
under the BLER constraints, which meets the requirements
of uRLLCs systems.

Next, In Section 2, we describe the system model as well as
analyze the instantaneous signal-to-interference-plus-noise ratio
(SINR) for each user. Then, the average BLERs analysis of the
proposed system model with both approximate and asymptotic
expressions ate presented in Section 3. Subsequently, Section 4
discusses the DNN scheme for the considered scenarios. In
Section 5, we provide the simulation results and discussions.
Eventually, the paper is provided in Section 6. Some of the main
notations used throughout the paper are listed as in Table 1.

2 | SYSTEM MODEL

As illustrated in Figure 1, we consider IRS-assisted
beamforming-NOMA networks with SPC, where a /NV-element
antenna array-aided base station (BS) exploits NOMA to simul-
taneously transmit its signals with two single-antenna users (i.c.
near user and far user, named as U and U5, respectively). An
IRS with L passive reflecting elements is used to enhance the
transmission quality between BS and V5. We assume that BS
can adjust as array, so that its radiation pattern is along the
array axis as known as end-fire arrays ' [18]. We father assume
that the direct link between BS and U’ does not exist due
to obstacles from the environments, e.g trees and buildings.
Also, all the channels are assumed to undergo independent and
identically distributed (i.i.d.) Rayleigh small-scale fading and to
have the same pass-loss exponent.

! An end-fire array is a linear or planar antenna whose main beam (maximum radiation with
radiation angle of 0° or 180°) is along the line or in the plane of the array.

~

b u,

FIGURE 1 The model of IRS-assisted beamforming-NOMA networks
for SPC.

Employing the principle of NOMA, BS transmits a supet-
posed signal xpg = Zf=1 \/ﬁxi to U, where x; denotes the
normalized signal sent to U7, P is the transmit power at BS, and
a; is the power allocation coefficient of U} and [E{|xl-|2} =1.1n
our proposed system, BS has only one end-fire maximum along
the direction of transmission to U7. For simplicity, we assume
thata; > ap, 2 0and a; +a, = 1.

Thus, the signal received at U7 and U’ can be represented,
respectively, as

Ju, = |AF(65U1)’/70XBS + m, )

and

v, = |AF (651,)

L
Z byng |xss + n2, @
=

sin| % (kd cos 0+)]

where AF(0) = %{ } is the array factor of the

sin[% (kd cos 6+)]
N-element array [18, Eq. (6.27)]; 6 € {641,, 051, } is the radia-
tion angle; &£ = 277{ is the phase factor; 8 is the phase excitation

AN-1) . .
Chit) is the distance of anten-

between the element arrays; d = —
nas in the antenna arrays; 4 is the \x;avelength; #; is the additive
zero average white Gaussian noise (AWGN) at U with zero
mean and variance of IV, ie. 7, ~ CIN(0,1Ny) and J is the
channel coefficient from BS- U7 link.

In addition, the /-th reflective element of IRS produces the
reflection coefficient as r; 2 |r)|/¥ (/ = 1, L), where ¢, tepte-
sents the adjustable phase, ¥, € [0,27), ;2 = —1 and || =1
[19]. The channel coefficient from BS-IRS and IRS-V,, links ate
denoted by 4, = dl_v/ZA/e_-/‘#/ and g = dz_ o/ ZB/e_»/ 1, respec-
tively, where 4, and d, ate the distances between BS and the
center of IRS and the center of IRS and U5, v denotes the path
loss coefficient, 4,, B), ¢;, and @, are the magnitudes following
Rayleigh distribution and the phases of the channel coefficients
of /; and g, respectively.
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Based on the successive interference cancellations, U7 with
better channel quality can decode directly its signal x;, and treat
another x,, with poor channel condition as noise. Hence, the
instantaneous signal-to-interference-plus-noise ratio (SINR) for
U can be obtained as

Y = a1 QyGiy 3

where Gj = |AF @5,)%, 7 = % is the transmit SNR and
V0

Q, = E{|A4 |2} is the average channel gain at V7.

At U, xq is first decoded, where x; is treated as interference.
Then, the signal is subtracted before decoding the own signal of
U,. The SINR at U, for decoding the signal of x| and x, can
be expressed, respectively, as

2
2f L
“1P|AF(951/2) (/21 b/g/’/>
X1 =

yUz - I 2 ’ (4)
2 .
’AF (GWZ) (/21 b/g/7‘1> 0(2P + NO
and
2
2f L
aZP‘AF(GXUZ) </Z1 b/g/f‘/)

Xy =

vy = T SENO

Assuming that IRS can know perfectly the phases of 5, and
g.>. Thus, IRS can control the phase shifting of each element
reflecting within the IRS, ie. P, = —(¢p; + ¢,) for optimizing
the received SINR at U,. Moreover, we consider the near field
of the antenna array, where the distance between BS /U, and the

center of IRS is less than Zﬂiz with the wavelength of the signal
and the maximum size of IRS denoted A4 and D, respectively [6].

By setting G, = |AF(9§UZ)|2 and O = ijl higr) =
Z/L=1 dl_”/zdz_ ”/ZA/B/, the maximal SINR at U’ can be written
as

yxl — 061G2®2)7 (6)
V2 Ga,®27+1°
and
)’9;/22 = 0,G,0%. )

2 Effective channel estimation methods are applied to obtain perfect CSI in IRS-assisted
wireless networks, such as brute-force methods [20], compressed sensing-based methods
[21], and deep learning-based methods [22]

3 | PERFORMANCE ANALYSIS

3.1 |

Preliminaries

In this section, some preliminaties are presented for the average
BLER calculation at U7 and U5, i.e. the cumulative distribu-
tion function (CDF) of SINR at U and V5. As assumed the
channels between the users and BS are Rayleigh fading channels.
Hence, the channel gain Q is exponentially distributed random
variables (RVs) with the CDF given as [23, Eq. (6.68)]

FQO (X) =1- €Xp (—l()X), (8)
where Ay = 4] with » being the path-loss exponent [24] and

dy being the physical distance of between BS and U7, respec-
tively. In addition, we can obtain the CDF of y;,/z , based on [23,

Eq. 4.1)] as
Q.G 7
Pr A3 _17’ < x
G Qo7 + 1

1, XZ_’

) et
D\ Gyl —a) )

Fy;}l (x)

Combining Equation (9) with Equation (8), the CDF of }/XUl]
can be written as

ay
1, X> VR
5%)
FV1/1'1 <X) X [24]
1—exp —/10_— , X< —.
Gy (e — ayx) a
(10)

as
ay
1’ X> >
ar
Fx (x) = 1 X
14 'Nae+1,-, | —m@m—
E (ﬂ b\ Gylay — “2X)> o
1— y < —.
IF'e+1) x o
)
and
1 X
F(g +1,- _>
bV ayGyy
L= 1- T(a+1) ’ 12

where a = R [ky — 1, b= ky /Ry, Ky = /‘T”‘/l/d{’dz” and Fy =

2
L/l - ’f—()) [25, Lemma 1].
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3.2 | Average BLER

In this section, we derive the closed-form expression of the
average BLER at U and U for the proposed system under
SPC. We assume that BS transmits a packet, in which contains 8
information bits over blocklength K to U, through quasi-static
fading channels® [26]. The coding rate for each transmission
block in the proposed system is given by R £ % According

to ref. [27, Equation (59)], when K achieves sufficient large-
value (i.e. £ > 100 CUs), the maximum achievable rate can be
approximated as

R=c(ry)-\v(ri) ke (). a3

where X € {x1,x,} denotes one type of the intended sig-

A
nal for U}, C(yy,) =log,(1 +77,) is the Shannon channel

capacity, V()/;\;_) = a-1/1+ yﬁ_)z) (logZe)2 is the channel
dispersion, which measures the stochastic variability of the
channel in relation to a destined channel for the same capac-
ity [28], Elkf‘l- represents the instantaneous BLER for decoding X

at U3, 07! is the inverse function of Q-function with Q(x) =
1 o0 72
7 [ exp(=7)ds [29].
From Equation (13), the average BLER for decoding X at U;
can be calculated as

T lc (y%‘}) -R

X i

ox [T |p . v
0 % (yi > /K

where fyi, (-) is the probability density function of )/il_. It is

challenging to directly derive the exact closed-form expres-
sion of Equation (14) because of the complex form of Q(.).
Fortunately, the linear approximation form of the Q-function,

e QST ) m ) is derived [17, Fquation (14)
1.€. e————— IV} . 1S erive 5 qua 10N as
NToRILS vi
follows:
1, 7722 <P
=X
5(7’1/) =105— ”z\/z(yﬁ. - gi)? pir. < Vﬁ, <Piri>
0, Yy 2 Pt
(15)
_ A 1
where ”=[27T(22R1 - 1)] 1/2’ gi = 2Rl - 1’ Pir = gi + %_\/E’

1
and p;;. = ¢, — Py

% Quasi-static fading channels known as the channel in which channel fading coefficients
remain the constant value during each transmission block and can change independently in
another transmission.

Substituting Equation (15) into Equation (14) and using inte-
gration method by parts, the average BLER can be rewritten
as

Pirl
et =\/K / Fy )y, (16

pir.

Lemma 1. Ouver Rayleigh fading, the average BLER of Uy can be
attained as

w VK1 = p1r), .
&, =34 \/E(PlH —piz— L), p1z < Z—; <pig, @17
7 \/E(PlH —pi.— 1), = = pi,

a
az

ay
~ SPis

where Iy and I, are given as in Equations (18) and (19), respectively.

2o )
eXp — /1
1, = @ [(“1 — P17) eXP( i >

a Gy
A A
- ()“1_F <0’ _ 0% )] ‘ (18)
a, Gy Gy (o — oP17)

<P (a A((; 7 ) /100(1
IZ = — {(al _azp]/‘)exp <—>

a Gy (o — ay0q,)

Aoty >
Gy (% — 00447)
" /100‘1_ [F(O, _ Aoy )
a, Gy Gy (o — ay0y,)

Aoty
-0, —/— . 19
< a, Gy — apP) )] } )

Proof. The proof of Lemma 1 is provided in Appendix A.
Next, let we consider the average overall BLER at U, which
is presented by Proposition 2 below. |

— (a — a,P11) exp <

Proposition 2. 7he average overall BLERs of decoding X at Uy can
be calenlated as

= o &N =2 . =X =)
&y, R EUZ + EUZ min {61/2, EU.Z }, (20)
where & and £, are the average BLERs for decoding x, and

V>, %)
X0, respectively.

Proof. After performing successfully SIC to decode x| and x»,
the average overall BLERSs at U, can be calculated as

- _ X1 ™ X
&, = [E{s:U2 + (1 EU2>EUZ}

— & 22 _ X1 X0
=&, t&, [E{EUZEUZ } 21)
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By applying Cauchy mequahty in ref. [7)() Equation (1 6)] for

two real pOSlthC values of &) and 8 ., we have EU El/ <

Vz
—(&'Xl +£AZ ) As a result, we also deduce [E{&'X1 XZ}<

E[E[ 7f2 + EUz ] Itis noted that € | and&' . are small, e.g. 1073

v,

to 107> [31], we can see clearly that if EU2 = EUZ.

< [E[s“j}z]. (22)

or

<E [EXZ ] (23)
Generally, Equations (22) and (23) can written as
[E{a;‘}s;ﬁ } zmin{ €€ ;;2} 4

By teplacing Equation (24) into Equation (21), we can be
obtained as the desired results in Equation (20). O

Lemma 2. From Proposition 1 and Equation (16), the average
BLERSs for decoding x| and 5 at Uy can be obtained as follows:

] \/E(chf = P2r)s z—l < Pars
2
v, = ”2\/_[(PZH P2r) — oD +1> ], P21 < Z—; < P2rrs
a
”2\/_[@%/ P21) — oD 4], a—l > Porrs

(25)
and

F._';C/Z‘Z = l/z\/E

X {(PZH —P2) — ﬁ[A(\/@) —A(vpar)] }’

(26)
where
2 a+2
A(x):%r<a+l, X _)— _
arGoy (b “26277)
/\/W 2
NG G2 zr(ﬁz,;).
) 1 b\ar Goy
by ar Goy
Proof. The proof of Lemma 2 is provided in Appendix B. [

Remark 1. When 7 — o0, the value of §; and S, in Equations
(A16) and (A17) are equal to zero. Therefore, the integral of
Equations (A20) and (A21) are all zero. Accordingly, the average
BLERs for decoding x; at U’ can be approximated as

532 = ”2\/E(P2H = P2r)- @27)

Remark 2. We note that the corresponding average latency dur-
ing transmission of the signal to U which measured in the
number of CUs [32, Equation (18)], can be expressed as

K
1—g

(28)

Ti=

Then, reliability of transmitting the signal to U is denoted as
the probability that a desirable packet is successfully transferred
from the BS to V. The reliability §; of U; can be calculated as

8 = (1—£)100%. (29)

3.3 | Asymptotic BLER
In this subsection, we will find the upper closed-forms of the
BLERs at U; in the high-SNR regime. The approximation of
BLER is used to provide a more objective evaluation of the
system performance at high SNR levels. This approximation
is considered as an upper bound for BLER values when the
average SNR approaches infinity. This means that the system
BLER always achieves a value less than or equal to this upper
bound, no matter how high the SNR is increased. Furthermore,
this is desirable as the lower the block error rate, the better the
system performance.

Noted that the integral in Equation (106), the value of p;;; —
0,7 can be obtained as

1 1 1
pirr —Pir. =Si+ ——=— §i— = .
e 2K ( 2\/z> e

(30)

By replacing o [27 (22 — 1)]_1/ 2 into Equation (30), we have

pir — P = /27 (22 = 1) /K. (1)

Under finite block length with X > 100, p,;; — p,;. is small.
Moreovet, FA’ (¥) is a real valued function in the inter-

val [,ozL,le] "As proven to have high precision in ref.
b

[33], Riemann integral approximation method, i.e. f f(pdz =

(b—a)f (%b) is utilized for Equation (16). The asymptotic
BLERs at U} is given by

£ ~Fx(S). (32)
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Morteover, based on the equivalent infinitesimal series of

1 —exp(—=) e = for Equation (10) and then replacing into
14 14

Equation (32), the asymptotic BLER at U} for decoding x can

be derived as

uy = P;’ul (§1)

ol
19 > b
6> 2
o~ (33)
a
1 gl < 1

.\ g :
" Gi7 (o —ax¢y) T

Next, by applying [28, Equation (8354.2)] for Equations (11)
and (12), the asymptotic CDF of U, can be rewritten as in
Equations (35) and (34), respectively, as

a
1 > 2
? gl z 0‘2’
By (o) = e
v w1 *
L5 - (am) o
F(ﬂ + 1) =0 m\(a+1+m) ’ a :
34
a+1+m
‘1 ~
T
b 2Go
F<X2 X s 35
yU2(> F(‘H-l)m;o m(a+ 1+ m) (33)

where  is the expansion order. At high-SNR regime, we can

approximate Fy;} (x) and F},I\/z (x) by ignoring the high value
2 2

of m (i.e. m» = 0 is chosen). By combining Equation (32) with

Equation (30), the asymptotic BLERs of U’ can be expressed

as

15 gZ > ﬂ;
X at1 %2
&) = (1 o ) (36)
2 b\ Grla—axd) ¢ < ar
[(a+1)(a+1) T Ty
and
a+1
(V=)
, b\ Gy
=2 N ~
= hp )= —og D+ 1) G7)

Finally, by substituting Equations (36) and (37) into Equation
(20), we also obtain the asymptotic overall BLERs for decoding
x1 and x;, at U5, respectively, as

~ ~ ~X1 ~XD _ . X1 XD
&, = &, + &, — min {EUZ, &, } (38)

Input Multiple hidden layer

FIGURE 2 The proposed DNN model for BLER prediction at U}.

4 | DEEP NEURAL NETWORK

4.1 | BLER prediction

In this subsection, we will design a DNN framework to real-
ize the real-time estimation of system performance. While the
Monte-Carlo simulations and numerical integration methods
require a large amount of runtime for iteration loops to achieve
high exact results, which is infeasible for real-time applications
(i.e. IoT networks), DNN framework-based efficient perfor-
mance prediction does not require mathematical derivations.
Thus, DNN framework is proposed to simultaneously estimate
the BLERs of U with high accuracy, short execution time and
low computational complexity toward the real-time prediction
for responding to the requirements of different QoS scenar-
ios in modern wireless networks. Furthermore, the influences
of such parameters on the network and system performance are
analyzed.

Il DNN framework

The DNN model comprises an input layer, an output layer
and Z — 1 hidden layers illustrated in Figure 2. In input layer,
there are 14 neurons, in which each neuron corresponds to an
input parameter value provided in Table 2. In the Z — 1 hid-
den layers, each layer contains ,Q@ neurons fory =1,...,Z —1
and adopts Sigmoid function as an activation function [34]. It is
very important to use in an artificial neural network (ANN) as
the activation functions support in learning and making sense
of non-linear and complicated mappings between the inputs
and corresponding outputs [35]. Because of its wide utilization
and simple computation, Sigmoid function is chosen in our pro-
posed DNN. The output layer has two neurons, corresponding
to the predicted BLERs of U} and U (i.e. & and &), respec-
tively. Moreover, we consider a fully connected output layer and
no activation functions is used for the typical prediction model.
The output layer, & is calculated as [9, Equation (13)]

&) = &) [w(z) )yG=1) 4 4R (39)
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TABLE 2  Parameters for calculating BLERs.

Number Parameters Values
1 G 1
2 G, 0.1
3 7 [0,20] dB
4 N 2
5 oy [0.5;0.6; 0.8]
6 a, [0.5;0.4;0.2]
7 L 4
8 KX 512 CUs
9 v 2
10 By 256 bits
11 B> 256 bits
12 dy 1
13 dy 1,
14 b 1,
Parameters Caculating ra) |
(Table Il BLERs from (17) BLERs &;
avie and (20)
. Output
Input ':'ralnable DNN model trainable
variables [ Inputs, - variables
Outputs ]
Training phase t
|nput P DNN model Predicted 2
variables (Predicting from BLERs &
the inputs) |

Prediction phase

FIGURE 3 The DNN framework of training and prediction phase.

is Sigmoid activation function, »® () and

where ¢®) (x) = —

bR (+) are the layer of weight and bias. Based on Equation (39),
the predicted values of €; can be expressed as

& =G(IN;Q), (40)

where G(-) is the mapping function of the input values ZN with
Q, respectively and can be found from the learning process by
the DNN. Here, we set Q = {»®, &} is set of weight and bias.

Next, the DNN framework is divided into two phases of
training and prediction shown in Figure 3. In the training
phase, the Levenberg—Marquardt algorithm (LMA) is utilized
to optimize the model parameters, which based on the dataset
throughout the learning process offline. LMA is one of the
popular optimization algorithms in neural network training and
highly efficient [36, 37]. Depending on learning rate in the
backpropagation procedure, the weights and bias are updated

iteratively. As the entire training phase is performed offline,
the designed network can significantly reduce computational
complexity, deployment costs, and execution time [38]. After
completing the training process, the DNN is created in which
the achieved results can be used for the online prediction phase
whenever any new input is available.

Il Dataset generation

In order to generate a dataset for training DNN networks,
we calculate the average BLERs at U7, i.e. €; through the chan-
nel and system parameters shown in Table 2 and formulas (17)
and (20). These parameters are extract as input vatiables and
&; as output variables for training samples, respectively. Gener-
ally, in the generated dataset M, each sample ; is a row vector
with [In;, Outj;], / = 1,..., M, where Inj; and Outy; are the
input variable and the corresponding output variable as men-
tioned above. As a result, the generated dataset M includes a
total of 2000 samples and randomly splits into the training set
for learning the prediction model and the test set for checking
as observed in Figure 3. Specifically, 70% is used for the training
set M, while the remaining of percentage of M, i.e. 30% is
divided equally for valuation set M, and testing set M. For
illustrative purposes, we assume the proposed system network
is set in the two-dimensional plane. Therefore, the normalized
distances of the BS, IRS, U7 and U5 are determined as the func-

tion of locations as d 43 = \/(XA - XB)Z + (4 —yB)Z, where
(x4, xp) denote the location of the BS, IRS, U7, and U’ nodes,
respectively. Here, the coordinates of the nodes are set to (0, 0),
(1,0), (0,1), and (2,0) and the corresponding distances, i.e. ),
dy, and dy, are presented as Table 2.

B Evaluation indices

We utilize two statistical indices as a measute of the effective-
ness of the proposed DNN model, i.e. root mean square error
(RMSE) and mean absolute percentage error (MAPE) methods,
respectively. These performance indices are defined as:

1 Mo 0 0 2
RMSE = _ | —— (g./ — gl ) , 41
a, & (@ b
and
[
MAPE = , 42
W& “

where E_f/) and éf/ ) are the desired BLERs values, (i.e. the ini-

tial training values) and the predicted BLERs from the DNN
model, respectively.

Remark 3. RMSE and MAPE methods are one of the effective
methods to measure the difference between the predicted val-
ues and the actual values. Moreover, we note that both of them
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are inversely proportional to a number of samples M., which
mean the smaller the error is, the larger M., is. Generally speak-
ing, the best error value is zero for our regression model. Until
now, consensus as not been reached on a unified standard metric
to evaluate the results of regression models. Therefore, RMSE
and MAPE are randomly chosen among other efficient meth-
ods for our model. Furthermore, from Equations (41) and (42)
paying attention to two methods MAPE gives better results than
that of RMSE does [39].

4.2 | The transmit power prediction

The main objective of the proposed system is to meet the QoS
requitements of uRLLCs. For uRLLCs, the BLERs of U; must
be lower than the target value 107> [40], which requires a high
transmit SNR. Because the asymptotic BLERs at U} contains
sum of multiple terms, it is intractable to calculate them directly.
Therefore, we consider allocation power optimization problem
by using the average BLERs can be given by

min &(F)
S.t. 0(1])1 + azpz < po, (43)
a+a, = 1,

where B is the total transmit power budget of the system. It
is noted that from Equations (17), (25), and (20) the objective
function ;() , is non-convex function so that the optimization
problem in Equations (43) is non-convex. This leads to the opti-
mization problem in Equations (43), which cannot be solved
by partial detivative method [41]. To resolve this problem, we
built DNN model for predict the transmit power 2 of U under
uRLLCs requirements. Similar to the BLERs prediction above,
in this subsection we also present the design of DNN model
and next conduct the training and testing processes for our
model network, which is illustrated in Figure 4a. The model also
includes an input layer (containing one neuron &), Z* — 1 hid-
den layers with ‘,Q(Z*) neurons on each layer, 3* = 1,...,Z* — 1,
and an output layer (containing one output neuron P), respec-
tively. In this model, Sigmoid activation function and the LMA
algorithm are used as the prediction above. The predicted out-
put values of DNN model with the mapping function G, the
input values &; and set of weight and bias Q* = {IJ/(Z*>, [7(%*)}’
respectively, are obtained as

P =G E;Q"). (44)

The parameters of model ate the same parameters shown in
Table 2, where we use one of power allocation coefficients, e.g.
a; = 0.6 and a, = 0.4 for computing the BLERs at U based
on Equations (17) and (20). Next, for URLLCs we only choose
£, < 107> as the input variables and output variables P, to pet-
form two of the training and prediction phases presented in
Figure 4b. The generated dataset M™ can be represented as
the feature vector values of inputs and outputs, i.e. [V, P(/*)],

Jo=1, e, MY

DNN model DNN model Predicted

[‘? P] (Predicting from Power
v the inputs)

vl

Input Output
trainable

variables

uuuuuuuu

Dataset
generation

FIGURE 4 Design of DNN model for the transmit power prediction at
v

As a result, samples are generated and also divided in pro-
portion 80% for using the training set, Mfmm, while the percent
20% of M* splits into equally for valuating set M | and testing
set M.

5 | NUMERICAL RESULTS AND
DISCUSSIONS

In this section, the achievable system performances of the
proposed model are verified by performing Monte-Catlo sim-
ulations. Furthermore, the effectiveness of the designed DNN
for predicting BLERs and the transmit power are confirmed by
implementing in MATLAB.

5.1 | Performance evaluation

For setting parameters, we also utilize the key simulation
parameters provided in Table 2. Unless otherwise stated, as
follows: G} =1, G, = 0.1, ¥ =20dB, £ =512CUs, v =2
[42], By = By = 256 bits [33], N = 2, ay = [0.5;0.6;0.8], ap =
[0.5;0.4;0.2], dy = d; = d, = 1, and L = 4 throughout for this
section unless otherwise stated.

Regarding to the DNN simulation, we use the training
parameters shown in Table 3.

First, we show the effect of the BLER on average SNR at
U7 and U, with three cases of power allocation coefficients,
e =a, =0.5a; =0.6,a, =0.4,and; = 0.8, a, = 0.2,
respectively. In Figure 5, we observe that the BLERs for U
and U’ decrease in the medium and high average SNR ranges
when the transmit power allocation increases for all users. As
observed, the contrast BLER between the power allocation
coefficient of oy for U7 and the value a, for V. Specifically,
the larger value & is, the lower the BLER at U has, accordingly.
For U, the lowest BLER achieves when the value of a, = 0.4.
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TABLE 3  Training parameters for DNN to the BLERSs prediction.

Training parameters Values

A number of hidden layers 4 layers

A number of neuron in the hidden layers 100 neurons

Learning rate 1073
Activation function Sigmoid
Epoch for training phase 1000 epochs

@ 3
u 10 .
= b
Q

j=]

o

S 43k Theory, a; = 0.5, a3 = 0.5

< #  Simulation

O DNN, a; =0.5,a2 =0.5
— = =Theory, a; = 0.6, = 0.4
DNN, o) =0.6,a0 = 0.4

1074 3 Theory, a; = 0.8,as = 0.2
DNN, oy = 0.8,a5 = 0.2 *® D
Asymptotic - Uy ;
Asymptotic - Uy 3
| | .
0 5 10 15 20

Average SNR 7 (dB)

FIGURE 5 The effect of average SNR on the average BLERs at U7 and
U, with three cases of power allocation coefficients, i.e. ay = a, = 0.5,
oy =0.6,0p = 0.4,and oty = 0.8, oty = 0.2.

However, when a; = a, = 0.5 the BLER of a, decrease but
the BLER of U obtains the highest of the values of &;. Con-
sequently, to ensure the energy source for both U7 and U5,
the power allocation coefficient a¢; = 0.6 and &, = 0.4 are cho-
sen for the later figures. Importantly, the predicted results using
DNN completely coincide with the results of theoretical anal-
ysis at all the SNR values for U7 and V5. At the high-SNR,
the simulation results match incompletely with two results of
theoretical analysis and DNN simulation because the BLER of
V), has the approximative form. This clearly shows that the
efficiency of DNN compared to the simulation results.

Figure 6 investigates the effect of blocklength K on the
BLER at U’ and V. We see that the average BLERs at all users
decrease, when blocklength increases in two of average SNRs
as ¥ = 15 dB and 7 = 20 dB. Note that the BLER of V), is
smaller than that of U7 at all the value of 7. This means that
the performance of U is better than the performance of U
in spite of less power allocation. However, there is the trade-
off between large blocklength and high latency as shown in
Figure 8. For example, for U can ensure uRLLCs (the aver-
age BLER of 107°), 7 = 20 dB and the blocklength of 600 CUs
will be chosen.

Next, Figure 7 depicts the effect of passive reflecting ele-
ments L. on the average BLER of U’ with three levels of ¥ as
5, 10, and 15 dB. As observed, the BLER of U, decrease sig-
nificantly when increasing . and 7. Since the limitation of 7, we

5 =10,15 dB

Average BLERs
=

Analysis - Uy

%  Simulation - U,
Analysis - Us
4 Simulation - Uy Y
1 0»4 I 1 L I I
200 300 400 500 600 700 800

Blocklength K (CUs)

FIGURE 6 The effect of blocklength K on the average BLERs at U7} and
U, with ¢y = 0.6 and o, = 0.4.
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Number of passive reflecting elements L

FIGURE 7 The effect of passive reflecting elements L. on the average
BLER of V.

can increase appropriately . for improving the performance of
UZ.

Figure 8 shows the influence of the latency and reliability
on the blocklength at U7 and U5 in typical two levels of aver-
age SNR, as 7 = 15 dB and 7 = 20 dB. As scen, the latency
and reliability of U, ate better than those of U] for two cases
of SNRs, ie. 15 and 20 dB. Noted that increasing K leads
to the latency for users increase, respectively. In particular, at
K =300 CUs the latency of two users gains the best values,
eg. T~ 300 CUs with ¥ =20 dB at U; and the reliability
becomes saturated when K = 400 CUs. This is reasonable with
the results as shown in Figure 6 because of the slow decrease of
BLERs from K = 400 CUs. Therefore, as assumed if we choose
K = 600 CUs for a duration of 3 i, the system will suffer from
the latency of 1.8 ms which satisfies the delay requirement of
uRLLCs for serving tactile Internet [43].

Figure 9 depicts two of methods for evaluating the effec-
tiveness of the DNN model, i.e. RMSE and MAPE for U}
and U,. As observed, both of the methods dectrease when the
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900 (a) 100 TABLE 4 Comparison execution time of the theoretical and the
simulation results versus the proposed DNN network results at U and V5.
o Analysis - Uy
EU - 2,_ - Analysis - Uy || . Lo
800 4 Simulation Scenarios Execution time (s)
Analysis - U7 1.336408 (s)
700
= Analysis - U, 6.390332 (s)
[ < ’
o > . .
* 600 é Simulation - U7 5.629326 (s)
1) <
g ;E Simulation - U5 25.463482 (s),
)
—
500 DNN - U} 0.002797 (s)
DNN -V, 0.002962 (s)
400
300
200 400 600 800 400 600 800
Blocklength K (CUs) Blocklength K (CUs)
T T T T T
FIGURE 8 The influence of the latency and reliability on the blocklength
K at U7 and U in two cases of average SNR, i.e. 7 = 15 dB and 7 = 20 dB,
respectively.
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FIGURE 9 RMSE and MAPE versus the number of testing samples.

number of samples M increases. Specifically, the RMSE and
MAPLE at U’ are smaller than those of U’ which show the
predicted output of U7 is more accurate. This mean that the
exact closed-form BLER of U7 is simply for calculating more
than the complex form of BLER of U’ . Moreover, the pre-
dicted results of MAPLE are better than that of RMSE with the
same hidden layers for all users. This prediction matches com-
pletely with the theoretical results in Equations (41) and (42).
However, the RMSE and MAPLE values obtain under 107 on
the checked dataset in which the error is so small and possible
for accurately predicting the designed DNN model.

Eventually, we evaluate the execution time of the DNN pre-
diction results compared with the results of theoretical analysis
and simulation in Table 4. We can see that the DNN prediction
takes a very short execution time compared the others which
prove the excellent efficiency of DNN. For example, the pre-
diction BLERs of DNN scheme require a short duration as
0.002797 s and 0.002962 s for U’ and U’ while the simulation
wastes 5.629326 and 25.463482 s, respectively. The reason why
the simulation results take longer is because of the computa-

P (dB)

FIGURE 10 The average BLER versus the transmit power allocation at
U, with different layers.

tional complexity of BLERs. Note that, for DNN prediction
the network scales also affect to the prediction time, e.g. the
execution time of U5 is about 5.0539224 s longer than that of
;.

5.2 | The transmit power prediction

In this subsection, the results of power allocation prediction for
U, based on the proposed DNN model. The expetiments for
the DNN model are implemented on Matlab and the training
parameters are similar to the prediction of BLER scheme, i.c.
100 neurons per layer, 1000 epochs for training phase, learning
rate of 107> and Sigmoid activation as shown in Table 3. Espe-
cially, the input values of average BLER for training phase are
chosen under 107°. In this scheme, dataset is generated about
2000 samples divided into three percentage of dataset as 80%
for the training, 20% for the validation and the testing; First, we
demonstrate the effect of average BLER on average SNR which
considered as the transmit power P with different hidden layers
as in Figure 10. As observed, the average BLERs of U, dectease
significantly, when P increases for all of the hidden layers. Con-
cretely, the prediction results by DNN model match completely
with the desired results (solid line) over two hidden layers.
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FIGURE 11 RMSE and MAPLE of DNN model with multiple hidden
layers and a number of samples.

TABLE 5 Comparison execution time of the proposed DNN model with
multiple hidden layers and the RMSE and MAPLE.

Scenarios Execution time (s) RMSE MAPLE
DNN - 1 layer 0.007380 (s) 1.805.107% 6.033.107°,
DNN - 2 layer 0.007694 (s) 1.204.107%  4.389.1071¢
DNN — 4 layer 0.01024 (s) 1.204.107%,  4.389.1071¢,
DNN — 10 layer ~ 0.010244 (s), 1.204.107%  4.389.1071¢,

This leads to low values of RMSE and MAPLE as illustrated
in Figure 11.

We know that for multiple hidden layers the DNN model
can be capable of generating large dataset, and result in large
network capacity, while the DNN with 1 layer cannot learn
the complicated patterns in a large dataset. Therefore, the pre-
diction results with 1 layer is not as accurate as the results
in the bigger hidden layers. However, we should be conserva-
tively considered when increasing the number of hidden layers
because this will affect the system execution time as illustrated
in Table 5.

To be time-efficient solutions, the optimal hidden layer for
our DNN model can be chosen as 4 layers to achieve short
time in the considered system setup phase. Moreover, from
Figure 10, we note that for the average BLER of 107>, the
power system is allocated about 21 dB. This mean that the
transmit power for U5 and U is 8.4 and 12.6 dB, respectively.

6 | CONCLUSIONS

In this paper, we have investigated SPCs for IRS-assisted
NOMA systems. The proposed NOMA network is beneficial
in the context of limited transmit power and the low spectrum
efficiency to achieve uRLLCs. Besides that, the beamforming
techniques are utilized at the BS to provide the required qual-

ity of service for all users. In the finite-blocklength regime, the
approximated average BLERs for users are derived and from
which the e2e latency and the system reliability are also consid-
ered to provide a performance overview of both ultra-reliability
and low-latency. Subsequently, the asymptotic average BLERs
are conducted to get more insights into the system design in the
high-SNR regime. Furthermore, we developed a DNN frame-
work for the BLERs evaluation for users towards real-time
and the allocation power estimation for users with a low exe-
cution time under the uRLLCs constraints. The results have
shown that theoretical analysis results, the conventional simu-
lation results (by Monte-Carlo simulation) and the DNN results
for the BLERs prediction at users are well matched with each
other. Especially, the estimated results of DNN’s transmit power
allocation are in perfect agreement with the desired training
results with the low value of two error indices, i.e. RMSE and
MAPLE. Most importantly, our designed DNN method obtains
some advantages such as in high accuracy, low execution time,
and decreased computational complexity.
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APPENDIX A
Proofof Lemma 1. According to Equation (10), the average BLER
at U7 can be expressed as

P1H

&, ® nvK / lfy;;l (y)dy. (A1)
Pir

By substituting Equation (10) into Equation (A1), we obtain

.
P1H
m\/E [ dx, a < Pirs
P e
_ P1r
& () =1 VKL + 0V [ dv pi<Z<pi,
ai/a; =
[e4
vy \/%12’ a—; 2 P>
(A2)
where
a/a;
1, = —A - x dx, A3
! / exp( eraes —“2X)> * )
pPiL
and
P1H
X
1, = exp | —Ag—————— | dx. A4
? / p( 0617(051 —“2X)> (A9
P1L

We change the variable of x in Equations (A3) and (A4) by set-
ting y = a; — ayx. By doing so, Equations (A3) and (A4) can
be rewritten as

a1 —=a2P17.

7, =~ < ) >>< < . >d

= —ex — exp | — — 2

T P a,Giy P Y Giagy Y
a1 —a2P17.

(A5)
1 /10 > < o] )
T, = —ex - | X exp | =4 — )dy.
T P <052 Gy P "Gayyy Y

A1 —=ALP1

(A0)

Next, by calculating the integral in Equations (A5) and (A6) and
then replacing I and T, into Equation (A2). After some manip-
ulations, we can obtain Lemma 1, which also completes the

proof. [

APPENDIX B
Proof of Lemma 2. 'The aid of Equations (11), (12), and (10),
the average BLERs of U} in decoding x; and x, can be

derived as
VK201 = por)s Z—; < Pz,
_x 2
81}2 = ﬂzﬁ[(PzH —pP21) — mla], par < Z—; < P2
2
”ﬂ/z[(.ozl[ —P21) — mﬂ], % 2 P2
a 2
(AT)
where
a
a
1 X
1 =v\/z/l—'<a+l,— S R— >dx, A8
TR b\ Gyl —axx) .
P21
P2
1 X
1, = K[ Tla+1l,-y/—=—————)dx, (A9
! yZ\/_/ <a b\ Gyl —a2X)> % (A9
P21
and

1 X
. P21 I‘<‘Z +1, ; 0‘2627>
&, = VA Q21 = p21) +/ dx|.

. I'e+1)

5
(A10)

We set the integral Ts as marked in Equation (A10) as follows:

ch/l"<¢z+1,l al _>
b ar, Goy

I = / PRV dov. (A11)

Par.
By employing the integral in Equation (A11) and later replacing

the result of T5 into Equation (A10), we obtain

€;ﬁz = L’z\/%[(pzfl —Pa) — ﬁ(A( VpZH) - A(\/E))]’

(A12)

where

2 a+2
A(X)=%F<a+l, X _)— X -
b CCZGZV (b a2627>

(Ve (a+2)
X —

) 2F<d+2, L_)
5 1 Gy
b Goy

(A13)

Next, by setting 7 = %1 / m, the integral of Equations

(A8) and (A9) can be respectively simplified as follows:
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Especially, ¥; and ¥, as marked in Equations (A20) and (A21)
are expressed as

2
A _,,2\/_/ (e+1.5)————dz, (Al ro
2 7o
Zas (2 +x) Y, = / z dz, (A22)
X
\S]_[ 5 31,
h¢
1,= m/E/ T(at1,5)————d;,  (A15)
3, Za3 (2 + x) 3, .
g _ e
where ¥, = / e Xd%. (A23)
3L
1 Par.
X = _ - e
v Gy7 (@ — aypyr)’ (A16) By setting # = ¢~ % and applying again the integration by parts
method, Equations (A22) and (A23) can be analytically obtained
1 Par as
Sy = _\/_—, (A17)
b\ Gylay — arpor)
l (9]
1
X= (Alg) - | at+1 ,—z a+l —z .
Za,’ ¥, AT al5 e+ [ MR (3)dy ] (A29)
3.
Z = Gyt (A19)
and
Moreover, we apply 1ntegrat10n by parts through setting # = 5
H
IF'a+1,32)and dv = . By doing so, Equations (A14) and 1
, <z2+x> Y, = —— |2'”+1€ T4 / 38 (3)dz | (A25)
(A15) can be analytically obtained as x(L+a)|Se o
S
+o0
[0 4 I'(e+ 1, 3 R 1+a
1, = <Z12> (i _ L) _/ Ei dz.  (A20)  where 8() = oFi(1, =531 + l ——)Wlth2F1(, 243 4) is the
% St x S, T Gauss hypergeometric funcnon [44, Equatlon 9.14.2)].
—_— According to [45, Equation (15.1.1a)], the integral in Equa-
B tions (A24) and (A25) are divergence. It is difficult to obtain
~ ~ Su g directly the closed-form mathematical expressions for this inte-
1,= a |De+1,5,) _ Pla+1,3m) _ / e x gral. Here, based on Matlab software, the authors obtain the
ZO(% 3 LZ +x 3 HZ +x ﬁ X approximated values of ¥, and W,, respectively. Finally, by
NG substituting the results in Equations (A24) and (A25) into
¥, Equations (A20) and (A21), we attain the desired results as in
(A21) Lemma 2. The proof is concluded. |
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Dual-hop Relaying Networks for Short-Packet
URLLC:s: Performance Analysis and Optimization

Nguyen Thi Yen Linh, Ngo Hoang Tu, Pham Ngoc Son, and Vo Nguyen Quoc Bao

Abstract—This paper investigates short-packet communications
for the dual-hop decode-and-forward relaying system to facilitate
ultra-reliable and low-latency communications. In this system,
based on the transmit antenna selection and partial relay selection
techniques, a selected relay having the highest received signal-to-
noise ratio (SNR) serves as a forwarder to support the unavailable
direct link between the source and destination, whereas a max-
imum ratio combining technique is leveraged at the destination
to achieve the highest diversity gain. Approximated expressions
of end-to-end (e2e) block error rates (BLERs) are derived over
quasi-static Rayleigh fading channels and the finite-blocklength
regime. To gain more insights about the performance behavior in
the high-SNR regime, we provide the asymptotic analysis with two
approaches, from which the qualitative conclusion based on the di-
versity order is made. Furthermore, the power allocation and relay
location optimization problems are also considered to minimize
the asymptotic e2e BLER under the configuration constraints.
Our analysis is verified through Monte-Carlo simulations, which
yield the system parameters’ impact on the system performance.

Index Terms—Optimization, relay network, short-packet com-
munications, ultra-reliable and low-latency.

I. INTRODUCTION

N the dramatical development of emerging communication
Isystems, the technologies that support the fifth-generation
and beyond networks are positive factors in realizing the
era of the Internet of things and hyperlinked society by
enabling enhanced mobile broadband, massive machine-type
communications, and ultra-reliable low-latency Communica-
tions (URLLCs) [1]-[3]. Known as one of the key services,
uRLLC requires the reliability more than 99.9999%, which
refers to packet error rate lower than 102 4], [5], and latency
around 1 — 10 ms [6]]. Inspired by these requirements, short-
packet communications (SPCs) with finite-blocklength have be-
come a potential solution, where some pioneering frameworks
on SPCs have been considered in the literature. For example,
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Polyanskiy er al. in [7] explored the approximation of the
maximum achievable rates as a function of error probability
and blocklength. Meanwhile, Yang et al. in [8|] determined the
appropriate blocklength for the best ergodic capacity. Moti-
vated by the pioneering works, the outstanding performance
and capability of SPCs to support the aforementioned uRLLC
requirements has been well confirmed with the integrations of
various technologies and network models, such as the non-
orthogonal multiple access [9], energy harvesting [6], and the
multiple-input multiple-output (MIMO) systems [[10]], etc.

Besides that, the relaying system is known as an effective
solution to extend coverage, limit transmit power support, and
improve the efficiency of data transmission by using interme-
diate relaying nodes to support information transmission and
reception over short distances [11]]. Recently, many scientists
have paid more attention to work on SPCs in relay networks
to enhance system performance and fulfill service require-
ments for 5G and beyond networks. Specifically, Yifan Gu
et al. in [12] compared the performance of full-duplex relay-
ing (FDR) and half-duplex relaying (HDR) dual-hop networks
under SPCs in terms of the block error rate (BLER). The
results of [[12] have revealed that the FDR scheme achieves
better performance than that of HDR with less stringent BLER
requirements and low transmit power constraints. in [13]], a
dual-hop hybrid automatic repeat request Iol network was
investigated with SPCs, where the users utilized either se-
lection combining or maximum ratio combining (MRC) to
detect the signals. Analyzing results in [13] have confirmed
that the MRC scheme achieves superior performance compared
to the selection combining scheme with big-enough transmit
power and a long-enough blocklength. Subsequently, in [[14],
Makki et al. considered SPCs in multi-relay networks, where
relays applied either amplitude-and-forward (AF) or decode-
and-forward (DF) schemes to transmit and process the infor-
mation. It is shown that the end-to-end (e2e) throughput of the
DF scheme achieves better performance than that of the AF
scheme when increasing the number of hops in a wider range
of decoding delays.

A joint optimization investigation of power allocation (PA)
and relay location (RL) configurations for multihop MIMO
relay networks with SPCs was provided in [[15]]. Meanwhile,
the work [[16] considered the partial relay-selection (PRS) tech-
nique, in which the best relay was selected to forward the signal
to the destination. The results in [[16] have yielded a tradeoff that
increasing SNR and blocklength improve system performance
while increasing latency as the longer packets.

In this paper, to leverage the above aforementioned benefits
of the relay networks, we first study a DF multi-relay scheme
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in a dual-hop network with SPCs to support not only ultra-
reliability but also low-latency, where (i) the transmit antenna
selection (TAS) scheme is conducted for the signal processing
of multiple transmit antennas of the source, (ii) the PRS tech-
nique is utilized to determine the best relay having the highest
SNR among multiple relays, and (iii) the destination uses the
MRC technique for multiple installed antennas to achieve the
highest diversity gain. Our main contributions are summarized
as follows:

o We derive the approximated and asymptotic closed-form
expressions of the e2e BLERs for both the selective
DF (SDF) and fixed DF (FDF) schemes in the finite-
blocklength regime and quasi-static Rayleigh fading chan-
nels. The result indicates that the BLERs of the two
schemes are identical in the average and high-SNR regions
but distinguished in the low-SNR regime.

o We also investigate the performance in terms of e2e la-
tency and system throughput to provide a comprehensive
overview of not only ultra-reliability but also low-latency
standpoints.

« We propose two asymptotic approaches for the e2e BLER,
in which the second asymptotic approach is a way to
validate the correctness of the first approach. This reveals
that both of the asymptotic approaches for the e2e BLER
perfectly match with each other.

o We analyze two important practical optimization prob-
lems, including PA and RL, which are obtained in the
closed-form expressions for the designed configurations.

The remaining of this paper is organized as follows. In Sec-
tion [l we describe the proposed system model and derive the
preliminary essential cumulative distribution function (CDF)
forms. The BLER analysis of the proposed system model with
both approximated and asymptotic expressions is presented in
Section Subsequently, the optimization problems of PA
and RL are analyzed in Section Numerical and simulation
results are discussed in Section Eventually, the conclusion is
provided in Section

II. SYSTEM MODEL

As illustrated in Fig. |I} we consider a dual-hop network
consisting of a based station performed as a source (S)
equipped with antennas S; (t = 1,2,---,T), N single-antenna
relays Ry, (n=1,2,---,N), and a destination (D) installed
with antennas D,, (m =1,2,--- M )[H We assume that there
is no direct link between the source and destination. The system
operates in a time-division multiple-access method with two
consecutive time slots via the help of the relays.

In the first time slot, the source transmits its signals to all
relays, where the TAS and PRS techniques are simultaneously
utilized. Based on the TAS principle, the system selects only
one optimal transmit antenna, which maximizes the received
SNR, out of T antennas of the source to perform the trans-
mission. We note that the TAS scheme on the transmit side
can achieve a significant reduction in hardware cost and power

IThe value of t = 1,2,---,T,n=1,2,---,N,andm = 1,2, - - -, M will
be used throughout this paper if we do not specifically mention.
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Fig. 1. A dual-hop TAS/PRS/MRC relay system with SPCs.

consumption because only a single radio-frequency chain is
used. Subsequently, the PRS scheme is used with the principle
that only the relay having the highest SNR is selected as a
forwarder for the next hop. Denoting Ry, as the selected relay
after utilizing the TAS and PRS schemes [17], [[18]], we have

b=arg max 7Yswr,., (1

KT

n=1,---,N

where sz, denotes the output SNR in the first hop and
YSR.., i the SNR of the link from S; — R,. Here, vs%, ,
follows the exponential distribution with the average SNR being
calculated as
Ps

:)/SRt,n = 0_2

E { ’htm\g} _ %anm, )

where Ps is the transmit power of S, h; ,, and Q2sg, , are the
channel coefficient and average channel gain of the link from
S; — R,, respectively, and o2 denotes the additive white
Gaussian noise variance. The CDF of ysr, is given as

T N T
F’YSRb (v) = H H Pr (75731,,” < '7) = H

t=1n=1

N
F’stt,n (7)
1

3)

We assume that the channel coefficients in each hop are
quasi-static block-fading channels [8|], where channel fading
coefficients remain the constant value during each transmission
block and change independently in the another transmission.
The independent and identically distributed (i.i.d.) channels are
also assumed with the links of S; — R,, and Ry, — D,,. In
such a scenario, the average SNRs for all of the branches ys%, ,
are the same, i.e., Ysr,, = Ysr- As a result, the CDF of the
output SNR in the first hop ysr,, is given by [18, Eq. (3)]

Fron, 0) = [1=ew (~=1)] .

VSR

S ()p-m(-2))

“)

n=

In the second time slot, the best relay node uses DF technique
to decode successfully the received signal and transfer this
signal to the destination D. At the destination D, the spatial
diversity MRC protocol is investigated, i.e., it combines all
channels Ry, — D, at the destination. Therefore, the output



SNR at the destination will increase linearly with the number
of diversity branches. As a result, the SNR at the output of the
MRC selector is determined by

M
YR,D = Z YR, Dy » &)

m=1

where vy, p,, 1s the received SNR at the antenna D,,,. Under
i.i.d. Rayleigh fading assumption for the link of Ry — D,
we also have Yz, p, = Yr,p = Pr,Qr,p/0?, where P,
is the transmit power at Ry, and Qg p is the average channel
gain of the link from R;, — D. We note that | gm\ follows
the exponential distribution so that yg,p,, follows the chi-
squared distribution with a mean of M4, p and variance
2MA~r,p [19]. Accordingly, the CDF of vz, p is given by

M (o et
)3l

v
F’YRbD (v)=1—exp (

TRLD

m=1

III. PERFORMANCE ANALYSIS

In this section, we derive the approximated closed-form ex-
pression for the e2e BLER under the finite-blocklength regime.
The asymptotic analysis are further studied to gain more in-
sights into the performance behavior in the high-SNR regime.
Furthermore, the performance in terms of e2e latency and
throughput is also considered.

A. Average BLER

We assume that each transmission blocklength is & channel
uses (CUs). When S transmits 3 information bits to D over
k during each packet transmission, the coding rate of the pro-
posed system is = 2/3/k. For SPCs, the minimum blocklength
should be larger than 100 CUs [20], the average BLER can be
tightly approximated as [|15, Eq. (9)]

- Clx)—r
EX“E{Q< vmw)}’ "
where X € {SRy,RuD}, C(yx) = logy(1+7x)

is the Shannon channel capacity, V (vyx) =
(1 -1/(1 +7x)2) (logee)® is the channel dispersion
measuring the random variation of a channel compared to a
defined channel for the same capacity, E {.} is the expectation
operator, and @ (.) is the Gaussian Q-function [21]]. From (7)),
we observe that the form of Gaussian Q-function is too
complicated, which yields that it is intractable to solve (7)
directly. We now envoke the approximated linear form of

Q ((C () =)/ VV () [E) =~ @ (1) [20} Eq. (14)] with
1, Yx < prL,
(yx) =91 05—ovk(x —0), pr<yx <pm, ®

O7 Yx Z PL,

wherev = 1/,/27 (227 — 1),0 2 2"~ 1, pyy = 0+1/(20Vk),
and pr, = 0 — 1/(20Vk).

By inserting (8) into (7)), the average BLER for the scheme S
can be tightly approximated as

/ B (v
0
where f.,, (7) denotes the probability density function of .

Subsequently, (9) is calculated by utilizing the partial integra-
tion method, which yields

) frax (V) d, €))

cv [0)dP ()
0
- (@@)Fw m) P ENORAD)
0
— ok [ P )y (10)

By substituting (@) and (6) into (I0), the average BLERSs at
the first and second hop are obtained, respectively, as

NT NT _
Fory A+ oVEY (—1) —1( )m
1 n n
: {exp (—"”H> —exp <—"’“>} ,an
VTSR YSR

ERbD ~1 — U\[ Z ’YRbD

m= 1 )

-{T(m,pH )—T(m, _PL >} (12)
YRLD TR D

-) is the lower incomplete Gamma function with
Jo ™ texp (—t) dt [22].

Proposition 1. Since the SDF scheme is considered at re-
lays [23], where the relay node supports only when it is able
to decode successfully the source information. As a result, the
e2e BLER can be calculated as

where Y (-,
T (m,z) =

=SDF __ =
€e2e — ESRy

+ (1 — é:snb) ER,D- (13)

Otherwise, since FDF is utilized at relays [24|], where the
selected relay always decodes and forwards the source infor-
mation without regarding the ability of prosperous decoding. In
such a scenario, the e2e BLER is given by

Ee2e (14)

F= Esry, (1 —Eryp) + (1 — EsRry) ERLD-

B. Asymptotic BLER

In this subsection, to observe the qualitative conclusions on
the system performance, we present the asymptotic forms of the
e2e BLERs in the high-SNR regime, where the first asymptotic
approach is utilized to highlight the illustration of asymptotic
characteristics and the second approach is to validate the first
one.



1) The first approach: In the high-SNR regime, by applying
the equivalent infinitesimal series of 1 — exp (—z) X1 to
(T0), the asymptotic BLER of the first hop is calculated as

& U\F/ ( )NTd7 = vf( wot pgTH)
SR SR (NT+ 1) 7872 '

5)

The asymptotic BLER of the second hop is solved by envoking
the helps of [22] Eq.(8.352.6)] and [22] Eq.(8.354.1)] for (10),
as given respectively by

r () -
TRLD

(M —1)! {l—exp(

"VRbD) %_

(16)
M oo n n
() >Z ()
TR, D TR, D n:O I TR, D
/ARy p=0 1 ( v (17)
TRLD

\/E(p%+1 pJLVI+1)

As a result, we get

5 ~ v\f/ ( > dy = -

R0 M\Fryp) T MM+ 1),
(18)

We note the value of BLER will be very small in the high-
SNR range, ie., ésg, < 1 and ér,p < 1. Accordingly,
Proposition (1| can be simplified, yielding the e2e asymptotic
BLER for the first approach as

EG mEsy +E) . (19)

2) Riemann integral approximation: By revisiting (10), we
find that the value of pg — pr = /27(2%" — 1)/k is small
since r is small as & > 100 [20]. In such a scenario,

the first-order Riemann integral approximation f f(x)dx =

(b—a) f (%£) is valid for (T0). As a result, the asymptotic
BLERs for the first hop and second hop are given, respectively,

by
NT
high—SNR [/ 6
~ F"/snb (9) ~ <> )
Tsr

M
SNR 1 % 21
M YR D ’

Similar to (I9), the e2e asymptotic BLER in for the second
approach is obtained as

~(2) ~ 22 =(2)
€e2e ~ ESR}, + gRbD

&2

ESR, (20)

(2 hlgh
6’(121)3D ~ F'YRbD ( )

(22)

Remark 1. We observe that the average BLER of each hop
in (I0) is only dependent on the CDF function of vyx. When

JOURNAL OF COMMUNICATIONS AND NETWORKS

F, . (v) becomes too complicated, the first asymptotic ap-
proach can be intractable to obtain the closed-form expression
for the average BLER. Instead of using the first asymptotic
method, we can utilize the Riemann integral approximation to
simplify the calculation. In this paper, we do not only utilize the
second context to reduce the calculating complexity but also
validate the correctness of the first approach.

Proposition 2 (Diversity order). By denoting the average total
transmit SNR as ¥ = Py/o?, the transmit power constraints
with Ps/o? = ¢ and Pr, /o? = (1 — ¢) 7 are satified, where
¢ € (0,1) denotes the PA coefficient for the source S. The
diversity order of the proposed system is determined by [25]]

log ( gzl)
log (7)

log ( gl)
log (%)

=min (NT,M).

O =— lim
F—00

= — lim
F—00

(23)

Proof. From (19) and (22), we express the diversity order of the
considered system, respectively, in the forms of [25]

log ( g)c)

© = — lim

700 log (7)
log (%7 + 5 )
= — lim — =min (NT, M), (24)
=00 log (¥)
log (5(3))
© =— lim —
700 log (7)
log (557 + 5 )
= — lim — =min (NT,M), (25)
=00 log (¥)
where
ok (pNT+1 NT+1
1 = ( L NT)7 (26)
(NT +1) (2sr9)
ok (pMH — M+1
G2 = ( ) M (27)
M (M +1) (Qg,p (1 - 9))
QNT
3= ——x7 (28)
(Qsr®)™"
GM
= - (29)
M!(Qp, p(1—9))
The proof is concluded. O



C. e2e Latency and Throughput

The e2e latency is characterized by the average delay during
transmission and decoding. Let £(k) denote the delay for de-
coding a packet with the blocklength k. Based on [14] Eq. (6)],
the e2e packet transmission latency (measured in the number of
CUs) is given by

T=(k+L(K)(1—-Esr,)+ k+L(k)

——
Second hop delay

First hop delay
= (k + L (k)> (2 - éSRb) )

where £ (k) = ok with « being a constant that represents
the decoding delay factor [26, Lemma 6]. We note that in
(30), the total latency is taken into account only when the
best relay successfully decodes the signal and then the message
arrives at the destination, regardless of whether this message is
successfully decoded at the destination or not, which is precise
to the analysis in [14, Eq. (6)].

Besides that, the e2e throughput is defined as the ratio of the
number of information bits successfully received at the destina-
tion and the e2e packet transmission latency, which is measured
in bits per CU (BPCU). As a result, the e2e throughput for the
considered system is expressed as

B (1 - &:eQe)

§ = Do Ce2e)
T

(30)

€2y

IV. OPTIMIZATION ISSUES

This section investigates the optimization problems for PA
and RL to minimize the e2e BLER under the system configura-
tion and uRLLC constraints.

A. PA Optimization

In this subsection, we will answer the important question of
the relay system under the fixed coordinations of the network
nodes, how is transmit power distributed to the source and
relay nodes for the best system performance? The optimal PA
optimization problem is given by

mgn o9 (P) s.t. Ps + Pr, < P, (32)

where P is a set of transmit power variables, i.e., P =
(Ps, Pr, ), and Py denotes the total transmit power budget of
the system.

It is noted that the optimization problem is non-convex
because the objective function &,,, (P) is a non-convex func-
tion. Therefore, we attempt to transform into a convex
optimization problem. For uRLLCs, the e2e BLER must be
lower than 10~° 5], which requires a high SNR. As a result, we
can invoke for the objective function in (32)). Specifically,
the problem can be approximated as

ES) &%), st Ps+ Pr, < R,

min 33)

Ps,Pr,,

2We note that since the results of the first and second asymptotic approaches

are identical, the second strategy, however, provides lower calculating complex-
ity. Therefore, we consider (22)) as the objective function for simplification.

By inserting and into (33), the optimization problem

(33) becomes
M
i (902d’17)NT+ 1 (00°dy
Ps,Pr, Py M\ Pg,

s.t. Ps + Pr, < P, (34)

where d; is the distance between the source and multiple relays
and d; is the distance between multiple relays and the destina-
tion. We assume the simplified pathloss model [[19] with the
average channel power gains Qsg, = d; " and Qg,p = d; ",
where 7 denotes the pathloss exponent.

Proposition 3. The optimization problem is convex. There-
fore, the Lagrangian multiplier method is beneficial to find a
single global optimal solution P*.

Proof. By considering the Hessian matrix [27, Theorem. (A.2)]

5.®) 926 (P)
oP2 OP.OP.
H (P) = 52 éizf(P) 52 ;jglg)b) , 35)
aPRbBPS 8P721b
where
22 P) 2l P) . a6
aPRbaPS 8P88PRb ’
2~ 9 NT
0% (P) NT (NT +1) (90 dl)
oP: pYTH >0, @37
2z 2 myM
ere (P) M (M +1) (do°dY) - G8)
oPg, MIPY? '

Because all diagonal elements of H (P) are positive, H (P)
is positive definite. As a result, 5}5{3 (P) in (34) is a strictly
convex function. Since the constraint is affine, the optimization

problem is convex, which completes the proof. O

Based on Proposition [3] we use the Lagrangian multiplier
method to determine P*, where the Lagrange function of (34)
is given by

0o2d N (00243)M
Ay (P,y) = ( png) + (M!Pjgzb — 1 (Ps + Pg, — P),

(39)

where 17 is a Lagrange multiplier constant. By considering the
partial derivatives of Ay (P, ;) with respect to Ps, PRb, and
Py equal to zero, we get

052d) NI NT
2, ) _( ng)m =0, (F1),
9A, (P. 0c2d" )M M
811(31;:}1) - = ( p%fbjl)M[ - 1/’1 = 07 (JT'.Q) ) (40)
8Ala(11;1’w1):Ps+PRb—P0=0, (F3)-
By considering (F7) — (F2), we obtain
_1
B (HO_QCZ;])]V[M M1 Nl\fjll
PR, = (002d)) T MINT Fsor @D
7 !



By substituting 1)) into (F3), we get

NT+1

Ps + 2, Pg MEL — =P,
%,_/
ég(PS)

(002az)™ M
(602d7) T MINT
Zy > 0,and M,N,T € N*, g(Pg) is an monotomcally in-

creasing function because of 2 (PS ) = 1+Z ]ijllP A >
0. Furthermore, the right hand s1de of (42) is a constant func-
tion. When ¢ (0) = 0, g(Pg) > 0, and Py > 0, @2) only
has a unique solution. To solve (@2)), we consider the following

proposition.

(42)

1
MF1

. We note that, when Pg,

where 21 =

Proposition 4 (Newton—Raphson iterative root-finding algo-
rithm). We consider f (x), from a well-chosen value xg, the
iterations for a unique root of [ (x) can be determined as

[ (zn)
Of (xy) [Oxy,

Eventually, x,,+1 converges to a unique root.

(43)

Tny1 = Tp —

Proof. Based on the definition of the derivative, we have
% = lim £@=/@ This also means
T3 r—z
6 kot _ A
f(Ax) - @ {C(JC), (44)
0z xr—x

where the notation — represents the convergence. Assuming
that & is a solution, we have f(Z) = 0. From (44), we get

%&f) — f (m) , which yields
f(x) N
- — 45
G, )
where £ is a converged unique solution. The proof is concluded.

O

Remark 2. We note that the non-linear function {2) with
its constraints has sufficient conditions to satisfy the guar-
anteed convergence requirement for both the Newton—Raphon
and other search methods (e.g., Bisection, Secant, Bairstow),
i.e., a single variable function with a unique real root and
an easily determinable derivative. In this context, since a fair
comparison between the Newton-Raphson and other search
methods is guaranteed, the Newton-Raphson method offers the
quickest convergence rate [28|]. Although the Bisection search
method is the simplest method to understand, it has the linear
rate of convergence, which is the search method with the lowest
convergence rate. Meanwhile, the Secant and Bairstow search
methods have aureal number and quaradtic convergence rates,
respectively, which are higher ones than that of the Bisection
search method but lower than that of the Newton-Raphson
method. As a result, the used Newton-Raphson search method
is the most efficient selection in our scope.

By utilizing Proposition @] Algorithm [I] is utilized to find
the solution P§ for (42). Based on the optimal solution P
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Algorithm 1 Iterative root-finding for (42))
Input: 0702a d17d27na M7 N7 Ta PO
Output: Pg
1: Initialize the maximum number of iteration N;,,, = 1000

and Psy =1
_1
| B M M+1
2: Compute Z; = (602a7)~ " MINT
3: for 0 < n < Nyax do NT41
4: f(PS,n> PSnJ’_ZlPSNrI;rl L
c UPsn) gy g NT“PNATIJI
5: oP, T EUNA fsn
. o _ f(PS,n)
6: Ps i1 =Ps,, 0f(Ps.,)/0Ps
7: end for
8: Solution Pg = Pg 14

attained from Algorithm and (F3), the optimal Py, is given
by

Pj, = Py — P& (46)
Remark 3. We note that, in a special case with NT = M,
can be easily solved and yields a unique solution as

{ Pt = ¢P, @

Py =(1-9) R,

-1
where ¢ = (14 (1/M1)"/ M (dy fay) D/ D)

B. RL Optimization

In this subsection, the optimal RL configuration is designed
to minimize the e2e BLER with the constraint of the normalized
transmission distance and the given PA configuration. Since
the original RL optimization is non-convex, we formulate the
optimal RL problem as a convex optimization by utilizing the
same hypotheses as those in the PA optimization problem.
Specifically,

=(2)

mdin ég)e (d) = min Eé;zb +ép,p St di +do

min =D, 48)

where d = (d1,d2) and D represents the normalized transmit
distance. By substituting and into (48)), we get

M
0N L (0P T
P MI\ Pg, s

By following the same footsteps as Proposition [3| it is the
fact that is a convex optimization problem. Therefore, the
Lagrangian multiplier method is beneficial to find the global
optimal solution d*. We define the Lagrangian cost function

for as

JNT s\ M
Az (d, 1) = <QJ: ) +ﬁ(gzgﬁi2> — 2 (di +d2 — D),
(50)

min
dy,dz

(49)




Algorithm 2 Iterative root-finding for
Input: 0,02, Ps, Pr,n,M,N,T,D
Output: d;
1: Initialize the maximum number of iteration N .« = 1000
and dl’(] =1

[\

: Compute Z; = (02 M ATPYT

1
(QJQ)NTNTP%iM!> Mn=1
3: for 0 < n < Npax do

NTn—1
4 f(dip) =dy, +22dy)," =D
Of(d1.n) NTy—1 RS
X 1,n) __ - n—
5 adr . = L+ am 1 Z2dig
i _ _ fldin)
6: dint1 =dy, — 9f(d1.n)/0d1.0m
7: end for
8: Solution d} = d1 n,,,,+1

where 1 is a Langrange multiplier constant. Similarly, by
performing the partial derivatives of A, (d, ) with respect
to dy, da, and 15 equal to zero, we obtain

083(dae) _ (07) 7 NppgNTH=1 g (g,

od POT
Ao (dp2) (QUZ)MM dIMnfl -0 G
oy~ PACMT %2 — %2 =0, (G2)
78A23$1’w2) =di+dy— D=0, (Gs3)-
(51
By considering (G1) — (G2), we get
1
NT Mn—1
4 (00%)" " NTPR M\ ™" dﬁ%g%. 52)
(002) M PYT
Subsequently, by inserting into (G3), we obtain
NTn—1
dy + Z,d, 7 =D, (53)

o2 NT M | ﬁ
W) . Similar to @2)), (33)
also has a unique solution. By utilizing Proposition @ we
design Algorithm [2] to determine the optimal solution d} for
(53). Eventually, we replace the obtained d} from Algorithm 2]
into (G3), which yields

where Z5 =

dy =D —dj. (54)
Remark 4. For a special case with NT = M, the optimal RL
configuration is given by

-1

1 e
ds =D —dj.
Remark 5. It is worth noting that, from the derived optimal
distances given in this part, we can easily indicate the optimal
relay coordination. Specifically, the optimal distances can be
expressed as

* * %2 * *\2
dy = \/(wn_xs) + (Y —¥5)"

(56)

a5 = /(@ — o) + (wh — v)’ (57)

e2e BLER
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Fig. 2. The performance comparison between the FDF and SDF schemes,
where N = 2and M = 3.

where (%,y%), (%,Y%), and (x5,y5) denote the coordi-
nations of the source, relays, and destination, respectively.

Because of the linear topology assumption, |y% —ys| =
lyp — y=| = 0. Accordingly, di and d5 are simplified to
di = |z —x%| and di = |x}, — x|, respectively. In such

a scenario, a system of 3 linear equations is represented in a
matrix multiplication form as Ax = b, where

-1 1 0 rs d3
A= 0o -1 1 ,Xx=| % |,and b= ds
0 -1 *h -D

(58)

Because all row vectors of A are linearly independent, the
determinant of A becomes zero, which implies that the inverse
of A, denoted by A1, exists. As a result, the optimal relay
coordination is determined as x = A~ 'b.

V. SIMULATION RESULTS AND DISCUSSION

In this section, we perform Monte Carlo simulations to verify
our theoretical analysis presented in the previous sections.

A. Performance Evaluation

For parameter settings, we assume the information with
B = 256 bits, blocklength k£ = 256 CUs, and pathloss exponent
1 = 3. We consider the asymmetric system with d; = 0.7 - D,
de = 0.3-D, Ps = 0.7-Fy, and P, = 0.3-F,. The normalized
transmission distance D = 10 is assumed.

First, we compare the e2e BLER between the FDF and SDF
schemes, as shown in Fig. 2| Here, N = 2 and M = 3 are
assumed for the parameter settings. In this figure, we observe
that although the e2e BLERs of the SDF and FDF schemes
are identical in the medium and high-SNR regimes, their
performance, however, is different in the low-SNR range. In
particular, the performance of FDF is better than that of the SDF
scheme in the low-SNR regime. Consequently, we will only
consider the FDF scheme for the later figures. In addition, the
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Fig. 3. The e2e BLER versus the number of source antennas 7', where N = 2
and M = 3.

influence of the number of source antennas 7" on the e2e BLER
is also depicted with some typical values of T = 1,2, and 3.
It is clear that the performance improvement is significant only
when 7" goes from 1 to 2, whereas even in the low-SNR regime,
there is a negligible gap in the case of 7' = 3 compared to
that of T' = 2. When 7y gets sufficiently high, the e2e BLERs
with T' = 2 and T' = 3 are entirely identical, which yields that
the value of 7" should be conservatively chosen to balance the
tradeoff between the cost implementation and performance. To
see this behavior in the wider range of 7', Fig. [3]is dominated.
Importantly, the simulation results completely coincide with the
theoretical analysis results, which confirm the correctness of
our analysis.

Fig.B]is dedicated to investigating the effect of 7" on the sys-
tem performance, where N = 2, M = 3,and v = 10, 15,20 dB
are assumed. As observed in Fig. [3] the e2e BLER becomes
saturated when 1" > 2. As aresult, 7' = 2 is an efficient choice
to balance the tradeoff between the performance and cost of
implementation. One way to improve the system performance
as expected is by increasing the average transmit SNR 7, as
shown in Fig. 3] However, the transmit power is usually limited
in practice; and even when the transmit power can be increased
as much as possible, it can cause interference with the other
propagation channels. Meanwhile, increasing the number of
relays N and destination antennas M can be considered as
an alternative way to significantly improve the system perfor-
mance, which is illustrated in Fig. ]

Fig. [] investigates the effect of the number of relays and
destination antennas on the system BLER, which is presented
in three-dimensional space. Each plane represents the BLER
analysis result with a specific average transmit SNR, where we
consider three levels of 4 as 5 dB, 10 dB, and 15 dB. Here,
T = 2 is assumed. The simulation results, which are presented
by dots, are math well with the analysis plane. As seen in Fig.[4]
the e2e BLERs dramatically drop when 7, N, and M increase,
as expected. We note that, as stated in Proposition 2] the diver-
sity gain of the proposed system is dependent on the design of
the number of relays, source antennas, and destination antennas,
which yields the important role of the designed numbers of
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e2e BLER
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N 5 = 15 dB, Analysis

- - @ Simulation

M antennas 6 6 N relays

Fig. 4. The influence of the number of relays and destination antennas on the
system performance, where 7' = 2.
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Fig. 5. The effect of blocklength k on the e2e BLER, where T' = 2, N = 4,
and M = 3.

relays and antennas for the network.

Subsequently, Fig. [5] shows the effect of blocklength on the
system performance in three typical cases of average SNRs as
10 dB, 15 dB, and 20 dB, where the parameters of T' = 2,
N = 4, and M = 3 are set. In Fig. [5] we recognize that the
system performance is improved by increasing the average SNR
and blocklength. However, we note that the longer blocklength
also causes the higher e2e latency, as depicted in Fig. [8] This
tradeoff on the blocklength value should be conservatively
considered. For example, for a given average SNR 4 = 20 dB,
to ensure the reliability requirement in the order of e2e BLER
of 10752, the blocklength of 450 CUs can be chosen.

Fig. [6] depicts the suitability between the approximated and
asymptotic BLERs. Here, the results are derived for the sce-
narioof T'=2, N =4, M = 3, and k = 256,512,1024 CUs.
As seen in Fig.[f] the e2e BLER is decreased when increasing 7
and k. The theoretical analysis and simulation curves converge
with the asymptotic one in the high-SNR regime. Furthermore,
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the second asymptotic approach is considered as a validated
strategy of the first asymptotic one, where they are in a good
agreement with each other.

Eventually, in Fig. [/} we can observe the system performance
in terms of the e2e latency and throughput that are the cru-
cial evaluation parameters in the uRLLC requirements, where
T=2,N=4M = 3,7 =20dB, and « = 0.5,1.5,2.5
are assumed. While increasing blocklength can improve the
reliability, they suffer from the higher latency and throughput.
Besides that, Fig. [/] also yields the impact of the decoding
delay factor. Specifically, with the higher value of a, the system
performance is negatively affected in terms of the e2e latency
and throughput. We note that, for a CU duration of 3 us [6],
o = 1.5, and the parameter settings given in Fig. [/} if we
choose the blocklength of k = 450 CUs, the system will suffer
from the latency of around 2250 CUs corresponding to 6.75 ms
(<10 ms), which satisfies the low-latency constraint of uRLLCs
to serve factory-act applications [6].
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Fig. 8. The performance comparison between the optimal and non-optimal PA
configurations.

B. Performance Evaluation of Optimization Strategies

In this subsection, we compare the system performance of
the optimal and non-optimal configurations for PA and RL. For
a fair comparison, 5 = 256 bits, blocklength £ = 256 CUs,
normalized transmit distance D = 1, and pathloss exponent
7 = 3 are set in this subsection. The general case for 7', N, and
M settings is considered with " = 2, N = 3, and M = 4.
Furthermore, we also show the optimization performance in a
special case with 7' = 1 and N = M = 2, where the optimal
configurations of PA and RL are dominated in and (53).

Fig. [§] shows the performance comparison between the op-
timal and non-optimal PA configurations in both the general
and special cases of N and M. In this scheme, the distance
with d; = 0.7 - D and dy = 0.3 - D are fixed, as assumed
in Section To highlight the outstanding performance of
the optimal PA configuration designed in Section we
consider the non-optimal scheme with the equal PA, i.e., P =
Pr, = 0.5- Fy. Fig.[8|reveals that the optimal PA performance
is significantly higher than that of the non-optimization in the
entire range of the average transmit SNR for both the general
and special cases. For e2e BLER of 1075, the array gains of
2.5 dB are achieved in both the (T' = 1,N = M = 2) and
(T =2,N =3, M = 4) cases.

In the performance comparison for RL configurations, we
assume that the power allocation is fixed with Pg = 0.7 - Py
and P = 0.3 - Py, as assumed in Section In Fig. EI, the
RL optimization designed in Section 1s compared to the
performance of the non-optimal RL scheme with d; = dy =
0.5-D. First, we recognize that the performance behavior shown
in Fig.)is the same as Fig.[8] which confirms the superior per-
formance of the designed optimal RL configuration. However,
the array gains achieved in Fig. 0] are much higher than that of
Fig. 8| Specifically, for e2e BLER of 1075, the array gains of
6.25 dB and 9.5 dB are achieved with the (T'= 1, N = M = 2)
and (T = 2, N = 3, M = 4) cases, respectively.
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VI. CONCLUSIONS

In this paper, we have investigated SPCs for the dual-hop
DF relaying system. The proposed relay network is benefi-
cial in the context of limited transmit power and co-channel
noise degradation, whereas the SPC framework is considered
to achieve uRLLCs. Besides that, the TAS, PRS, and MRC
techniques are utilized at the corresponding terminals to exploit
the diversity gain of the proposed system. In the quasi-static
Rayleigh fading channels and finite-blocklength regime, the
approximated e2e BLERs for both the SDF and FDF schemes
are derived from the closed-form expression, from which the
e2e latency and throughput are also investigated to provide a
performance overview of both ultra-reliability and low-latency.
Subsequently, the asymptotic e2e BLER is considered to get
more insights into the performance behavior in the high-SNR
regime. Furthermore, two optimization strategies of PA and
RL are analyzed to minimize the e2e BLER objective function
under the system constraints. The results have shown that the
BLERs of the SDF and FDF schemes are identical in the
average and high-SNR regimes but different in the low-SNR
range. Besides that, two asymptotic approaches for the e2e
BLER are well matched with each other. The simulation and
analysis results are also in good agreement and converge to the
asymptotic curve in the high-SNR regime, which validates the
correctness of our analysis. Most importantly, the performance
of the designed PA and RL optimization schemes is signifi-
cantly better than the non-optimal configuration.
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Nguyén Thj Yén Linh, V6 Nguyén Quéc Bo, Pham Ngoc Son

DU DOAN CONG SUAT TOI LPU NGUON

PHAT CUA HE THONG TRUYEN GOI TIN

NGAN QUA MAT PHAN XA THONG MINH
BANG KY THUAT HOC SAU

Nguyén Thij Yén Linh™ V& Nguyén Quéc Bao’, Pham Ngoc Son*
"Hoc Vién Cong Nghé Bwu Chinh Vién Thong
*Trwdng Dai hoc Sw Pham Ky Thuat Thanh Phé H6 Chi Minh

T6m tit- Trong bai bao ndy, chung toi d& xuat mé hinh
mang no ron sau dé dy doan cong suat tdi wu ngudn phat
cua hé thdng truyén tin géi ngin qua mat phan xa théng
minh pht hop yéu cau uRLLCs. Pau tién, ching tdi dan
ra biéu thuc xap xi ti 16 16i khéi qua kénh truyén fading
Rayleigh. Dya trén biéu thuc ti 18 16i khéi, ching toi tao
tap dir liéu cho qua trinh huan luyén mang no ron sau va
tién hanh kiém tra két qua du doan véi mot tap kiém thir
bat ky. Cubi cung, dé danh gia chat lwong du doan cua mo
hinh mang no ron, ching t6i dua vao phuong phap danh
gi& 15i trung binh binh phuong gbc (RMSE). Két qua cho
thay rang RMSE nho (khoang 107%) va gia tri nay cang
giam khi tang sb luong mau kiém tra.

Tir khéa- ky thuat hoc sau, mat phan xa thong minh,
fading Rayleigh, ti 1¢ 13i khéi, truyén théng gdi tin ngan.

l. GIOI THIEU

Trong tdm cua mang truyén thong khong day thé heé
thir nam (5G) va mang khong day thé hé tiép theo (6G) l1a
cung cap dich vy déng tin cdy cho cac ang dung khac nhau
Vi muyc tieu thiét ke sao cho thong lugng cao, giam do tre
dau cudi va két néi nhiéu thiét bi [1, 2]. Do d6, giao tiép
cuc ky tin cay va do tré cuc thap (uRLLCs) duogc xem la
yéu cau chinh can dat duoc cua cac hé théng mang khong
day thé hé mgi nham hd tro cac ng dung moi vat két noi
mang (loT) nhu ty dong hoa cong nghi¢p, giao tlep
phuong ti¢n két n6i moi vat (V2X), thuc té 4o (VR) va
thuc te tang cuong (AR) [3]. Dich vu URLLCs yéu cau
nghiém ngat ca ve d¢ tin cay cuc cao (99. 9999%) va do
tré phai cuc thap (1ms) [4]. DBé dap tng yéu ciu cao veé

dg tin cay va do tre thap trong uRLLCs, phuorng thuc giao
tlep qua g6i tin ngin dwoc xem nhu 1a glal phap tiém ning
va chi duoc hd trg trong cac hé¢ thdng giao tlep khdng day
thé hé moi [5, 6]. Cuthé, cac nghlen cltu gan day cho thay
su cdi thign vé do tin cay va giam do tré cua hé thong giao
tiép qua goi tin ngan trong mang chuyén tiép cong tac [7-
10]. Hon nita, gan day cac nha nghlen ctru con cho thay
kha nang cdi tien hi¢u nang va giam do tré khi nghién ctu
truyén goi tin ngan két hop mit phan xa théng minh (IRS)
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[11, 12]. So véi mang chuyén tiép cong tac AF va DF thi
chuyen tiép qua IRS cai thi¢n hi¢u nang hé thong [13], mo
rong vung pho (tuc khoang céch truyén va nhan tin hiéu
tir ngudn dén dich duéi sy hd tro cua IRS lén hon so véi
khoang céch t[uyer] va nhan tin hi¢u gifra ngqon va dich
qua‘nUt chuyen ticp), va tiet kiem cong suat phat ctua
nguon hon do IRS chi don thuan phan xa thu dong tin hi¢u
ma khong can bé sung cong suat [14, 15]. Hién nay, dé
dam bao chat luong dich vu cao (QoS) va do tré nghiém
ngat ciia uRLLC dép tng yéu cau dich vu cta cac hé thong
mang tuong lai, hoc sau (DL) dugc cOng nhan la mét giai
phap kha thi dé gidi quyét nhiéu dé thuc té, chang han nhu
du doan hiéu suat mang, kiém soat tac ngh&n, quan ly hang
doi va phan bd tai nguyén cho hé thong IoE [8]. Dac biét,
mot mo hinh cua hoc sau la mang no ron séu (DNN). Day
la mot trong nhitng mo hinh DL tiém nang duoc quan tam
de giam thiéu do6 phuc tap tinh toan va dé dap ing cac yéu
cau thoi gian thuc cua cac hé thdng mang trong twong lai
[16].

A. Cac nghién cuu lién quan

Gan day, cac nha khoa hoc di cho thiy sy cai thién
hiéu nang va giam do tré cua giao tiép g6i tin ngin nhu
trong cac bai bao [7-10]. Trong [71, cac tac gia chung to
SO Voi truyen g6i tin dai thi truyén goi tin ngan qua nat
chuyén tiép dat do tin cay cao hon khi xét & trang thai kénh
truyén hoan hao va dat biét hiéu nang vuot troi & giao thuc
giai ma va chuyén tiép (DF) nhu trong [8]. Tiép tuc, bai
bao [9] cho thiy db tin cdy cao cua ky thuat lya chon nit
chuyén tiép ban phan (PRS) dé truyén géi tin ngin trong
hé théng chuyén tiép DF. O bai béo [10] hé théng da anten
duoc thiét ké & ngudn thu va giao thic ti s6 két hop cuc
dai (MRC) dugc su dung nham dat d6 phan tap cao, cai
thién hi¢u nang truyén goi tin ngén cua hé théng chuyén
tiép DF. Bén canh do, gan day mat phan xa théng minh da
duoc chang minh 1a mét bién phap hitu hiéu cai tién higu
nang hon han mang chuyén tiép. Cu thé, bai béo [13] cho
thdy hiéu nang va do lgi phan tap cia mang chuyen tiép
gua mat phan xa thong minh cai thién hon chuyen tiép qua
nat chuyén tiép DF. Dic biét, chuyén tiép DF ¢6 do loi
phan tap cao hon chuyén tiép AF trong truyen tin goi tin
dai. Béi vai truyén thong tin goi ngén c6 sy ho tro cua mat
phan xa thong minh ciing dat duoc sy cai tién vuot bac. 0
bai béo [11], c4c tAc gia dd ching minh duogc truyén tin
g6i ngén qua mat phan xa thong minh dat dwoc do loi phan
tap cao hon hé thdng chuyén tiép DF véi cling cong suét
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ngudn phat. Hay bai béo [12] cho thay truyén goi tin ngan
qua IRS két hop véi cong nghé NOMA ¢6 hiéu ning vuot
troi hon so vai két hop gitra IRS va cong ngh¢ da truy nhap
truc giao (OMA) dé truyén goi tin ngan.

Hién nay, mac du nghién cau truyén goi tin ngan qua
IRS dugc cac nha nghlen ciru quan tam, tuy nhién so6
luong bai bao van con khé han ché. Hau hét, céc tac gia
chu yeu tap trung phén tich sy anh huong cua hi¢u nang
hé thong qua ti so 15i kh0| (BLER) vao cac tham s6 nhu
cong suat nguodn phét, sé yéu té phan xa va do rong phd.
Vin dé ton tai khi nghién ctiu truy;n go[tln ngan qua IRS
trong céac hé thong mang 5G va the h¢ tiép theo la lam sao
dam bao duoc ca hai yéu cau vé do tin cay cao va do tré
cuc thiap URLLCs. Tirc 1a tim 1oi giai cho bai toan tdi uu

hé thong sao cho phai dam bao dugc BLER <107°va d6
tré nho hon 1ms . Diéu nay kho co thé giai quyét bang
phuong phap s thong thudng vi ham muc tiéu cho bai
toan tbi uu thuong phuc tap va khong 16i. Mat khac, gan
day ky thuat hoc sdu (dac biét mang no ron sau) da duoc
cdng nhan & md hinh hi¢u qua dé giai quyét cac thi thach
URLLCs trong mang khong day thé h¢ méi [17] va cac h¢
théng 10T [18]. Cu thé, cac tac gia trong [19] de Xuat
phu’ong phap hoc sau dé du doan su phan bd ngudn tai
nguyén va Iap lich truy cap uRLLCs cho h¢ thdng truyén
goi tin ngan. Bai bdo cho thay phuong phap hoc sdu mang
lai két qua dy doan chinh xac va thoi gian thyc hién ngan
ph hop y&u cau do tré thuc cua hé thdng 5G. O bai bao
[20], cac tac gia nghién cau ky thuat hoc sau du doan
BLER va thong lugng truyén gdi tin ngan trong hé théng
mang nhan thire 10T da truy nhap khdng truc glao Bai bao
chang t6 két qua dy doan tir DNN c¢6 do chinh xac cao va
do tré thap hon so vai cac phuong phap khac, dac biét 1a
md phong theo Monte Carlo.

B. Ddng gdp chinh cua bai bao

Dua trén wu diém vuot troi cua ky thuat hoc sau va mat
phan xa thong minh trong truyén tin 90| tin ngan nham dap
ring yéu cau cuc ky nghiém ngit ve d6 tin cay va do tré
cua hé thong URLLCs cho mang khong day thé hé twong
lai. Bong gop chinh cua chlng toi trong bai bao duoc liét
ké nhu sau

e Diu tién, chang t0i d& xuat mé hinh truyén
thong tin gdi ngan co sy hd tro cia mat phan xa théng
minh. Tir mé hinh d& xuét, ti s 18i khéi dang chinh
xac dugc dan ra dé danh gia hiéu ning cho hé thing.

e Thu hai, chung t6i daé Xuét mo hinh mang no ron
sau DNN dé udc luong cong suét phan bo nguon phéat
cho hé thong da dé xuat sao cho dat yéu cau uRLLCs.

e Cubi cuing, chiing t6i dé Xuat phuong phép danh
gla 16i trung binh binh phuong gbc (RMSE) dé danh
gia két qua du doan ciia md hinh mang DNN. Qua do,
két qua cuia bai béo cho thay dugc sy cai tién vuot troi
cua phucmg phap hoc sau dwa trén md hinh DNN vé
d6 chinh xac va thoi gian thuc thi hé thong.

V& céch trinh bay, bai bao dwoc phan bd nhu sau.
Phan I s¢ trinh bay md hinh cua h¢ thong mang
chuyen tiép qua mat IRS va danh gia hi¢u nang hé
thong qua BLER. M6 hinh mang DNN, cach tao tap
dir ligu va phuong phép danh gia cho md hinh mang
dé xuét dugc trinh bay trong Phan I11. Phan IV, chung
t6i minh chtng su cai tién caa mo hinh mang dé xuét
qua md phong Matlab. Cubi cung 1a phan két luan cua
bai bao.
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Il. MO HINH VA BDANH GIA HIEU NANG HE
THONG

A. M6 hinh

A
Bo diéu khién

)
&

Dich ([J
Vit can I ( )

Ngudn (u)
Hinh 1. M6 hinh truyén géi tin ngdn qua mét phan xa
théng minh.

Mb hinh hé théng truyen goi tin ngan qua IRS duoc
mo ta qua Hinh 1. Hé thdng bao gdm mat nguon phat séng
(S) mot ngudn nhan (D) va mot IRS bao gdm N phan
tir phan xa thu dong. Gia su rang nguon S va dich D st
dung mot ang ten dé truyén va nhan tin higu. 0 day, chung
toi cung g1a sir rang khong co duo’ng truyén tryc tiép giira
nguon va dich do vat cén tir m6i truong. Hon nira, kénh

truyen gilta ngudn va dich 1a kénh Rayleigh fading béan
tinh phang.

Boi vi IRS hoat dong nhu mdt by phan xa thong minh,
do do IRS co thé phoi hop, trao doi thong tin trang thai
kénh tir ngudn va dich thong qua b diéu khlen khong day
[21]. Tt d6 IRS co the diéu chinh pha cua tat ca phan tir
phan xa sao cho ti sO tin hiéu trén nhiéu nhan tai dich dat
16n nhat [22]. Mit khac, do suy hao tin hiéu dang ké nén
ching t6i bo qua tin hi¢u phan xa trén IRS tir hai lan tro
18n va chi xét tin hiéu phan xa mot 1an [23]. Tin hi¢u nhan
tai dich D duoc biéu dién nhu sau:

N
yD:\/E|:;hrigi:|XD+nD' @
iz

v6i P 1a cong suat phat ciia nguon S , X 1a tin hiéu
can truyén dén dich D, n, 1a nhidu Gauss tring cong
(AWGN) v6i trung binh 0 va phuong sai N,. Hon nira,
= e 13 hé sb phan xa duoc tao ra boi yéu td phan xa
tha i trong IRS ( =1,2,.,N) [13] va ¢ la do dich
chuyén pha cia yéu to phan xa thiri trong IRS. K¢ tiép,
h Va g, la h¢ s kénh truyén tirnguén S dén yéu t phan
xa thir i trong IRS va tir yéu t6 phan xa thir i dén dich D
, tuong ng.

h = dliWZO‘ieijgi ) 3

=d,"* e, ©)
VvOi o, VA B ; 0,VA ¢, lan luot 1a bién d va do dich pha
cuahésd kénh h,va g, ; d; va d, 1an lugt 1a khoang cach
tr nguén S dén IRS va tir IRS dén dich, tuong umg; v 1a
hé so suy hao duong truyén. Chung toi cung gia su hé

thong giao tiép dugc xét trong truong gan, nghia la
khoang cach giita ngudn hodc dich dén chinh giita IRS nho
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2
hon % , vOi L kich thude cue dai cia IRS va A 1a bude

song cua tin hidu truyén [24].

Tir (1), ti s6 tin hidu trén nhidu (SNR) tirc thoi thu
duoc tai dich D dugc xac dinh nhu sau

 i4-6-0)

7o = VAV :
? dl dz No (4)

O day, IRS chon goc dich chuyén pha ¢ =0 +¢ sao
cho SNR trong (4) dat gia tri 16n nhét [24] . Do d6, (4) c6
thé duoc viét gon lai nhu sau

Vo =Z%7, )

__ P
v6i Z= zd dvvé =N la SNR trung binh.
0

Theo [Pinh 1y 1, 13], tir (5) ham mét do xéc suat (PDF)
va ham phan phoi tich liiy (CDF) cua y c6 dang nhu sau

1 ( ]exp( \/—7]

f,(r)=

(e
(6)
va
Wf(aJrl,1 Zj
£ )
T PV
G ()
0 F(a+1,b\/;j
=1-— "/
I'(a+1)

véi (i) 1a phép rat gon sir dung [25, CT(8356.3)]; ham
gamma va gamma khong hoan chinh can trén dugc dinh
nghia theo [25, CT(8.310.1)] va [25, CT(8.350.2)] nhu sau

I(a)= Te’tt“’ldt. (8)
J
I(a,X)= Te’tt“’ldt. 9
va cac tham s6 X
a=g§—L (10)
b= g—lz, (11)
= N” dzw (12)
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N b
S =— |1-2_1| 13
2 d;d;[ 16j (13)

B. Pdnh gid hiéu ning hé thang

Trong phan nay, ching toi st dung thong s§ ti 18 16i
khdi dé danh gid hi€u ning cua hé thong truyén tin goi
ngan qua IRS.

Chung t0i gia str h¢ thong truyén & ching tha X,
truyén g bits théng tin quak kénh sur dung (k >100) véi

toe do truyén R, :ﬂ_x VA c6 ty 16 SNR 7y .

Theo nhu trong [26, CT(59)] va [27, CT(4)] , ti 1¢ 16i
khéi trung binh BLER xép xi & ching tht X dugc din ra

nhu sau
- {MJ s
0 (]/X )/ k

véi C (7x ) =log, (1+ Vx ) la dung luong kénh

QO

Shannon,V (7 ) [1— 5 ](log2 e)’ 1a do phan tan

_1
(1+7y)

kénh truyén, Q' (.) 1 nguoc cua ham Q-function véi

(x) ( Jdt [28], f, (7) lahammatdo

J_jexp

X4C suat cua Jy . Bé don gian trong viéc tinh toan, chiing
t6i str dung x4p xi ciia ham Q () theo [29, CT(14)], cu thé

nhu sau
C(rx)—Rx
QL%]U ¥ (74 ),
voi
1 7x S P
W () =105-Wk (% =0), o <¥x <pu
0, Tx Z P
(15)

véi v=[2;z(22Rx —1)]”2, 6= 1,

va
Py = oy \/— pL= Ty \/—

Bing cach thay (15) vao (14) va thuc hi¢n phép lay
tich phan tung phan, ti I¢ 16i khoi trung binh BLER thu
duogc nhu sau

g =wk j F.(7)dy. (16)

Thay (7) vao (16), ti 1¢ 18i khoi toan trinh cia hé théng
chuyén tiép qua IRS thu dugc nhu sau
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E:VJFT F ()d7,

AL

o -~ )]

véi ham A(y) dugce dat nhu sau

a+2 —=
7/ eb y

A()/):% 72r(a+ #]W

—("";z)zr(au,L_J . (18)
(1 oy
by

V6i muc tiéu hudéng dén cua hé théng 1a c6 tl}é dap
tmg dich vy uRLLCs, do do6 ching t6i quan tdm dén van
d¢ toi uu cong suat phan bo clia nguon sao cho dat toi wu.
Bai toan toi uu cong suat dugc viet dudi dang nhu sau

min ¢(P)st.P<P, (19)
voi B la téng cong sudt phan bd cho ngudn phat.

Tu (17), ta nhan thdy ham muc tiéu ¢(P) 1a ham
khong 16i. Djéu nay dan dén bai toan t\(‘)i uu trong (19)
cling khong 161 va kho c6 thé giai dugc bang phuong phap
léy dao ham riéng. Dé giai quyét kho khan nay, ching toi
dé xuat ky thuat hoc sau dua trén co so xay duyng mang no
ron sau DNN duoc trinh bay trong Phan II1.

. MANG NO' RON SAU

Trong phan nay, ching t6i dé xuit mang DNN dé giai
quyét van dé trong (19), tirc ude luong cong sudt ngudn
phét P ctia hé théng dudi diéu kién rang budce ti s6 16i khdi
BLER <107 phu hop yéu cau dich vu uRLLCs [30].

A. M0 hinh mgng DNN

Mb hinh mang DNN gém mét 16p vao, mot 16p ra va
L—116p an duoc trinh bay qua Hinh 2. Lép vao chita mot
neuron tuong tng voi mot nut chi tham so ¢ . Beé co dugce
tham s & ndy, chung t6i sir dung cac gia tri duogc liét ké
nhur trong Error! Reference source not found. dé tinh &
thdng qua cong thirc (17). O 16p ra caa mo hinh chira mot
neuron tuong (mg véi ndt cong suét phat ciia ngudn P .

Bang 1. Gia trj cac tham sé tinh BLER.

Tham Gia tri Tham s6 Gia tri
i)
v [-10dB,19dB] k 200CUs
N 4 14 2
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256 bits

Céclép &n Lépra

Hinh 2. M6 hinh mang no ron séau.

Tiép theo, dé hiéu rd hon vé mo hinh mang DNN
ching toi gia st ring md hinh chira L—116p an. Mdi 16p
4n | voi 1 =1,...,L—1c6 chira Q" no ron va nhan ham
kich hoat Sigmoid. Ham kich hoat trong mang no ron
duogc hiéu 1a ham anh xa cac dau vao cua mot nit véi dau
ra twong tng [31]. Ham Sigmoid c¢6 nhiéu wu diém ndi troi
hon so véi cac ham kich hoat khac nhu tinh toan don gian
va t6i uu dé dang, tranh dugc van dé dao ham vo cung nho
tai cac 1op no ron dau tién trong qua trinh lan truyén ngugc
(vanishing gradients) [32].

Paura y(') cualép thr | ctiamo hinh DNN duoc tinh
nhu sau [16, CT. (13)]

Y = g0 (Wiy ) +p0), (20)

véi gl (x)= 1 17X 1a ham kich hoat, w1 trong s&

vab" ngudng du kién cua cua Iop thir | . Duya va (20),
gia tri dau ra P c6 thé duoc tinh nhu sau

P=G(5Q), (21)

véi G(.)1a ham chua biét va hoc duoc clia mang

DNN:; ¢ la vecto diu vao va

QL {W(I), b('), 1=1..., L—l} 14 tap hop cac tham s
va trong s ctia DNN.

Pé tao duoc mang DNN chung t6i tién he‘mh’hai giai
doan dya vao md hinh hoc sau gdom giai doan huan luyén
va giai doan du doan nhu Hinh 3.

Trong giai doan huén luyén, mang st dung thuat toan
t6i wu nhu Levenberg- Marquardt algorithm (LMA). LMA
la mét trong cac thuat toan téi wu pho bién trong huan
luyén mang no ron va ¢ toc do hoi tu nhanh [33]. Chling
t6i chon LMA dé toi uu cac tham so cua mé hinh dua vao
tap dir liéu huin luyén trong sudt qué trinh hoc ngoai
tuyén. Dong thoi, mang trai qua qua trinh lan truyén ngugc
ting budce xac dinh ham mét mat, d6 léch va cap nhat cac
trong soO.

Sau khi két thac qua trinh huén luyén, mang DNN
dugc tao ra va cé thé dugc sir dung cho du doan truc tuyén
thong qua qué trinh dy doan bat cr khi nao co thong tin
méi ¢ dau vao. Vi toan bd giai doan huan luyén dién ra
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ngoai tuyén, mang thlet ké c6 thé g1am dang ké do phuc
tap tinh toan, chi phi trién khai va thoi gian thyc hién [34].

_— e “\
(Tinh BLER & )—>[ Giati |

[ (Cho cacgia trl‘
. (Bang1) )
- \ M8 hinh DNN ‘
Gia tri P }—» [g,P]
/

i |

| _Giaidoanhudnluyén *l ]

Mo hinh DNN

Gii tri & vao Dy dodn tir £ —>‘ Gi tri dir dodn P ‘

\ J vao \

% Giai doan dy doan

Hinh 3. C4u trlc cda céc giai doan dw doan va huén
luyén cda m6 hinh hoc sau.

B. Tao lap dir li¢u

Trong phan nay chiing toi trinh bay céch tao ra tap dix
liéu cho qua trinh huan luyén mang DNN. Pau tién, ching
toi sr dung cac gia tri nhu trong Error! Reference source
not found. dé tinh gia tri BLER & dwa vao phuong trinh
(17). Bé dam bao yéu cau dich vu uRLLCs, chdng t6i chon
BLER ¢=[10"-10"] 1am bién diu vao cua cac miu
huan luyén j trong tap dir lieu M cua mang DNN va
duoc tao ddng nhit dua trén kich thuéc mang. Tap dir liéu
duoc taoM  gdm céc vecto dic trung dau vao BLER &)
va dau ra cong suét phat P, tuong ing. Tap dir liéu c6
thé duoc bidu didn nhu [¢”,PY], j=1,..,M .. Trong md
hinh cua chdng toi, tap dir Ii§u duoc tao ra c6 2060 mau yé
dugc chia 70% cho tap huan luyén, 30% con lai chia déu
cho tap danh gia M, va tap kiém thi M

val tes *

C. Pénh gi¢ RMSE

Sau khi hoan thanh qué trinh huan luyén, mé hinh mang
DNN dugc tao ra thong qua mot ham anh xa G (&;Q) . Tur

ham G nay, qua trinh du doan gia tri P bét dau thuc hién
vé6i bat ky bién dau vao & . Chi y rang gia tri bién & thugc
tap dit lieu M . D& danh gia tinh hiéu qua cua md hinh
mang DNN, chiing ti sir dung phuong phap danh gia 15i
trung binh binh phwong goc (RMSE). Theo thdng ké hoc,
phuong phap RMSE 1a mét trong nhitng phuong phap hiéu
qua dé do do sai léch giira nhirng gié tri du doan va gia tri
thuc tién [35]. Phuong phdp RMSE dya trén mo hinh DNN
cua ching tdi duoc biéu dién qua ham A nhu sau

A:\/Ml '\f(p(i)_lﬁ(i)), (22)

tes j=1

voi PWva pUlagiatri cong suat mong mudn (ttc gla
tri huan luyén ban dau) va cong suét du doan dwoc tir md
hinh DNN.
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Ta dé ¥ rang gié tri Ati ¢ nghich véi tap mau kiém tra
M, (tic sai s6 Acang bé khi M cang tang). Hay noi

cach khac mac do woc luong két qua caa mé hinh DNN
cua ching ta cang tin cay khi A cang nho.

tes

IV. KET QUA MO PHONG

Trong phan nay, chiing ti trinh bay cac két qua md
phong de cho thay hiéu qua cia m6 hinh mang DNN da de
xuit qua phan mem md phong Matlab. Gia sit mé hinh
truyén goi tin ngan dwoc xét trong khdng gian 2D vdi toa
d6 cua nguon S, IRS va dich D 1a (0,0), (1,0) va (2,0)
tuong (ing. Tiép theo, chiing t6i sir dung cac gia tri tham s6
dé tinh BLER nhu gid tri trung binh SNR
7 =[-10dB,19dB] , s6 yéu té phan xa N=4, céc
khoang cach d, =d, =1m, chiéu dai gi tin k = 200 CUs
, sb bits thong tin B = 256bits duoc liét k& nhu trong
Error! Reference source not found.. Ching t6i nhéc lai

. - P ~ . .
rang ¥ =N— voi mat d§ nhieu N, dugc chuan héa bang
0
1. Do vay gié tri cong suit phat P trong phan mé phong
nay dugc xem nhu ciing chinh 1a gia trj trung binh SNR.
Céc thdng s6 cho qUa trinh huan luyén mang DNN
duoc thiét 1ap gom so6 no ron trén moi I6p chtal00 no ron,
téc do hoc 107 va chu ky huin luyan1000 epochs. Pac
biét, ching toi tao duoc tap dir lieu 2060 gia tri va chia
theo ti t¢ 70% cho qua trinh huan luyén, 15% cho danh
gid va 15% cho dy doan két qua.

Sau qua trinh huan luyén va tao mang DNN, chdng toi
thu dugc cac ket qua thong qua md phong minh hoa trong
cac hinh tir Hinh 4 dén Hinh 5.

Dau tién, ching toi trinh bay sy anh huéng cua cong
suat phat P vao BLER hé thong qua md hinh mang DNN
& céc 1op an lan luotl,2,4 va 10 16p nhu trong Hinh 4.
Quan sat hinh ta thdy rd ring BLER cang giam khi ting
cdng suat phat P & truong hop Iy thuyét (duong lién nét)
va truong hop du doan tir DNN (cc duang nét cham). Bic
biét, dudng mo phong két qua dy doan tir DNN khép hoan
toan vai két qua ly thuyét & s6 16p an tir 4 va 1016p. O
cac Iop an I6n, cong suét tang thi BLER cang giam dan. Ta
biét rang mang DNN véi nhiéu 16p an thi kha nang tao
duoc tap dir liéu 16n dan téi cdng sudt mang s& cao. Con &
m6 hinh mang DNN 1 I6p khong thé hoc cac mau phuc
tap trong mot tap dir liéu co sé chiéu I6n [36].

Cu thé, két qua dy doan cua md hinh DNN tir 2 16p 4n
tr di gin nhu trung nhau. Tuy nhién, ta can phai can nhéc
viéc chon lya s6 16p an vi s 1p an cang lén thi dé gay ra
hign tuong _qua khép vei di ligu huan Iuyen (overflttmg)
Diéu nay d& dan dén két qua khong chinh xac trén tap kiem
tra. Hon nita, Hinh 4 ciing cho thay rd hé thong thoa diéu
kién t6i wu nhu trong (19) thi cdng suat phat phai dat

P>12(dB).
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P =12dB, BLER = 1,2.107°

BLER

Ly thuyét
#  DNN il 16p dn
A DNNvé6i 2 16p 4n
DNN v6i 4 16p an
O DNN véi 10 16p 4n
| |

107

Hinh 4. Sw dnh hudng cong suét dw doan P so véi
BLER qua md hinh mang DNN.

Tiép theo, chiing toi danh gia do tin cay cua mo hinh
mang DNN thong qua chi s6 RMSE nhu trong Hinh 5. Tur
Hinh 5, ta thiy ring RMSE phy thudc vao so s6 mau kiém
tra M (chy M thugc tap kiémtra M, ) . Cu thé, sb mau
M cang tang thi RMSE cang giam. Diéu ndy hoan toan
phu hop véi ly thuyét theo (25). Hon nita, ta cling thay
rang gia tri RMSE & 1 16p cao hon ¢ cac 16p 16n hon. Do
d6, két qua du doan tir DNN cua 1 16p s& kém tin cay hon
& cac 16p cao hon. S 16p cang tang thi d¢ tin Cay cang
cao, tic RMSE cang giam. Béi vi khi s6 16p an qua nhiéu
thi trong qua trinh huan luyén mang dé xay ra hién tuong
mét dao ham (vanishing gradient). Trong qua trinh huén
luyén, gia tri dao ham la thong tin phan hoi cua qué trinh
lan truyén nguoc. Gia tri nay tré nén vo cung nho tai cac
I6p no ron dau tién khién cho viéc cap nhat trong sé mang
khong thé xay ra.

y ‘ ‘ . ‘ ‘ : ‘ o
——216p
416p
——1016p k
g
m-zM
)

RMSE

1\\\*“‘_‘_‘\
.
10

0 L L L L L L L L
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Hinh 5. Anh hwéng RMSE vao s6 mau kiém tra M va
so lop an.
Qua d0, ta thiy rang de ket qua dy doan dat dugc do
tin cay cao thi pha1 tang sb mau thir va chon s6 Iop an phu

hop. Tuy nhién, viéc tang s6 16p an can phdi can nhac vi
s& anh huong dén thoi gian thyc thi hé thong thdng qua

Chung ta c6 thé thay duoc rang thoi gian thuc thi cua qua
trinh du doan qua k¥ thuat hoc sdu dwa vao mang DNN
cuc ky ngan so vai md phong qua trinh tinh toan ly thuyeét.
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Tuy nhién, s 16p an cang lon thi thoi gian thyuc thi mo
phong ciing ting theo. Do véy, dé dam bao yéu cau do tré
cua dich vu URLLCs (£1ms), 16p an téi wu thuc thi caa
h¢ thdng mang truyén goi tin ngan cua chung t6i duoc
chon 1a 4 16p an.

Béng 2. So sanh thoi gian thyre thi mo phdng ly thuyét va
mang DNN cda hé thdng.

Loai Thoi gian thuc hién
Ly thuyét 1.712116 (s)
DNN- / i6p 0.00627 (s)

DNN- 2 i6p 0.00703(s)

DNN- 4 lop 0.007707(s)

DNN-10 Iép 0.017568(s)
V. KET LUAN

Trong bai bao nay, chung t6i da dé xuét ky thuat hoc
sau, dya vao mo hinh DNN dé du doan cong suét tdi vu
cho ngudn phat sao cho dat uRLLCs cho hé thdng truyén
g6i tin ngén qua mat phan xa théng minh IRS. Cac két qua
bai b&o cho thay dugc gia tri cong suat duoc dy doan tir
mo hinh mang DNN triing khop vai gia tri cong suét duoc
huén luyén & cac 16p an nhu 2,4 va 10 16p. Hon nita, gia
tri RMSE cang giam khi s6 mau kiém tra va sé 10p an ting.
No6i mdt cach khac, két qua du doan tr DNN dat do tin c@y
khi tang so mau kiém tra va tang s6 1ép an. Tuy nhién,
chung ta cin can nhéc khi tang sO 16p an qua nhiéu s& anh
huéng dén do tré cua hé théng do thoi gian thyuc thi hé
théng mang ting va giam dé tin cdy cua hé théng. Dé dap
g yéu cau uRLLCs 16p 4n ti wru cho hé théng cua ching
t6i dugc chon 1a 4 16p.
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DEEP LEARNING BASED THE TRANSMIT
POWER PREDICTION FOR INTELLIGENT
REFLECTING SURFACE-ASSISTED SHORT
PACKET COMMUNICATIONS

Abstract: In this paper, we propose a deep neural
network model to predict the transmit power of the source
for intelligent reflecting surface-assisted short packet
communications that meets the extremely high reliability
requirements of URLLCs. Approximated expressions of
the average block error rate (BLER) are derived over
Rayleigh fading channels, based on which a dataset is
created for the training and testing of the DNN. For
evaluating the improvement of the DNN, the root mean
square error (RMSE) method is ultilized. Simulation
results show RMSE significantly decreases when a
number of test samples increase.

Keywords: Deep learning, intelligent reflecting
surface, Rayleigh fading, short packet communications.
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PHAN TiCH DO LOI PHAN TAP CHO
MANG CHUYEN TIEP QUA MAT PHAN XA
THONG MINH VA NUT CHUYEN TIEP
TRONG TRUYEN THONG GOI TIN NGAN

Nguyén Thi Yén Linh", V3 Nguyé&n Quéc Bao*, Pham Ngoc Son*
"Khoa Co ban 2, Hoc Vién Céng Nghé Bwu Chinh Vién Thong
#Khoa Vién thong 2, Hoc Vién Cong Nghé Bwu Chinh Vién Thong
*Trwdng Dai hoc Sw Pham Ky Thuat Thanh Phé HS Chi Minh

T6m tat- Mt phan xa théng minh (IRS) la mot cong
ngh¢ méi, mang tinh cach mang va c6 thé cai thién dang
ké hi¢u nang cua mang truyén thong khong day thé he moi
bang cach diéu khlen pha hoac bién do cua tin hiéu trong
mai trudng vo tuyén thong gua cac phan tr phan xa thy
dong. Trong bai bao nay, ching toi dé xuat mo hinh
chuyen tiép gai tin ngin qua mat phan xa théng minh. T|ep
dén, chung t0i so sanh d¢ loi phan tap cua h¢ thong truyén
tin nay véi h¢ thong truyen tin qua nat chuyén tiép co ban
trong truyén théng gm tin ngan Trong do, nut chuyén tlep
st dung ky thuat giai ma va chuyen tiép ¢ dinh (FDF) dé
truyen dir ligu. D¢ phan tich chat luong mang cua hai h¢
thong nay, dau tién ching t6i dua ra cac bicu thirc dang
chinh x&c va xap xi cua ti 1¢ 15i khéi (BLER) qua kénh
truyén fading Rayleigh. Tiép dén dya vao ti ¢ 16i khoi
BLER chung t0i ciing rit ra dugc d¢ loi phan tap cua ca
hai hé thong Qua do, két qua cho thdy hiéu niang cua hé
thdng truyén tin c6 su hd tro cua mat phan xa thdng minh
IRS vuot troi hon hé thdng truyén tin co ban qua nat
chuyén tiép FDF. Cudi cung, chlng t6i ching minh cac
két qua trong phan tich ly thuyét hoan toan trung khép véi
két qua mé phong bang phuong phap mé phong Monte-
Carlo.

Tir khéa- M3t phan xa thong minh, fading Rayleigh,
giai ma va chuyeén tiep, ti I¢ 16i khoi, truyén thong goi tin
ngan.

I.  GIOITHIEU

H¢ thdng truyén thong di dong thé hé méi trong twong
lai (5G) sé tang cuong nhiéu dich vu quan trong, bao gom
giao tiép ki€u may (mMTC) bang thong rong di dong
ning cao (eMBB) va giao ti€p cuc ky dang tin cay va do
tré cyc thap (uRLLC) [1-4]. Dua trén tiéu chuan cong ngh¢
IMT-2020/5G cua lién minh Vién thong qudc té (ITU-R),
mang 5G s€ dap ung nhimng yéu cau nghiém ngat nhu ti 1¢
dir liéu cao nhat 10- 20Gbps mat do két ndi 10° thiét
bi/km?, xac suét lo1 dudi 10°va do tré dusi Ims [2, 4].
Trong nhiing yéu cau nay, hién nay yéu cau hé thong vé
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do tre va do tin cay (uRLLC) duge quan tam nhét. Do vay,
tmyen thong goi tin ngén ra doi dap ung hoan toan yéu
cau vé uRLLC trong hé thong mang 5G va ca cac hé thong
mang thé hé twong lai tiép theo vi du nhu 5.5G va 6G [5].

Cho dén nay, mang 5G da duoc tich hgp nhiéu k¥ thuat
tién tién dé nang cao do tin cay cling nhu hiéu nang hé
thdng mang vi du nhu: da truy nhap khong tryc giao
(NOMA), k¥ thuat chuyén tiép, cong ngh¢ vo tuyén nhan
thae (CR). Trong do, mang chuyén tlep dugc xem la ky
thuét hiéu qua d&é mo rong vung phu séng va nang cao hiéu
ning ctia mang [6, 7]. Y tuéng chinh ctia mang chuyen
tiép 1a cai thién hi¢u nang truyen tai dir liéu hi¢u qua bang
cach sir dung cac nut chuyén tlep trung gian dé hd tro
tmyen dir liéu tu nguon dén dich. V& co ban, nat trung gian
sir dung hai k¥ thuat dé xur Iy va chuyen tlep tin hiéu dén
dich, d6 la ky thuat khuech dai va chuyén tiép (AF) [8, 9]
va giai ma va chuyén tiép (DF) [10, 11].

Gan day, cac nha khoa hoc da bét dau quan tam dén viée
tng dung mang chuyen t1ep vao truyén thong gbi tin ngan
nham dap ung yéu cau vé dg tin cdy cyuc cao trong mang
5G. Cu thé, céc tac gia trong bai bao [12] da chimg minh
su vuot troi vé hiu nang va do tré  giam cua hé thong mang
hai chiéu khuech dai va chuyén tlep AF trong truyén thong
g6i tin ngén, hay & bai bao [13] cac tac gia nghién cau ky
thudt lya chon nut chuyen tiép tung phan trong mang
chuyén tiép hai ching DF va bai bao cho thay dugce su cai
thién hi¢u nang hé thong thong qua truyén g0i tin ngan
Tuong ty, tac gid trong bai bao [14] cling cho thay su giam
han cua ti 1& 16i khdi va do tré trong mang chuyen tlep hai
ching DF thu thdp nang lugng thong qua truyén goi tin
ngan.

Maic du, mang chuyén tiép c6 nhidu cai tién vé hiéu ning
cling nhu hi¢u qua pho nhung trong qua trinh thyc thi hé
thdng kha phirc tap va nang luong tiéu thu ctiia ngudn phat
qua 16n. Chinh vi vay, hién nay mdt phan xa thong minh
(IRS) 1a mot trong nhing gidi phéap toi uu dé giam thiéu
tieu thu di¢én nang truyen dan dong thoi tang hi€u qua st
dung phd trong qua trinh thlet ké hé théng mang [15]. IRS
12 mot mang bao gom mot s6 lugng 16n cac phan tir phan
xa chi phi thip, co kha ning phan xa cac tin hiéu toi bang
cach diéu chinh sy dich chuyen pha [16]. Vé co ban, mat
phan xa thong minh IRS c6 chirc nang tuong ty nit chuyén
tiép trong mang chuyen tiép, do 1a hd trg truyen tai dir lieu
tir ngudn dén dich bang cach didu khién IRS dé phat tia tin
hiéu nhan duoc tir nguon dén dich.
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Hon nita, mot s6 nghién ctru gan day cho thay truyén
dan thong tin qua mét phan xa thong minh IRS vuot trdi
hon han vé& hi¢u nang hé thong [17, 18] va giam hon cong
suét phat cia nguon phat so voi truyén dan thong tin qua
nut chuyén tiép [15]. Tuy nhién, cac nghién ctru nay chu
yéu tap trung so sanh gitra truyen thong tin goi tin dai qua
mat phan xa IRS va qua nat chuyén tiép. Theo sy hiéu biét
ctia chdng téi, hién nay chua c6 cong trinh nghién ctiru nao
quan tdm dén truyén dan thong tin gbi tin ngan qua mat
phan xa thong minh IRS, cling nhu so sanh hiéu nang gitta
hai mé hinh truyén dan nay. Do vy, nham dap tng yéu
cdu uRLLC trong mang thé hé méi tuong lai bai bao dé
xuit mo hinh truyén dan thong tin goi ngan qua mit IRS
va qua niit gia ma va chuyén tiép ¢ dinh (FDF). Tiép dén,
dé so sanh hiéu nang cua hai mo hinh nay ching toi dua
ra cac biéu thirc dang chinh xac va xép xi ciia ti 1¢ 161 kh6i
(BLER) thong qua kénh fading Rayleigh. Cubi cing, md
phong Monte-Carlo dugc thyuc hién dé kiém chimg cac két
qua ly thuyét ciia hai mo hinh hé théng ma chung toi dé
xuat.

Phan con lai ciia bai bao duoc trinh bay nhu sau. Phan
11 s€ trinh bay mo hinh ctia hé thong mang chuyén tiép qua
mat IRS va mo hinh chuyen tiep FDF hai chang. Phuong
phap phan tich theo hai mé hinh dé xuat qua ti 18 151 khi
v6i ca hai dang chinh xac va xép xi s& duge chung minh
trong Phan III. Phan IV, ching t6i sé tién hanh mé phong
Monte-Carlo dé kiém ching lai cac két qua 1y thuyét trong
Phén III. Cudi cung 14 phan két luan cua bai bao.

. MO HINH HE THONG
Trong ph:ém nay, chung téi’trinh bay hai mé hinh hé
thong bao gom mo hinh dé xuat sir dung IRS va mé hinh

truyén théng qua FDF.

A. CHUYEN TIEP QUA IRS

V4t can g
Pich ()
Ngui‘)n(: )
mrrm 1 Mb hinh truy@n géi tin ngin qua mit phan xa thong

Mo hinh hé thong truyen goi tin ngin qua IRS dugc md
ta qua Hinh 1. Hé thong bao gdm mot tram BS (Base

Station), dong vai tro ngudn phéat song (S ) , ngudn nhén
(D) va mot IRS bao gdm N tAm mit phan xa thu dong

(MS). Trong do, nguon S va dich D duogc trang bi mot ang
ten. Gia su rang khong co ducmg truyén truc tiép gitta
ngudn va dich do vét can tir méi truong. Hon nita, ching
t0i xét IRS hoat dong nhu mét b phan xa thong minh. Tire
la IRS ¢6 thé phdi hop, trao d6i thong tin trang thai kénh
tir ngudn va dich thong qua lién két khong day, tir d6 co
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thé diéu chinh pha cua tat ca phan tir phan xa sao cho ti sO
tin hiéu trén nhidu nhén tai dich dat 16n nhét [16]. Mat
khac, do suy hao tin hi¢u dang ké nén chung t6i chi xét tin
hiéu phan xa trén IRS mot lan va bo qua tin hiéu phan xa
hai lan tr¢ 1én [19]. Gia st rang kénh truyen giita ngudn
va dich 14 kénh Rayleigh fading ban tinh phang.

Tin hiéu nhan tai dich D duoc biéu dién nhu sau:
N
:\/E|:Zhrigi:|xo+nov ()
i=1

v6i P 1a cong suét phat ciia nguén S, X 1a tin higu can
truyén dén dich D, Ny 1a nhiéu Gauss trang cong
(AWGN) véi trung binh 0 va phuong sai No . Hon nira,
I 12 hé s6 phan xa dugc tao ra boi yéu t6 phan xa thi i

trong IRS (i=12,...,N) [17].
r=|r|e", )

v6i bién do phan xa |ri | =1 cho @6 dich pha ly tuéng va
& 1a do dich chuyén pha cua yéu t6 phan xa thiri trong
IRS. Ké tiép, h, Va g, 1a hé sb kénh truyén tir nguon S
dén yéu t6 phan xa thir i trong IRS va tir yéu to phan xa
thir i ¢én dich D , tuong tng.

h =d,"?a,e%, ?3)

g =d,""Be ", @

. voi
a,,.BVa 0,0 lan lugt 1a bién d6 va do dich pha cta hé
s6 kénh h va g, ; 0, va d, lan lugt 1a khoing cich tir
nguén S dén IRS va tir IRS dén dich D tuong tmg; V 1a
h¢ s6 suy hao duong truyen M hinh suy hao duong

truyen trong hé théng glao tlep nay, chung toi xét truorng

gan, tirc khoang cach giita nguon hodc dich dén chinh gitra
2

IRS nho hon

, v6i D kich thudce cuc dai ctia IRS va
A labudce song cua tin hidu truyén [20].

Tir (1), ti s6 tin hiéu trén nhidu (SNR) tirc thoi thu dugce
tai dich D duoc xac dinh nhu sau

2

P iaiﬂiei(t/&ﬂ%*%)
i-1

o =TGN, -

Dé SNR trong (5) dat gi tri 16n nhét, IRS chon goc dich
chuyén pha 4 = g + ¢ [20]. Hon nita, dat A = i% ,
(5) c6 thé viét lai nhu sau S

7o =A%, ©)

véi 7 = Ni 12 SNR trung binh.
0

Nhu da duoc chimg minh trong [17, Dinh 1y 1], v6i ¢
vd g 1a nhitng bién ngdu nhién doc lap, theo phan bd

TAP CHi KHOA HOC CONG NGHE THONG TIN VA TRUYEN THONG 57



Nguyén Thj Yén Linh, V6 Nguyén Quéc Bdo, Pham Ngoc Son

4-1

4 )
theo theo dinh 1y gidi han trung tim A tuén theo phan bo
Gauss khi N du 16n [21]. Nén tir (6), ham mat d¢ xac suat
(PDF) va ham phan phbi tich lily (CDF) cia  c6 dang
nhu sau [17]

Rayleigh cé trung binh g va phuong sai nén

f,(r)=

L [“]exp( J_yj ™

2bé”1r(a+1)77+
va
Y[a+1,l\EJ
£ ) e
7 I(a+1) @®
1y
”_’1 F(a+1,b\gj
T r(a+y)

véi (i) 1a phép rat gon st dung [22, CT(8356.3)]; ham
gamma khéng hoan chinh can trén dugc dinh nghia nhu
sau [22, CT(8.310.1)]

[(a, x):Te‘tt“‘ldt. 9)
va
_k 10
a= . 1 (10)
k,
=2 11
b K’ (11)
Nz | 1
k1 = T m. (12)
N 7’
k,=——|1-—|.
s d;d;( 16} (13

Chitng minh: cong thirc (12) va (13) nhur trong phan
phu luc.

B. CHUYEN TIEP QUA NUT CHUYEN TIEP

@ O " @
Hinh 2. M6 hinh truyén géi tin ngin qua nat chuyén tiép
FDF.

Mo hinh hé théng truyén tin qua niit chuyén tiép FDF
dugc mo ta qua Hinh 2. O mé hinh nay, ching toi xét
tuong ty nhu md hinh hé thong truyén tin qua IRS vé gia
dinh va c4u triic ciia m6 hinh bang cach thay IRS bang nut

chuyen tiép (R ) Tuy nhién, qu4 trinh truyén tin tir nat

nguon va nut dich dugce thyc hién trong hai khe thoi gian
lién tiép thong qua sy trg gitip cia nat chuyén tiép. Trong
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khe thoi gian d4u tién, nat nguon s& truyen tin hi¢u téi nat
chuyén tlep va nit chuyén tlep chuyen tlep tin hi¢u nhan
dugc dén dich bang ky thuét giai ma chuyen tiép c6 dinh
FDF. Nhu di dugc dan ra trong [23], ti so tin hi¢u trén
nhiu (SNR) toan trinh cta hé thong nhu sau:

7DF:min(7/SRI7RD)v (14)

VOi . VA, la 1a ti s6 tin higu trén nhiu SNR tir
S >R va R — D, twong Gng.

Gia dinh cac cac kénh truyéntr S >R va R —»D
la cac kénh truyen fading Raylelgh doc 1ap va c6 phan bd
gidng nhau (i.i.d.), ticc hé sb kénh ctia cac kénh tluyen nay
dugce xem nhu la cac bién ngau nhién doc lap va cd phan
bd giéng nhau. Cung theo [23], ham phan phéi tich liiy

CDF ciia 5__ 0 thé dugc dua ra nhu sau
|:7DF (7/)2 Pr(yDF S)/)
15
-vegl-( L2 9
Vv Vro
V6l 7., VA 7, 1a ty 1é tin hi¢u trén nhiéu trung binh

lan lugt ciia ching S >R va R —»D.

. DANH GIA HIEU NANG HE THONG

Trong phan nay, chung t0i sir dung thong s6 i 18 16i khoi
dé danh gia hi¢u ndng cua h¢ thdng truyén tin qua IRS va
nut chuyén tiép FDF.

A. Ti LE LOI KHOI DANG CHINH XAC
Chiing toi gia sir ring nguon S truyén £ bit thong tin
dén dichD trén k kénh st dung (chiéu dai khi tin) trong

mot chu ky truyen qua kénh fading ban tinh [24]. Toc do
ma héa ciia mdi chu ky truyén dugc xéac dinh 1a

R -2, (16)

Nhu da duoc nghién ctru trong truyén thong goi tin ngén
[25] chiéu dai kh01 tin yéu cau ¢ muc tdi thleu k =100
va tbc 40 ma hoa tdi da twong ing duoc x4p xi nhu sau

R zC(yx)—\]; (7<) 1kQ* (&), a7
Vi & 1a ti 16 13i khéi BLER tic thoi & chang thir X |
C(7x )0 log,(1+7y) 1a dung lwgng kénh Shannon,
V (7 ) {1—%}0092 e)’ 1a d6 phan tan kénh
(l+ 7><)

truyén [5] va Q’l(.) Ia nguoc cua ham Q-function vai

0 2
:\/%J'exp[—%Jdt [26].

Tur (17) ti 18 16 khdi trung binh BLER & mdi chiang ¢6
thé dugc xap xi nhu trong [27, CT(59)] va [28, CT(4)] nhu
sau
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(18)

,N (;/X)/k

véi E{.} la toan to ky vong.

&y zny Q£—C(7X)_R J )

Tir (18), i 16 18i khdi trung binh BLER c6 thé dugc viét
lai nhu sau

f (r)dr. @9

z}[ )/x)/k

véi f, () laham mat do phan phdi cua Jy .

Dé tinh tich phén trong (19) don gian hon, ching t6i st
dung xap xi ciia ham ham Q(.) trong [25, CT(14)], cu thé

C(y)-R
la Q| === |0 ¥(x). vsi
(7/X)/k X
L Ix S P
lP(J/X): 0.5—Vx/E(}/—9), PL<Vx <Pu
0, 7x Z P
(20)
VGi v—;, 0=2"-1, Py =t9+L va
27227 1 2k
1
P _ZVW.

Béng cach thay (20) vao (19) va thyc hién phép lay tich
phén tirng phan, ti 1€ 10i khoi trung binh BLER thu dugc
nhu sau

(21)

Py
&y =V\ﬁj F. (}/)d}/
L
1) CHUYEN TIEP QUA IRS

Thay (8) vao (21), ti 1¢ 15i khdi toan trinh cia hé théng
chuyén tiép qua IRS thu dugc nhu sau

w2 =wk [, (/)97

\/E( pL

" s ﬁ(A(ﬁ)—A(H)):‘,

(22)

véi (i) 1a phép ldy tich phan theo », ham A(y)duoc

dat nhu sau
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1 a+2 =7
A(J’)ZE yzf[awl—]— etV

2

(a+2) (23)

{bﬁ] r[m ||

2) CHUYEN TIEP QUA NUT CHUYEN TIEP

Thay (15) vao (21) , ti 1¢ 16i kh01 toan trinh ctia h¢ thong
chuyén tiép qua nut chuyén tiép thu duoc nhu sau

FDF _ V\/_ [_?7SR-77ED j
e {( ) Vsp t7ro

o

B. Ti LE LOI KHOI DANG XAP Xi

(24)

Tlep theo, chung toi s€ trinh bay dang xap xi ctia ti 18 16i
khéi dé c6 danh gia khach quan hon v hi¢u nang cta h¢
thong khi chuyén tiép qua IRS va qua nit chuyen tiép O
mitc SNR trung binh 7 cao. Dang xap xi nay dugc xem

nhu la m§t dudng gidi han trén cho céc gia tri cua ti 1€ 101
khéi khi cang taing SNR trung binh tién ra vo cung. Didu
nay c6 nghia 14 ti 1¢ 156i khoi toan trinh ctia hé thong luén
dat gia tri nho hon hodc bing gia tri duong gidi han trén
cho du c6 tang SNR trung binh thé nao di chang nita. Mat
khac, day ciing 1a diéu ma ta mong mudn vi ti 18 16i khoi
cang nho thi hiéu nang hé théng cang duoc cai thién.

1) CHUYEN TIEP QUA IRS

Ap dung cong thie [22, CT(8354.1)], (8) duoc viét lai
nhu sau

o sOBE

7 a+l ) o mi(a+l+m)

(25)
véi M 1a s6 béc khai trién.
Thay (25) vao (21), dang xap xi ti 18 161 khéi toan trinh
ctia hé thong chuyén tiép qua IRS c6 thé tinh dugc nhu sau

ZRs V\/E i (_1)m

Eeze I'(a+1) & m!(a+1+m)(a+2+m)

a+2+m a+2+m
ST =T o
b\ 7 b\ 7 '

(26)

Ngoai ra, khi SNR trung binh 7 — o d¢ lgi phén tap
cia h¢ théng trong treong hop chuyén tiép qua IRS dugc
tinh nhu sau [17, Ly thuyét 5]

|Og IRS
DR — _ lim 2 feze 27)
7—w |Og7/
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Bing cach dat

vk (-1)"

I'(a+1) mi(a+l+m)(a+2+m)

(o) (i) @

Thay thé (28) va (29) vao (26), do loi D' thu dugc nhur
sau

(28)

1:

Iog( izljﬂog( izzj

DIRS —_ “m m=0 - m=0
70 |og(}/)
© _a+2+m
Iog( Yy o? J
m=0
+ —
log(7)
© _a+2+m
Iog{ Yy 2 j
= —lim— "
70 lo (7)
(30)
Bang céch tinh téng nhu sau
_a+l
© a+2+m 77 5
>y — (31)
m=0 772 _1
Thay (31) vao (30) va ta viét lai (30) nhu sau
_add 1
Iog[;? 2 j Iog(?zj
DIRS — —!lm -
7= log(7)  log(7)logl 32)
a+l
2

Thay thé (12) va (13) vao (10), giatri @ trong (32) c6 gia
tri nhu sau
_ N7z?
16-7?

Tu (33) va (32) ta d& dang thay rang @ phu thudc vao sd
yéu t6 phan xa N , tirc khi tang gia tri N thi @ ciing tang.
Trong IRS, gia tri N luon 16n hon 1 (N >1) nén gia tri
a>2. Do d6, do lgi phan tap ciia hé thong chuyén tiép
quaIRS D™ >1 .

2) CHUYEN TIEP QUA NUT CHUYEN TIEP

Ap dung cong thuc xap xi 1-exp(—-x)J x khi x —0

cho (24), dang Xap xi ti 1¢ 16i khol toan trinh cua hé thong
chuyén tiép qua nat chuyén tiép thu duoc nhu sau

_ WK (7 +
e S e ).

1. (33)

2 Vsr-VrD
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Tuong tu (27), d0 loi phan tép cia h¢ théng chuyén tiép
qua nut chuyén tiép thu dugc nhu sau

FDF
DFYF — _ i —2 feze log &5, _ (35)
7w |og}/

Thay (24) vao (35) va thyc hién mot sb phép bién ddi
rat gon, ta dugc do loi nhu sau

-y LA

> log(7)

log(7) log(7)

Iog( (h2+g / )j
h2 2 r —1
. \hg; , log7 J

(36)

Tir (36) va (32) chig to ring D" > D™F | hay n6i khac
hon truyen dan thong tin qua IRS dat do phan tap cao hon
chuyen tiep qua FDF, tirc h¢ thong dat do tin cdy cao hon
hé théng chuyén tiép qua nat chuyén tlep FDF. Hon nira,
cang tang N thi hiéu nang cua hé théng chuyén t1ep qua
IRS cang cai thién do d6 loi phan tap tang ti 1€ theo so yeu
t6 phanxa N .

IV. KET QUA MO PHONG VA THAO LUAN

Trong phan nay, ching toi st _dung phuong phdp mo
phong Monte-Carlo trén phan meém Matlab cho m6 hinh
dé xuat dé kiém chimg lai cac két qua 1y thuyét da dugc
trinh bay ¢ Phan 111 [29]. Pic bi¢t, chiing t6i s& thdo lugn
Ve cac dac diém hiéu ndng hé thong ciing nhu cac thong
) thlet ké hé thdng t6i uu cho mo hinh ma ching toi dé
Xuét.

Céc thdng s duoc chung toi st dung dé thuc hién mo
phong nhu sb bit thong tin 1a g =256 bit va chiéu dai
khdi k =200. Dé viéc tinh toan don gian chang toi gia
dinh rang tong khoang cach truyén dwoc chuan hoéa vai
D=1. Véi gia dinh phan bé vi tri dat tim IRS va nit
chuyén tiép & ngay chinh gitta nGt nguon va nat dich,
khoang cach duong truyén tr S —IRS va IRS —»D la

d=d,=

nut chuyen tiép FDF, d, Va d,
duong truyén tt S—R vaR —D . Hon nira, dé S0
sanh cong bang chung toi gia su ring téng cong suit
truyén ctia ca hai mé hinh chuyen tiép qua IRS va qua FDF
la nhu nhau va xem xét mé hinh suy hao dwong truyén don
gian vé6i hé sé suy hao duong truyén 1a 2 [30]. Mat khac,

D
=—. Tuong tu cho trudng hop chuyén tiép qua

lan lugt khoang cach

o P s p
ching téigoi 7 = N 14 SNR trung binh ciia nguon phan
0
bd ning lugng voi P 1a téng nang lugng dugc phan bd.
Do N, 12 hing s nén ta co thé hiéu rang khi ting SNR

cling c6 nghia 1a ting cong suit phat ciia ngudn cung cép
nang lugng.
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Dau tién, chiing t6i so sanh ti 1¢ 16i khoi BLER toan trinh
trong hai truong hop chuyen tiép goi tin ngan qua IRS va
qua nut chuyén tiép c¢b dinh FDF . Ti 1é 15i kho1 BLER Ia
mot ham cua SNR trung binh 7 véi gia su ¢b dinh s6 yéu

t6 phan xa trong IRS véi N =3 nhu trong Hinh 3.

Quan sat Hinh 3, ta dé déng théy rang két qua mo phéng
hoan toan trung khop véi két qua ly thuyetva ket qua
duodng xap xi héi ty véi cac duong ly thuyét & SNR cao.
Diéu nay chimg minh cac két qua phan tich 1y thuyét cta
chung toi trong phan IIT hoan toan chinh xé4c. Hon nira, ta
co the thay rd 6 md hinh chuyen tiép qua IRS ti 18 16i khoi
BLER giam nhanh ¢ gid tri 7 m (107°), cang tang 7 thi

ti s6 161 giam cham dan diéu nay hoan toan phu hop voi

két qua ly thuyét trong (22). Boi vi BLER ti 1¢ véi

exp(—% , day 1a mot ham gidm véi moi gid tri cia 3
y

tirc voi moi gia tri ctia cong suat phat ciia ngudn. Pic biét

cang gidm nhanh ¢ nhitng gia tri &m cang nho.

Tuy nhién, & mé hinh chuyén tiép qua FDF, ti 1¢ 18i khoi
BLER chi giam dan ¢ khi gia tri duong 7 tang. Két qua
nay pht hop véi két qua ly thuyét vi BLER trong truong

hop nay ti 18 véi 7exp(—§j trong (24) . Do d6, BLER
7

chi chon cac gia tri dwong 7 nhu trong Hinh 3. T Hinh

3, ta cung thiy dwoc hiéu nang hé théng cia mo hinh
chuyen tiép qua IRS (BLER gidm nhanh hon) vugt troi
hon han so voi higu nang mo hinh chuyen tiep qua FDF.
Trong truyen thong goi tin ngan c6 sy danh doi rat 1on
giira do tré va BLER. Tuc véi chleu dai goéi tin nhu nhau,
hé thdng c6 BLER 16n hon thi do tré s& nho hon [31]. Tuy
Vay, trong hé théng chuyén tiép goi tin ngan co su hd trg
cua IRS, c6 hay khong sy danh dbi glua do tré va BLER
van dang 1a mot thir thach 16n dbi véi cac nha nghién ctru
hién nay

2

10

Ly thuyét - IRS
104H * Mo phéng -IRS
Ly thuyét - FDF
O M6 phéng - FDF
------------- Xé&p xi - FDF
- - --Xépxi-IRS
’

10—6 L L
-10 5 0 5 10
7 (dB)

Hinh 3. So sanh BLER giz#a hai mé hinh chuyén tiép qua IRS va
gua FDF.

Tiép theo, ching tdi xét sy anh hudng cua yeu to phan
xa N 1én hiéu nang hé thdng cia mé hinh chuyén tiép qua
IRS trong ba trudng hop cu thé cua 7 la =-30,

7 =—25Vva y =—20nhu trong Hinh 4.
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10
0 J
10 W b4 —— &
-
x 1
ul 10 *
@
7 = [-20,-25,-30]
1072
Ly thuyét
102k #* M6 phong
2 3 4 5 6 7 8 9 10

N

Hinh 4. Anh hwong cia sé yéu t6 phan xa N 1&n BLER cua
md hinh chuyén tiep qua IRS.

Trong Hinh 4, ta ciing thay rd khi cang ting N va 3 thi
BLER hé thong cang giam nhanh. Tuy nhién, cang ting
7 , tc tdng cong suat phat qua 16n s&€ co thé dan dén can
nhleu 16n. Do do, dé cai thién hi€u ning hé thong voi
nguon cong suét phat ¢b dinh, ta co thé tang s6 luong sd

yéu t6 phan xa N sao cho ti s6 16i BLER giam nhu ta
mong dogi.

Cudi cung, ta xét sy anh huong chleu dai goi tin 1én hiéu
nang hé thong ca hai m6 hinh truyén tin qua IRS véi cac
gia tri SNR 7 tang lan lugt —20dB , —15dB , —10dB
nhu Hinh 5 va truyén tin qua FDF véi gi4 tri SNR 7 lan

luot 10dB, 15dBva 20dBnhu Hinh 6. Trong ca hai mo
hinh truyén tin qua IRS va FDF, ta thay rang khi k va 3
tang thi BLER giam, ddc biét BLER giam nhanh hon ¢ m6
hinh truyén tin qua IRS. Tuy nhién, ta phal can nhic dén
viéc ting  (tirc ting cong sudt phat) vi can nhidu 16n sé&
anh huo’ng dén nguoi dung khac xung quanh. Mit khac,
néu tang gia tri chiéu dai goi tin k thi s& dan dén do tré
cling tdng. Do vay, tuy ting dich vu cy thé ta s& chon gia
tri k va cong sudt phat tuong ung sao cho dap trng muc
tiéu URLLC trong mang 5G.

102

9
10" 2
o
w
-
m
102
Ly thuyét ~=-20
Ly thuyét ~=-15
Ly thuyét ~=-10
M6 phéng « = -20
Mé phéng « = -15
- X Mo phong 5 =10 . | ] [ *
100 200 300 400 500 600 700 800
k (c.u)
Hinh 5. Sir anh huréng cia chiéu dai goi tin 1én BLER chuyén
tiep qua IRS.
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Ly thuyét
# Mo6 phong

5 = [10,15,20]

200 300 400 500 600 700 800
k (c.u)

Hinh 6. Sy dnh huong cua chiéu dai goi tin 1én BLER chuyén
tiep qua nat chuyeén tiep FDF.

V. KET LUAN

Trong bai bao nay, ching t6i da de xuat mé hinh truyen
dan thong tin qua IRS trong truyén thong g01 tin ngan
Tlep dén, chung t6i so sanh hi¢u nang ctia md hinh nay véi
mo hinh truyén géi tin ngan qua nut chuyen tiép FDF
thong qua thdng so ti 1¢ 16i khdi BLER va d9 loi phan tap.
Dua vao két qua 1y thuyét va dugc kiém chimg mot lan
nita qua m6 phong Monte-Carlo, bai bao cho thay rang ti
1¢ 18i khéi BLER cua h¢ thong truyen tin qua IRS giam
nhanh so véi ti s6 BLER trong truyen tin qua FDF thong
thuong va d6 loi phan tdp mo hinh truyén tin qua IRS ciing
cao hon m6 hinh truyén tin qua FDF. Hay noi khac hon,
hi¢u ndng cua hé¢ thong mo hinh truyén tin qua IRS cai
thién hon mé hinh truyén tin qua FDF. Hon nira, dbi voi
hé théng truyen tin qua IRS cang tang s6 yéu t6 phan xa
va cong suét phat thi ti s6 13i cang glam hiéu nang cang
cdi thién. Tuy nhién, chidu dai géi tin ciing anh huong
dang ké dén hiéu nang hé thong va tily vao yéu cau dich
vu cu thé thi ta s& xac dinh gia tri k cu thé tuong (mg sao
cho dap tmg yéu cau URLLC.

PHU LUC
CHUNG MINH CONG THUC (12) VA (13)

N o B
A=) ——. (P.1)

Zl‘ d;d;
Bai vi ¢, va B 1a cac bién ngdu nhién phan bd Rayleigh
dc lap, do d6 A 1a tong ctia N qua trinh double Rayleigh
dong dang va doc lap. Theo phéan tich trong [32,
CT(2.76)], ham PDF cua A c6 dang nhu (7). Trong do,
cac tham s @ va b dugc cho nhu trong cong thirc (10)
va (11). Hon nira theo [32, CT(2.74)], k, Va k, duoc dinh
nghia la gié tri ky vong va phuong sai cia A nhu sau

=E[A]. (P.2)
k,=V[A]. (P.3)

T cong thirc

Thé (P.1) 1an luot vao (P.2) va (P.3), k, Va k, thu dugc
két qua nhu sau
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B,
& o

va

véi (@) va (b)1a phép bién ddi tinh trung binh va phuong
sai ctia cho cac bién doc lap o, va g .

LOI CAM ON

Nghién ctru nay duge hd trg béi céc nghlen clru vién tai
Phong thi nghiém thong tin vo tuyen va duoc tai tro boi
Hoc Vién Cong nghé Buu Chinh Vién Thong dudi mé sé
06-HV-2021-RD_CB2.
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Abstract— Intelligent reflecting surface (IRS) is a
revolutionary technology that can greatly improve the
performance of next generation wireless networks by
controlling the phase/amplitude of the signal in the
environmental radio via passive reflectors. In this paper,
we propose a short packet communication model is
assisted by intelligent reflectors. Next, we compare the
performance of this system with that of a relay aided
communication, where the relay node uses fixed decode
and forward (FDF) technique to transmit data. To compare
the performance of these two systems, we derive exact and
approximate form expressions of the block error rate
(BLER) over fading Rayleigh channel and also the
diversity gains of both systems. Thereby, the results show
that the performance of the IRS communication system is
superior to that of the basic FDF communication system.
Finally, we prove that the results in the theoretical analysis
are completely consistent with the simulation results by
the Monte-Carlo simulations.

Keywords—Intelligent reflecting surface, fading
Rayleigh, decode and fordward, bit error rate, short packet
communications.
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Tom tdt- Trong bai béo nay, ching toi nghién ctru mang
giai ma chuyén tiép (DF) hai chang trong truyén théng goi
tin ngan. Trong do, nguon s& lya chon mot nit t6t nhat
trong mot tap da nat dé chuyen tiép goi tin bang cach sir
dung ky thuat lya chon chuyen tlep mot phan (PRS).
Nguén thu duogc thiét ké c6 M-anten va sir dung giao thirc
phan tap ti s6 két hop cuc dai (MRC) dé thu nhan tin hiéu.
Dé danh gia va so sanh hi¢u nang hé thong, chung t6i dua
ra cac biéu thuc dang chinh xac va xap xi cua ti 1& 16i khéi
(BLER) trong kénh truyen fading Rayleigh. Cgol cung,
chiing t6i thuc hign mo phong Monte Carlo d¢ kieém ching
ket qua Iy thuyét va tim ra gia trj t6i vu cua s6 nit chuyen
tiép va s6 anten ciing nhu chimg minh céc uu diém caamo
hinh hé théng da dugc dé xuat.

Tir khéa- lya chon chuyén tiép ting phan, fading
Rayleigh, giai ma va chuyen tiép, tiI¢ 15i khoi, ti s6 két
hop cuc dai, truyén théng goi tin ngan.

.  GIOITHIEU

Hién nay, truyén thong thé hé méi thir nam (5G) dugc
biét dén nhur 12 sy cai tién vuot troi xa so véi cdc mang thé
hé trude ddy. Mang (5G) ciing 1a co s& quyét dinh trong
viéc hién thuc hoa ky nguyén Internet van vat (IoT) va xa
hoi siéu két ndi. Dich vu chinh cia mang (5G) la bang
thong di dong néng cao (eMBB), truyén thong loai may
(MMTC) va truyén thong do tré thap cuc ky dang tin cy
(URLLC), tmg dung trong nhiéu linh vuc cong nghiép va
xa hoi [1-3]. Trong do, uRLLC 1a dich vu trong tdm cia
mang 5G vdi yéu cau d¢ tin cdy cuc cao hon 99.9999% va
do tré dudi 1ms . Pé dat dugc cac yéu cau niy, truyén

thong goi ngan v&i ma chiéu dai khdi ngan duoc dua vao
hé thong nghién ctru nhu mot phuong phap tiém nang [4].

Thuc vay, cac goi tin ngan la mot dang luu thong dién hinh
dugc tao ra boi nhitng cam bién va duoc trao ddi chu yeu
trong truyen thong kiéu may Do véy, truyen thong g01
ngan hd trg chinh cho cac Ung dung 5G va loT nhu két n6i
dam may dang tin cay, diéu ph01 khong day tir xe dén xe,

bao dong tir mot bo 16n cam bién [4-7].

Cho dén nay, truyén thong goi ngin dang dugc cac nha
khoa hoc quan tdm. Cu thé, Polyanskiy va cac cong su da
tién phong trong viéc tlm ra cong thuc xap xi clia toc do
ma hoa khéi hitu han téi da [8]. Tir d6, ching ta c6 thé do

Tac gia lién hé: Nguyén Thi Yén Linh
Email:linhnty.ncs@hcmute.edu.vn ;
Deén toa soan: 10/2020; chinh sua: 11/2020; chap nhan dang: 11/2020
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hiéu sut ciia truyén thong géi ngan voi gla tri x4p xi gan
dung. Trong bai bao [9], Makki va cac cong su da dé xuat
phuong phap tinh gan dtng cho ham Q_function. Phuong
phap nay glup viée tinh toan ti s6 161 khdi d& dang hon.
Hay cac tc gia trong bai bao [10] cling cho thay rang chiéu
dai khéi thich hop cho cong suét Ergodic t6i wu nhét trén
tat ca kénh fading béan tinh.

Bén canh d6, mang chuyén tiép ra doi v§inhiing uu dlem
nhu mot g1a1 phap day hira hen trong truyén thong vo tuyen
[11], giai quyet cac van de vé khoang cach glua hai thiét
bi dau cudi khi may truyen va mdy phat ¢ qua xa vuot
ngoai khoang cong suat truyen kha dung cua may phat
hodc c6 thé may phat truyén dugc nhung néu ting cong
suat phat qua 16n thi s& anh hudng can nhidu 16n 1én cac
nguoi dung khéc ctia hé thdng [12-14]. Nhiém vu cia nut
chuyen tiep 1a thu thép tin hi¢u tr nat trude nd, sau d6 xur
ly va chuyen tiép tin hi¢u do dén nut tiép theo dén khi tin
hiéu dén duoc dich. Vé co ban, ¢6 hai k¥ thuat xu 1y tin
hi¢u duoc dung ¢ nat chuyen tiép 1a khuech dai va chuyén
tiép (AF) [15-17] va giai ma va chuyén tiép (DF) [18-20].
Céc ky thuat nay da dugc nghién ctru va img dung rong rai
trong cac mang thong tin vd tuyén nhu mang thong tin di
dong té bao, ad-hoc di dong [21, 22], mang cam bién
khéng day [23].

Gan day, cac nha khoa hoc bét diu quan tim dén viéc ap
dung mang chuyén tiép vao truyén thong su dung goi tin
ngan nham nang cao hi¢u nang hé thong va dap u’ng cac
yéu cau dich vu cho mang 5G. Cu thé, cdc tac gia trong
[24] da xem xét mot giao thirc chuyen tiép trong d6 do loi
kénh cua duong truyén truc tlep va duong truyen c6 nut
chuyén tiép duogc téng hop tai mdy thu theo gia dinh trang
thai thong tin kénh truyén hoan hao. Hay trong bai bao
[25], cic tac gid trong da dé xuét mot phuong phap
“OccupyCoW” nham dap mg cac yeu cau vé do tin cay va
do tré cao thong qua mang truyén thong hop tac. Trong bai
bao [26], Yulin Hu va cac cong su da nghién ctru hi¢u suét
chuyén tlep thong qua cac kénh Rayleigh ban tinh dudi g1a
dinh chiéu dai khdi hitu han (FBL). Mot céch co ban, cac
bai bao chu yéu xem xé€t hai kich ban chuyen tiép trong bdi
canh FBL bao gém ky thuat AF [27] va DF [28]. Bén canh
do, trong [29], tc gia da chung minh sy vuot trdi cia hi¢u
nang hé théng sir dung cac ki thuat chon lwa nit chuyén
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NGAN

tiép tung phan (PRS) va giao thue ti s6 két hop cuc dai
(MRC) trong thiét ké hé thong vai goi tin dai.

Ké thira cac két qua nghlen clru trén va dé xuat huéng
giai quyet mo hinh mai trong truyen thong goi ngan, bai
bdo nay trude tién tap trung vao cac mang chuyén tiép hai
chang DF trong truyén thong go6i ngan, trong d6 ky thuat
PRS duoc stir dung dé truyén tin hi¢u tai nut chuyén tiép
V6i myc ti€u tang d¢ tin cdy va do loi pho, ching t6i ap
dung giao thirc MRC cho thiét ké da anten tai diém dich.
Tlep dén, chung t0i dua ra cac biéu thirc dang chinh xac va
xap xi cua ti s0 16i khéi (BLER) thong qua kénh fading
Rayleigh. Cudi cing, md phong Monte Carlo dugc thuc
hién dé kiém chimg cac két qua ly thuyét va qua do cling
chung minh dugc uu diém hiéu nang ctia md hinh hé théng
ma ching toi dé xuat.

Phan con lai ciia bai bao dugc trinh bay nhu sau. Phan II
s€ trinh bay mo hinh cua h¢ thong mang chuyén tlep hai
ching v6i da niit chuyén tiép va da anten thu tai may thu.
Phuong phap phan tich theo m6 hinh dé xuét dé danh gia
chét lugng cua hé thong voi thong s ti 18 16i khdi voi ca
hai dang chinh xac va xap xi s€¢ dugc ching minh trong
Phan I11. Phan IV, ching t6i s& tién hanh mo phong Monte-
Carlo de kiém ching lai cac két qua 1y thuyét trong phan
1. Cudi cting 1a phan két luan ctia bai bao.

Il. MO HINHHE THONG

BTS

Hinh 1 Mang chuyén tiép hai chang véi mgt user (nt nguon),
da niit chuyeén tiép va mgt tram BTS (n(t dich) trong truyén
théng goi tin ngan.

Trong bai b&o nay, ching t6i xét mdt mang hai ching
bao gdm mot user (dong vai trd ngudn (S ) ) c6 mot anten,
N user (d6ng vai tro nat chuyén tiép) str dung mot anten
R, (n =1N ) 1 va tram thu (BTS) ( déng vai trd ngudn thu

(D)) c6 Manten D, (m=1 M )* nhu Hinh 1. Gia dinh
rang khoang cach nut nguon va dich Ia rat 16n, S chi c6
thé truyén tin hiéu d&én & khoang cach réat xa khong cé
dudng truyén tryc tiép gitra ngudn (S ) va dich (D ) béi vi
thuc té o khoang cach qua xa tin hi¢u tur ngudn phat dén
ngudn thu 12 rat yéu.

Qua trinh truyen tin tr nat nguon va nut dich thuc hién
trong hai khe thoi gian lién ti€p thong qua sy trg giup cla
cac nut chuyén tiep. Trong khe thoi gian dau tién, nit
nguon s€ truyén tin hi¢u cua né t6i tat ca cac nat chuyén
tiép. Tai khe thoi gian nay, ky thuat PRS duoc sir dung cho

LGiatri n=L N vd m=1 M dugc sir dung xuyén sudt bai bo.
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mot tap N nut chuyén tiép, chi co nat chuyén tiép c6 ty so
nhiu tin hi¢u cao nhat (SNR) méi dugc chon dé chuyén
tiép tin hi¢u nhén dugc dén dich bang ky thuat giai ma va
chuyén tiép (DF). Goi R, la nut chuyén tiép dugc chon
trong bd N nit chuyén tiép [30, 31], chung ta c6

b= arg max Vs, @)

v6i 7se. 1ati sé tin higu trén nhiéu (SNR) tr S >R,. O
day, ¥se tudn theo phan bé mii va c6 gié trj trung binh 1a
PSQSR

= . 9
VsR, N, )

v6i Py 1a cong sudt ciia nguon S, Qg 1a @0 loi kénh
trung binh cho duong truyén tr S — R, va N, la cong
suat nhidu Gauss trang cong (AWGN) tai nut dich.

Gia dinh kénh truyén giita ngudn va Qich 14 kénh fading
Rayleigh ban tinh [32] va kénh truyén tr S >R, va
R, — D, la cac kénh truyén fading Rayleigh doc lap va
ddng dang (i.i.d). Khi d6 trong ching 1, SNR trung binh
tai mdi nhanh Vsr, déu bang nhau va bang 7, , nghia la
Vsr, = 7sr - Dua vao phép khai trién nhi thirc trong [33],
ham phén phoi tich lily (CDF) clia sz, c6 thé dugc dua

ra nhu sau

®)

Ser (et )

Trong khe thoi gian thir hai, ntit chuyén tiép tt nhat R,
su dung k¥ thuat DF va g1a1 ma thanh cong tin hi¢u nhan
dugc dé truyén tin higu nay dén dich. Tai nut dich, giao
thae MRC dugc st dung nham cai thién d6 phén tap khong
gian hé thong Do do6, SNR cua tin hi¢u thu dugc s€ ting
tuyén tinh véi sb lugng nhanh phan tap va duoc xac dinh
nhu sau

M
D= ZVRme ' 4)
m=1

Vv6i Vr,p, 1atisd tin higu trén nhiéu nhan tai D, . Do gia

sir kénh truyén tir R, — D, 1a cac kénh truyén doc lap va

ddng dang (i.i.d.), chung téi ciing ¢ 7Ry0, = 7RyD"

Chung ta c6 thé thiy ring |h(|2 ¢6 phan bé mil nén
Yr,p, S& CO phan b chi binh phuong Vvéi ky vong la
M7g,0 vaphuongsaila 2Mpg o, . Trong trudng hop nay,

ham CDF cta Jg,p €O thé thu duoc nhu sau
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SR
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I
agor( o s fof ) {2
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EAN
1 7y S (7&1[’]

11l. PANH GIAHIEU NANG HE THONG

Trong phfm nay, chung t6i sir dung thong s ti 18 161 khoi
dé danh gia hi¢u ning cua hé thdng str dung giao thirc PRS
va MRC trong ché d¢ FBL.

A. Ti LE LOI KHOI DANG CHINH XAC

Chung toi gia st rang tong do dai khdi truyén 1a k, do
¢6 hai khe thoi gian nén khoi tin nay s€ dugc chia lam hai
khdi c6 chiéu dai bang nhau g . Khi S truyén g bit

thong tin dén D qua hai khe thoi gian téc d6 ma hoa cta
hé thong dwoc xac dinh la

2B
o
Nhu da dugc nghién ctru trong truyén théng goi tin ngén
[34], v6i chiéu dai khdi k >100 ti 1¢ 16i khdi BLER c6 thé
dugc xap xi nhu trong [32, CT. (59)] va [35, CT. (4)] nhu

sau

_ C -r

7 <, o LI )

(7 )1k
Véi &, 1a tbe do 15i khéi trung binh, X €{SR,,R,D},
C(?’x)zlogz(l"'ﬂfx) la dung luwong kénh Shannon,
V(J/x):{l—;zj(logze)z la d6 phan tan kénh
(1+7x)

truyén [8], E{.} I1a toan ti ky vong va Q(.) 1a ham Q-

J'exp (——j dt.

Tu (7), BLER ¢6 thé duoc viét lai nhu sau

r =

(6)

function véi Q(x)

z ~[Q dy, ®)
I'; [WJ ”x (r)dy

voi Ty (X) 1a ham mat o phan phéi cua bién ngiu nhién
X.

C(ry)-r

\f; (7x )/k
tim ra biéu thiac dang déng cho cong thic (8). Do do,

Do sy phic tap cia ham Q[ J nén rat kho dé

SO 04A (CS.01) 2020

ching t6i ldy xép xi ham Q(.) nhur trong [34, CT. (14)],

d61a Q M [ Z(yx), Véi
(7x)/k
1 xS P
1
Z(rx) =15 WK (5 =0) p<rc<pu. O
0 Yx 2 PL
VOi Vz—l 0=2"-1 =0+ ! va
22 1 T K
_g- 1
P 2V\/E.

Bing cach thay (9) vao (8), ching ta c6

0

B~ [ Z(5) 1, ()7 = [ 2 () F, (7)

0

=[Z()F, (y)]‘yzc’g—TFyx (7)dZ () (10)

}/:
Py
=wk [ F, (r)dr
PL

Thay (3) vao (10), ta duogc toc do 18i khdi cho khe thoi
gian thir nhat nhu trong (11).

ll

Dbi v6i khe thoi gian thir hai, ta ciing thuc hién twong tu.

Thay (5) vao (10), ti s6 15i khéi BLER ¢ khe thoi gian
thar hai duoc dwa ra nhu trong (12), trong d6 (gg) la ham
Gamma thanh Vol

khong hoan

Y(m,x)= joxtm’l exp(—t)dt dugc xac dinh nhu trong [33].
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Y

S - jg(m

T

dy

7RbD

Y

kﬂl‘imi

1)ltm'1 exp(—t)} Va,pdt

m=1
Fruo (12)
7r,0 P PL
_V\F Py —P Y| m—=——|-Y|m-= ,
[ S mz—;(m_l)!( 7RryD VRr,D
& 20 G (0 PR O S S
~vk |1~ = - — dy=wk||1-) — Ly ldy
b P = (U A1 7Sy = T A ol = e (M=) 7R ol
M (_1i p'i_:-m _pli_+m
\/_{p'* e mZ;;?Fflg(m 1)',2‘;1’1“ i+m
(18)
Néu cac nut chuyen tlep st dung ky thuat glal ma va Pu N v f Nﬂ N+1
chuyén tiép c6 lya chon (SDF) thi tc d6 16i khéi BLER %, ~ vk I [_Lj dy )
toan trinh (e2e) ¢ thé duoc tinh thdng qua (11) va (12) ’ o sk N+l Vex

nhu sau

geZe(SDF) = §5Rb +(1_§SRb )ERbD' (13)

Trong khi d6, néu cac nat chuyén tiép sir dung kY thuét
giai mi va chuyén tiép c6 dinh (FDF) thi tbc do 16i khoi
BLER toan trinh e2e s€ dugc tinh nhu sau

EeZe(FDF) = ESRb (1_§RbD )+(1_ ESRb )ERbD- (14)

B. Ti LE LOI KHOI DANG XAP Xi

Tlep theo, chung toi s€ trinh bay dang xap xi cia ti 18 151
khéi dé co danh gia khach quan hon v€ hi¢u nang cta h¢
thong & mirc SNR trung binh 7 cao. Dang xap xi nay

dugc xem nhu la mot dudng gidi han trén (upper bound)
cho cac gia tri cua ti 1€ 16i khoi khi cang tang SNR trung
binh tién ra vo cung. Diéu nay c6 nghia la ti 1 18i khdi toan
trinh cla h@ thong luén dat gia tri nho hon hodc bang gia
tri duong gioi han trén nay cho du c6 ting SNR trung binh
thé nao di chang nira. Mat khac, day ciing 1a diéu ma chung
ta mong muon vi ti 1€ 16i khéi cang nho thi hiéu ning hé
thdng cang dugc cai thién.

Ap dung vo6 cing bé tuong duong tai x —0 cho ham

l—eXp(—X) va khai trién Maclaurin cho ham exp(—x)
[36] nhu sau

1-exp(—x): X (15)
va exp(—x) 0 i(—l)i %+O [x]", (16)

i=0

Vi i 13 s6 bac khai trién va O[X]W 1a phan du Peano
trong khai trién Maclaurin [37].

Nhu vay, thay (15) vao (10), biéu thirc dang xap xi cua
ti 1¢ 161 khoi BLER & khe thoi gian dau tién nhu sau
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Trong khe thoi gian thtr hai, ching ta can xem xét bac
phan tap cta hé thong. Nhu da biét, bac phan tap tdi da cia
mot hé théng c6 M anten la M va khi bac phan tap bang
v6i M, hé thong dugc cho 1a dat dugc bac phan tap day
dua [37]. Trong truong hop nay, ap dung (16) vao (5), sau
do thay vao (10), ti 1& 161 khoi BLER dang xip xi ¢ khe
thoi gian thi hai c6 thé dugc tinh nhu trong (18).

Mit khéc, ta ciing dé thay rang gia tri cta ti 18 16i khdi
timg ching &g Vva & p ratnhd khi cong suat nguon phat

cang 16, nghia la &5z &z , ~0. Do do, ta c6 co thé viét

lai ti 18 151 khéi toan trinh dang xap xi tir (13) va (14) nhu
sau

%JZe(SDF) ~ %JZe(FDF) ~ ‘%’Rb +‘9|/9bo- (19)

IV. KET QUA MO PHONG VA THAO LUAN

Trong phan nay, ching toi sir dung phuong phap mo
phong Monte-Carlo trén phin mém Matlab cho md hinh
dé xuat dé klem chung lai cac két qua ly thuyét da duoc
trinh bay & phan 111 [38]. Dic biét, ching t6i s& thdo luin
vé cac dac diém hi€u nang h¢ thong cung nhu céc thong so
thiét k& hé thong t6i wu cho mé hinh ma chung t6i dé xuét.

Cac thong Sp duogc ching toi st dung dé thuc hién m6
phong nhu so bit théng tin 1a g =256 bit va chiéu dai
khdi m=256. Dé viéc tinh toan don gian chlng t6i gia
dinh rang tong khoang céach truyén dugc chuan hoa voi
D =10. Vi gia dinh phan bo vi tri ndt chuyén tiép & ngay
chinh gitta nGt nguon va nut dich, khoang cach duong
truyentr S >R, va R, »>D la d, =d, =%. Hon nita,

ching t6i gia sir xem x€t mo hinh suy hao duong ’truylén
don gian [37] va kénh truyén thuc té véi

=1
Qi = p :(%j Vi 77 =314 hé s6 suy hao duong
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truyén. Mat khac, ching toi goi ;7=Ni la SNR trung
0
binh ciia ngudn phan bd ning luong véi P 1a tong ning
lugng duoc phan b6. Do N, la hang so nén ching ta co
the hiéu rang khi tang SNR cling c6 nghia 1a ta tang cong
suét phat cia nguon cung cap nang lugng. Trong mo hinh
nay, chung toi gia sir h¢ thdng c6 phan bd cong suat dong
déu cho cac nat phat trong mdi ching, nghia la
P
P,=R =—.
S Ro ~ o
Dau tién, chung t6i so sanh ti 1 16i khoi BLER toan trinh
trong hai truong hop su dung ky thuat glal ma va chuyen
tiép ¢6 dinh FDF va ky thuat gidi ma va chuyén tiép co
chon loc SDF. Ti 16 15i khéi toan trinh BLER duoc khao
sat nhu 1a mot ham cua SNR trung binh » véi gid str co
dinh s6 lwong nat chuyén tiép N =2 va s6 lugng anten tai
may thu M =2 nhu trong Hinh 2.

10°

1B

10°

o
w
—
m
1072
—— Ly Thuyét SDF
O M6 phéng SDF
— %— - Ly thuyét FDF >
D> Ly thuyét FDF
—©—-Xépxi
1073 | . |
0 5 10 15 20
7 [dB]

Hinh 2 So sanh BLER giira hai ky thudt SDF va FDF.

Dé thay, két qua mo phong (Simulation) hoan toan tring
khop v6i két qua 1y thuyét (Analy3|s) va két qua duong
xap xi (Asymptotic) héi tu voi cac gia tri duong ly thuyet
& SNR trung binh cao, diéu nay ching minh cac két qua
phan tich ly thuyét cua ching toi trong phan Il 14 hoan
toan chinh xéc. Tur Hinh 2, ching ta c6 thé dé dang nhén
ra rang ti 16 15i khéi khi str dung ky thuat giai ma va chuyen
tiép cd dinh FDF nho hon so v6i khi sir dung ky thuét giai
ma va chuyén tlep c6 chon loc SDF ¢ dai SNR trung binh

thap Hay néi cach khac, hiéu ning hé théng khi sir
dung k¥ thuat FDF tot hon so véi k§ thuat SDF & dai gia
tri SNR trung binh 7 thép, cu thé 1a dudi 10 dB nhu trong
Hinh 2. Tuy nhién, tir gia tri SNR trung binh % cao hon
10 dB, hiéu suit hé thong cua hai k§ thuat 13 nhu nhau.
Mac du, ¢ gia tri SNR trung binh cao, hi¢u suat hé théng
cua hai ky thuat nay twong duong nhau nhung chung ta
van khong thé phil nhan rang hi¢u suat cua ky thuat FDF
t6t hon so v6i k§ thuat SDF vé tng thé trong toan dai SNR
trung binh 7 . Do d6, chiing t6i s€ str dung ky thuat FDF

dé m6 phong cho tit ca cac khao sat tiép theo.

SO 04A (CS.01) 2020

. r
—%— Ly thuyét
O M8 phdng
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BLER
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Hinh 3 Anh hwong chiéu dai khai tin k 18n hiéu ndng hé thong
véi M=2va N=2.

Tiép theo, chung t6i khao sat ti 1¢ 16i khéi BLER la mot
ham theo do dai khoi tin k nhu Hinh 3 v6i cac gia tri SNR
trung binh 7 tang lan lwot la 10, 15 va 20 dB. Cac gia tri
cia N=2 va M =2 dugc st dung dé mé phong trong
hinh nay. Mt lan nita, cac két qua mo phong hoan toan
trung khop véi cac két qualy thuyet va xac minh dugc tinh
dung dén trong phan tich ly thuyet cla chung t6i. Quan sat
Hinh 3, ching ta c6 thé thay rang khi ting gia tri ciia chicu
dai khdi tin k va SNR trung binh 7 thi hiéu ning hé
thdng s& dugc cai thién dang ké. Hon nira, ching ta dang
khao sat ché d6 FBL v4i k >100 va dé tinh dugc gidi han
cia ham BLER toan trinh khi k—>+o [&
klm BLER,,, =0. Diéu nay c6 nghia la ching ta khong

tim dwoc gia tri k toi vu xac dinh nao hét va lam ching ta
phai luu y rang chiéu dai khéi tin k vira dwgc danh gid 1a
cang tang cang tot, trong khi myc ti€u cta truyen thong goi
ngan d6 1a d6 dai khdi cang ngan thi do tré truyén s& duoc
giam. Do d6, chung ta phai can nhic trong ca hai tinh
huéng vé& wu nhuge diém coa viée ting hodc giam k
chung ta s€ chon gia tri k cu thé phu thudc vao mot yéu
cAu chét luong dich vu cu thé. Vi dy, mot dich vu thoai yéu
cau ti 18 16i khoi ti da 1a 6x107°, thi gia tri cta k dugc
chon mg vai timg truong hop cong suét phat 10, 15 va 20
dB 1a khoang 1000, 400 va 200.

Tiép theo, chiing t6i so sanh sy anh hudng cua ) lugng
nut chuyén tiép N va s anten M 1én hiéu ning hé thong
st dung k¥ thuat FDF qua Hinh 4. Chung t6i lya chon cac
gia tri cia N va M cu thé trong céc truong hgp so sanh
nhu sau:

i) N=1va M=2 chotruonghgp N<M.
i) N=5va M =3 chotruonghop N>M .
iii) N=M =6 cho truonghop N=M .

Hlnh 4 cho chung ta thay 1o rang ti 18 16i khéi toan trinh
s& gan bang v6i tong ti 18 16i khdi cua ca hai chang trong
truomg hop ii) va iii) twong tng véi N>M va N=M .
Tuy nhién, trong truong hop i) véi N <M | ti 1¢ 16i kh6i
toan trinh chi gan bang ti 18 15i khdi chang 1 tr S >R, .
Diéu nay c6 nghia 1a v6i s6 lugng N va M cho trudc Vi
N <M , chung ta chi can thyc hién tinh toan ti 16 15i khdi
chang 1 la cod thé wdc luong duoc hi€u nang toan hé théng.
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Doéng gop nay c6 thé gilp ching ta giam thiéu dugc khoi
lwong tinh toan phirc tap cua thong s6 ti 1¢ 16i khoi trong
chang 2 tir R, — D, trong truong hop trién khai thuc té
dd co san sd lugng N va M véi N < M Qua do, chung

ta cung thay duoc tim quan trong cua sb lugng nat chuyen
tiép va s6 luong anten trong trién khai thiét ké hé thong.

10° <
p > O FDF Ly thuyét
p PR (S ®  FDF M6 phong
NN i
\ N ESRy,
10-1 L Q\. \\ ———Eryp
] N  bionltorbis Esry, + ERYD
1072
o
L
m D
10 AN
AN
Q\ N>M N
N
- AN
10 F N
N
N
N
L L A -1 1 L N
0 5 10 15 20 25 30

Hinh 4 So s&nh sy dnh hwoéng cia sé lwong nit chuyén tiép N
va sé anten M 1én hiéu nang hé thong.

Do do, trong Hinh 5 va Hinh 6, chung t6i khao sat riéng
lé mirc d6 dnh hudng cua so lugng anten tai may thu M
va s6 luong nut chuyen tlep N 1én hiéu ning hé thong.
Muc tiéu 14 tim ra thong sb thiét ké t6i wu cho M va N.
Mot cach khach quan, trong ca hai hinh, cac két qua ly
thuyet hoan toan trung khép voi két qua mo phong. Piéu
nay mot 1an nira cho thy cac biéu thirc phan tich cua
ching t6i trong phan 111 1a hoan toan chinh xéc.

= 4@~ - M6 phdng v = 10 dB
= 4@- - M6 phoéng v = 15 dB
= %= M6 phéng v = 20 dB
Ly thuyét

BLER
3
%
o

4l

Hinh 5 Anh hweong ciia 56 leong anten M 1én hiéu ning hé
thongvéi N=2.
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Hinh 6 Anh hirong cua s6 lwong nit chuyén tiép N 1én hi¢u
nang hé thong voi M = 3.

Cu thé, Hinh 5 chung t6i khdo sat BLER la mot ham theo
s0 lugng anten tai may thu M véi gia sir c6 dinh s6 luong
nat chuyén tiép N =2 . Tur Hinh 5, chung ta c6 thé thay
BLER giam khi ting SNR trung binh 7 . Anh huéng doi
Vi cac gia tri cia M anten tai may thu: i) khi M <3 thi
BLER giam dang ké hay n6i cach khac 14 hiéu ning hé
thdng dugc cai thién déng ké; ii) trong khi M >3 thi
BLER van duy tri mot mue gid tri khong d6i. Mat khac,
trong thiét ké va tr1en khai h¢ thong, duong nhién la chung
ta s€ mong mudn trién khai hé thong sao cho hi¢u nang tot
nhit ma lai it thiét bi nhét c6 thé dé tiét kiém chi phi. Do
do trong truong hop nay, M =3 la thong s6 thiét ké t6i uu
nhit cia sb luorng anten tai mady thu dam bao duoc hai tiéu
chi da dugc deé cap 13 t6i wu hidu nang va tiét kiém chi phi
trién khai nhét c6 thé.

Tuong tu, trong Hinh 6, ching t6i khdo sat BLER 1a mot
ham theo s lugng nut chuyén tiép N véi gia sir ¢b dlnh
s6 lugng anten tai may thu. Chang t6i s& sir dung gia tri t01
uu M =3 vira tim dugc trong khao sat Hinh 5 cho thiét
ké thong sb hé théng. Suy luan mot cach twong tw, ching
ta ciing c6: i) v6i N <4 thi hiéu nang hé théng duogc cai
thién dang ké; ii) v6i N >4, BLER khéong con giam nira.
Khi d6, gia tri s& luong nat chuyén tiép N =4 s& dugc
chon 1am gia tri t8i wu cho cac thiét ké hé thong.

Cubi ciing, chung t6i str dung céac gia tri ti wu N =4va
M =3 da duoc khao sét trong Hinh 5 va Hinh 6 dé khao
sat hiéu nang hé thdng. Va ciing nhu da dé cap, gia tri cia
chidu dai khéi K chi dugc chon cu thé phi hop v6i mot
yéu cau dich vu cu thé. Trong Hinh 7 nay, chung t6i khao
sat ti 18 161 khdi BLER 1a mot ham theo SNR trung binh 7
ba trudng hop tugng trung dién hinh ciia K 1a k =256,
k =512 va k=1024. Trong Hinh 7, ching ta c6 thé thiy
rang cac duong phan tich 1y thuyet bao gdm ca duong
BLER dang chinh x4c va dang xap xi déu hoan toan khép
v6i cac két qua mo phong. Hon nira, du'orng xap xi hoi tu
v6i dudng phan tich 1y thuyét va duong mo phong ¢ dai
cOng sudt phat cao cung cho thay rang céc gla tri cua ti 1€
101 khéi ludn dat gia tri nho hon hoic bang gia tri duong
xap xi nay cho du c6 ting SNR trung binh thé nao di ching
nira. Ngoai ra, ciing dé thdy rang khi SNR trung binh 7
cang tang thi BLER cang giam trong tat ca cac truong hop
cua k, két hop véi phan tich duong xap xi vira roi, chiing
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ta c6 thé két luan rang hiéu ning hé thong ludén luon duoc
cai thién khi chung ta cang tdng SNR trung binh va ludn
khong yuqt qué gia tri ciia dudng gidi han trén (duong xap
x1) Di€u nay ding nhu chung ta mong doi. Mac du tang
cong suat phat lam cho hi¢u nang hé théng duoc cai thién
nhung chung ta cung khong nén lam dung tang cong suét
phat qua 16n s& c6 thé anh huong can nhiéu 16n 1én cac
ngudi dung khac cta hé thong.

10°

107'@ S k= 256,512,1024 c.u.]
1072
o
SR 5
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10-6 T T ! 1 L 1 1
0 2 4 6 8 10 12 14 16

7 [dB]

Hinh 7 Anh hwong cia gia tri SNR trung binh 1én hiéu néing
hé théng véi M =3 va N=4.

V. KET LUAN

Trong bai béo nay, ching t6i dé xuat mo hinh mang giai
mi chuyén tiép DF hai chang két hop str dung ky thuat
PRS cho da nat chuyén tiép va ky thuat MRC cho da anten
dugc thiét ké tai nut dich. Dac biét, chung t6i tim ra dugc
c4c biéu thue ti 1€ 16i khéi dang chinh x4c va xdp xi qua
kénh truyen fading Rayleigh va sir dung m6 phong Monte
Carlo dé kiém chumg tinh chinh x4c cia md hinh d& xuat.
Céc két luan chinh cia hé thong nhu sau

i) Vi cling mot cdng suat nguon phat thi hiéu ning hé
thong cua FDF bang vai SDF & gié tri SNR trung binh
cao, trong khi véi dai SNR trung binh thap thi hiéu
ning hé thong ciia FDF t6t hon hé thdng ap dung ky
thuat SDF.

i) Gia tri tbi wu cua s6 lwong nat chuyén tiép va sé luong
anten tai may thu twong ung la 4 va 3 cho thiét ké he
théng mo hinh ma ching t6i dé Xuat Ngoai ra, gid sir
trong truong hop trién khai thuc té da co sin sb luong
N va M véi N<M , ching ta s& giam thiéu duoc
khéi lugng tinh toan phirc tap cia thong sé ti 1¢ 16i khoi
toan trinh. Ti I¢ 15i khdi toan trinh trong truong hop
nay s& gan bang gia tri ti I¢ 16i khoi ciia chang truyen
c6 chira N nat chuyén tiép.

iii) B6i vaoi chiéu dai khdi tin k , ching ta chi xac dinh
dugc k cu thé trong mot truong hop yéu cau chat
lwong dich vy cy thé.

iv) Cubi cung 1a khi cang tang 7 thi hiéu ning hé thong
cang dugc cai thién dung nhu mong doi. Tuy nhién,
chung ta cung khong nén lam dung tang cong sudt phat
quéa Ion s& c6 thé anh huong can nhiéu 16n 1én cac
nguoi dung khac cua hé thong.
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BLOCK ERROR RATE ANALYSIS OF
DUAL-HOP NETWORK WITH
MULTIPLE RELAYS AND MULTIPLE
RECEIVED ANTENNAS UNDER SHORT
PACKET COMMUNICATIONS

Abstract— This research investigates the effect of dual-
hop decode-and-forward (DF) relay networks with a
partial relay selection (PRS) strategy and maximal ratio
combining (MRC) protocol wunder short packet
communications, where the destination’s M-antenna is
designed. For performance evaluation and comparison, we
derive the exact and asymptotic closed-form expressions
of block error rate (BLER) over Rayleigh fading channel.
Eventually, we perform Monte Carlo simulations to verify
our theoretical results and figure out the optimal value of
relay numbers and antenna numbers as well as
demonstrate the advantages of our proposed system
model.

Keywords—Block error rate, dual-hop network,
partial relay selection, maximal ratio combining, short
packet communications.
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Abstract—In this paper, we investigate a non-orthogonal
multiple access network supported by both reflecting surfaces
and simultaneous transmission (STAR-IRS-NOMA) for short-
packet communication. Firstly, the performance metrics of
the STAR-IRS-NOMA network, including block error rate
(BLER), delay, and throughput for each user, are devired over
Rayleigh fading channels. Subsequently, based on Monte Carlo
simulations, we verify the accuracy of the derived expressions
and demonstrate the superior performance of the STAR-IRS-
NOMA system compared to the conventional system (IRS-
NOMA). Finally, a deep neural network (DNN) is proposed
to predict the delay and throughput of the STAR-IRS-NOMA
system. The predictive results provide evidence of the DNN’s
exceptional advancement in achieving short processing times
and high accuracy compared to alternative methods.

Index Terms—Simultaneous transmitting and reflecting, re-
configurable intelligent surface, non-orthogonal multiple access,
short-packet

I. INTRODUCTION

The  Ultra-Reliable  Low-Latency = Communication
(URLLC), the most significant emerging communication
scenario in fifth-generation (5G) mobile communication
systems, imposes highly stringent requirements on latency
(around 1 ms) and reliability (up to 99.99999%) [1].
Consequently, short packet communication (SPC) has
become an obligatory replacement for the previously used
long packets [2].

Recently, several promising and distinctive technologies
have garnered attention for integration into short packet
communication systems, such as Non-Orthogonal Multiple
Access (NOMA) [3], [4], Simultaneously Transmitting and
Reflecting Reconfigurable Intelligent Surface (STAR-IRS),
and Deep Learning (DL).

Specifically, a novel enhancement of IRS technology
known as Simultaneous Transmit and Reflect (STAR-IRS)
has emerged as an immensely significant innovation for
next-generation wireless communication networks, due to its
capability to elevate signal quality and provide a complete
360° coverage. STAR-IRS also referred to as bi-directional
simultaneous transmit and reflect intelligent surface, enables
signal penetration through materials via the phenomenon
of optical shift [5], [6]. Therefore, applying STAR-IRS to
NOMA systems can achieve spatially pervasive coverage

without blind spots, contributing to the efficiency of STAR-
IRS-supported NOMA systems, as reported in publications
[7]. However, these studies have mainly focused on the
STAR-IRS-NOMA system for long packet communication.
For SPC, this remains an open topic, with limited literature
on STAR-IRS-NOMA in SPC like in [8]. Farjam Karim and
colleagues explored the integration of STAR-IRS in a NOMA
network for short packet communication in [8]. The results
indicate that as the number of STAR-IRS elements increases,
the system performance is correspondingly enhanced.

Moreover, recent research has integrated DL into short
packet communication systems as in [9] and [10]. Specifi-
cally, [9] demonstrates the efficacy of high BLER prediction
using DL in a cognitive [oT network system. Authors in [10]
investigate DL for predicting the BLER and throughput of
a cognitive [oT NOMA network system. The paper exhibits
prediction results utilizing DL models with low error rates,
short prediction times, and close alignment with simulation
results. Inspired by the shared promise and potential benefits
of STAR-IRS systems, NOMA networks, and DL for SPC,
this paper investigates the performance of a STAR-IRS
supported NOMA network for SPC. Moreover, we propose
the use of DL to predict system performance, aiming to fulfill
real-time requirements of short system execution time for
future-generation network systems. Therefore, our primary
contributions can be summarized as follows

o Firstly, we derive the approximate expressions for
BLER of each user. The overall BLER of the STAR-
IRS-NOMA system is also deduced for comparison
with the conventional IRS-NOMA system. The re-
sults clearly demonstrate the superiority of STAR-IRS-
NOMA over IRS-NOMA.

o Next, we compute and analyze the latency and through-
put for each user, enabling a more comprehensive
assessment of the system’s performance. The results
demonstrate that latency and throughput decrease as
SNR increases, block length decreases.

o Finally, we propose a DNN network based on DL
as an effective enhancement method to predict the
performance of the proposed network system, meeting
the requirements of improved uRLLCs services in future
network systems. Prediction results show the superior
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enhancements of DNN over simulation and analysis
methods in terms of extremely short system execution
times.

The remaining part of this paper is structured as follows.
In Section II, the system model as well as the channel
model and SINR at the users, are elaborated upon in detail.
Then, the approximate BLER forms, latency, and throughput
for users are analyzed in Section III. Section IV intro-
duces the proposed DNN model for predicting latency and
throughput. Next, we analyze simulation results and engage
in discussions in Section V. Finally, the conclusion of
the paper is provided in Section VI. For the convenience
of following the paper, we provide some notations used
throughout the entire paper as CM* means the space of
vectors with complex values belonging to the field M x N,
CN (,u, 02) is the circularly symmetric Gaussian distribution
with means j and variance o2, diag (.) denotes the diagonal
matrix, []T denotes the transpose operation, |-| denotes
the absolute value, fx (.) and Fx (.) mean the probability
density function (PDF) and cumulative distribution function
(CDF) of a random variable X, respectively. Var [.] and E []
denote the variance and the expectation operator, " (-), v (-, -)
and T (-, -) denote the Gamma function, the upper and lower
incomplete Gamma functions.

II. SYSTEM MODEL

Fig. 1.

The STAR-IRS system model aided NOMA networks.

As illustrated in Fig. 1, a STAR-IRS aided NOMA down
link network for SPC is considered where a base station
(BS) transmits the superposed signals to two users, i.e., one
reflecting user U, (nearby user) and one transmitting user
Uy (distant user) through NOMA technique.

A STAR-IRS consists 2L reflective and refractive elements

operating under mode switching (MS)'. Specifically, the
elements of STAR-IRS are assumed to be divided into two
groups: 1) the first group of refractive elements perform in
fully transmit mode, and 2) the remaining group performs
in fully reflective mode. Furthermore, we assume that over a
quasi-static Rayleigh fading channel both the BS and users
are equipped with a single antenna each for transmitting
and receiving signals. Here, we investigate both the non-
direct and direct links between the BS and U, , denoted
as wop = {0,1}. In particular, either wy = 0 or wy = 1
refers to a system without or the existence of a direct link
between the BS and U4,,. For the distant user, {/; only receives
signals transmitted from the STAR-IRS and ignores the direct
transmission path from the BS due to obstacles in the envi-
ronment. According to the principles of NOMA [12], the BS

broadcasts the superimposed signals zpg = Z va;Pgsz; ,

i € {n, f} with the BS transmit power and power allocation
factor defined as Ppgs and «;, respectively, to the users U;
though STAR-IRS. Noted that the order of the user priorities
is based on the channel gains, where U, with stronger
channel gain has higher priority compared to {/; with weaker
channel gain. Thus, the power allocation is inversed U, and
Uy as ay > oy and ap + o, = 1. Then, the received signal
at U, and Uy are expressed as

Yu,, = wohorps + hs1OrRgrTBS + Niny, (D

and

Yu; = hs1Orgrrps +ny, (2)

where n;, i € {n, f}, is the complex additive White Gaussian
Noise (AWGN) with a mean value of 0 and a variance equal
to No at U;, i.e., statistically denoted by n; ~ C'N (0, Ny)
and E{|xn|2} = ]E{|xf|2 = 1. Let denote the effective
cascade channel gains of the transmission links from the
BS to STAR-IRS, and STAR-IRS to U; can be written
as hs;Orgr and hg;Orgr, respectively, in which the
reflecting and transmitting coefficient matrices of defined as

Or = diag (\/Eej‘blr, J@ej¢5,...7 ,/Bzej‘bz) and O =

diag (\/ﬂfej‘plt,«/Béej“"t?,...,\/ﬁiej“"i) VB By €
[0,1] and ¢}, € [0,27) with £ = 1,2,...L are the

energy coefficient and phase shift of the ¢_th reflecting
and transmitting responses in STAR-IRS. Based on MS
protocol [11], the passive element of STAR-IRS operates in
complete reflection state (i.e., 3§ = 1 and S} = 0) while the
remaining element operates in complete transmission state
(ie., By = 0 and Bg = 1). Next, channel coefficient of
links from the BS to U,,, BS to the ¢_th of STAR-IRS and
from the ¢_th of STAR IRS to U; are denote by hy, hg 1=

[hSI7hSI"' h ] CLXl gr = [9R7gRa' agR} €
C™L and g7 = [gT,gT7 ...7gT]T € C'¥L| respectively.

Tn wireless networks, found on the fundamental signal model of STAR-
IRS, there are three main protocols of STAR-IRS as follows: Energy
Separation (ES), Mode Switching (MS), and Time Switching (TS). The MS
protocol is the easiest to implement compared to the remaining protocols
[11]. Now, we only consider the MS mode within STAR-IRS. Our next
endeavor will be to extend similar work to the ES and TS protocols
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Because the channel coefficients experiences small-scale
fading, the channel model as ho ~ CN (0,1/Agsu,),
hsp ~ CN(0,1/As1), gr ~ CN(0,1/Any,) and gp ~
CN (0, 1 / A1 f), respectively. The parameters are defined as
Asu, = dgy,» As1 = dgp, A, = dpy,» and Apy, = d?uf’
)\SZ/{" = dgun, /\51 = dgl’ /\Il/ln = d?un, and /\qu = d??/lf
with the distances of the links from the BS to I4,,, the BS to
STAR-IRS, STAR-IRS to U, and STAR-IRS to U/; and the
small-scale path loss factor of v, respectively. Furthermore,
perfect channel state information (CSI) is assumed for all
devices within the system?.

For U, the successive interference cancellation is per-
formed first, i.e., U, will detect the expected signal for U/,
2 ¢, while its own signal x,, considered noise. Therefore, the
SINR expressions of U, is presented as

o |woho + hsiOrgr|*yay
Y, = 5 ; 3)
lwoho + hs1©Rrgr| Yo + 1
and
Y = |woho + hs1©rgr| Ao, C))
where 7 = PJ\%S is the transmit SNR. Simultaneously, U,

decodes its message beforehand, and the signal z,, from U,
is considered as interference with the SINR as follows:

hsr©® 20045
Y, = |hs1Orgr| oy (5)

\hs1Orgr| any +1
III. PERFORMANCE ANALYSIS

A. Channel statistics

In this section, we first provided channel statistics for
STAR-RIS-aided links. Then, we also obtain the CDF of
SINR at the users U;, ¢ = {n, f}. Firstly, we also assume
that all channel coefficients between nodes in the system are
independent identically distributed (i.i.d.) Rayleigh Fading
channels. Let A = |hg1@rgr| and T = woho + A denote
random variables (RVs). We see that 7 follows the Gamma
distribution with the shape and scale parameters ¢ and (2,
ie., T ~TI (s, Q). Based on [13, Lemma 4], the parameters
are defined as

_(E[T)?
= W, (6)
and
Var [T]
Q= , 7
E[7] (N
where
B T w3 Lp" B 7r72
Var[T] = (1 - 4) Mo, Nsihin, (1 16) - ®

2For conventional IRS-assisted wireless networks, CSI can be obtained
through various efficient channel estimation methods as demonstrated in
[11]. In the case of the STAR-IRS system, these channel estimation
techniques can still be applied to the MS protocol. However, obtaining
simultaneous CSI for users across the ES and MS protocols poses an
intriguing subject for our future work

w ™ Lr\/B" 1
E[T] =~ 4 L SN
2\ Asu, 4 As1Aru,

Accordingly with [14, Remark 1], 72 is approximated as the
Generalized Gamma distribution (GG) with scale parameter
02, first shape parameter ¢/2, second shape parameter 1/2,
ie, 72 ~ GG (x,QQ,g/Q, 1/2). The CDF of 72 are given
by

7(@,(1/92)1/2)

I'(s)
F(c,(m/§22)1/2)
T'(s)
Next, let us define D = |hg;O7gr|. Noted that D? ~

' (n,u) [13, Lemma 1]. The CDF of D? is written as

Fpre =
72 (7) (10)

11
T'(n) T(n) ’ (v
where
B Lr2.\/pt

(T 12

16 — 72 [ pt
— . 13
" ( 47‘(’ > /\5]/\qu ( )

Next, according to [15, Eq.(4.1)], the CDF of 'y“ i =
{n, f}, is calculated as follows:

F"’Zil (z) =Pr (v <=z). (14)
By replacing (3) , (4) and (5) into (14) we obtain as
. _ |woho+hs1Orgr|*Fay
F’Yufl (.’E) = Pr <|w0h0+h51@RgR|2’70¢n+1 {E)
1, x> 2L (15)
- FTz (%) , T < ;Tf.
1, x> L
F o () = " 16
e (@) FTZ(W§>’x<§7f. (16)
and
1, x>k,
F ) = " 17
e () sz(ﬁ),x<§—f, (17)
where Z, = affa’ ~
B. BLER

We assumed that a given finite block-length (FBL) K
channel uses (> 100CUs), BLER Ej‘, j = {Un,Us}, and
Shannon capacity C' (;'), the maximum achievable channel
coding rate can be approximated as [16, Eq.(59)]:

R =C (7)) = V(i) /KQT (7))

(18)
19)

where x € {z,,z;} denotes one type of the intended

signal for Ui, C(vy) = logy (1+75), V(v") =
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- (Hilx),z (logye)? is the channel dispersion, Q@

’yv
the inversej function of Q-function [17]. Based on (19), the
average BLER can be caculated as

C (~*) = RYX
g;‘f —F L , (20)
V(') /K
(21)
where R; = % , & is the information bits to U;. By

utilizing the tight approximation of the Q-function [18], 5‘])»(
yields

Ui

& =0,VK / E,¥ (7) dv, (22)
\/

(23)

where ¥; = [2m(22Ri — 1)]171/2

W and \Il] L = 0] — W

As proven to have high precision in [19], we employ
the first-order Riemann approximation method,as the average
BLER at Z/le can be rewritten as

0,2 9Ri 1 Wy =0, +

gy ~ Fx (0). (24)

By replacing (15), (16) and (17) into (24), we obtain the
average BLER at U;* as

]-7 el/ln 2 %7
gz{: = r §,<#/Q2)1/2
1 (af aneun) 9 oy
17 oun Z §7f7
=Tn __
Gm | )
1 F(Q) » YUn < Qnp
and
1, elx{f > ;f )
Suy = r|nt T —
1 } (af_ansuf);f 9 ay
- () T o

Typically, the approximate expression for the average e2Ze
BLER of the STAR-IRS-NOMA network can be formulated
as follows:

=STAR—IRS _ q

ENoMA -1 —&u,) (1—c&y,),

where &, = 51/{ (1 - Eu ) -

Next, the system throughput 0; is understood as the
practical payload of data transmitted across a network within
a temporal unit, gauged in n bits per transmission time unit

(28)

O AN
wg\w,o O
A\\./A\\ ./A\\ 2

g
Sl e

Input layer Multiple hidden layer Output layer

Fig. 2. Architecture of the DNN model.

(BPCU) [20], [21]. In the IBL, the throughput of user j can
be calculated as follows:

(53‘ :(l—gj)RJ‘. 29)
Finally, the system latency is defined as the duration encom-
passing the transmission and decoding of requisite data from
source to destination, quantified by the number of channel

usages, as presented by [21]

K
1—¢;

= (30)

IV. DEEP-LEARNING APPLICATION

A typical DNN model includes of an input layer, (Z — 1)
hidden layers, and an output layer, as represented in
Fig. 2. The related variables comprise of the BLER of
Ui, i = {n, f}, with £; € [1078,1073], the blocklength
with K € [500,2000], A number of bits information with
& € [128,512], are practiced as input variables of DNN.
The output of DNN corresponds to the system latency
and throughput for Uf;, which is generated based on (29)
and (30), respectively. Each hidden layer contains Q(*—1)
neurons with z = 1,...,Z, and uses Sigmoid activation
function to return the predicted output for every input
parameter. Next, the DNN framework is divided equally
two phases which first is the training phase, and second
is the prediction phase. In the training phase, the dataset
is utilized for training and processed through an offline
procedure, in which the Levenberg-Marquardt optimization
algorithm is employed to optimize model parameters based
on the dataset [22].

Furthermore, the input variables such as £;, information
bits &; , and BL K at U;, and the output variables such as
throughput ; and delay 7; , are generated for the training
dataset M. Generally, in the achieved dataset M, each
pattern k is paired as a row vector with [Ijg, O], k =
L,..., M, where I} = [éj,IC,fi]T and Oy = [75,0; ]T As
a result, M is generated with 5.108 samples, in which 70%
is used for the training set M,.4;, and and the remainder is
utilized for the test set for checking Mg, respectively.

V. SIMULATION RESULTS

Firstly, we establish the parameters for the simulation used
consistently throughout this article unless stated otherwise as
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wy=1,0 Y vl
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Fig. 3. The comparison BLER of STAR-IRS-NOMA with IRS-NOMA
verius 4.

v =2, Ng =1, & = 256 bits, {; = 200 bits, o, = 0.3 and
Qf = 0.7, KK =512 CUS, dS] = d[uf =10 m, dsz,[” =8m
and dry, = 6 m [23], and Monte Carlo simulation iterations
of 10°, respectively. For setting DNN simulation, we use the
training parameters as learning rate of 1073, a number of
hidden layers of 5 layers, a number of neuron in the hidden
layers of 100 neurons, epoch of 1000 epochs for training
phase. The experiments are carried out in a PC with 12th Gen
Intel(R) 1255U-core, 16384MB RAM, Iris(R) Xe Graphics,
NVIDIA GeForce MX570 and Matlab 2022.

First, Fig. 3 compares the e2e BLER versus 7 of the SPC
in the STAR-IRS-NOMA network with other SPC scenarios
such as IRS-NOMA. As observed in Fig. 3, it is evident that
the performance of the STAR-IRS-NOMA system outper-
forms the conventional IRS-NOMA system at medium and
high 7 values. Noted that in the IRS-NOMA system, the far
user is supported by IRS, and the simulation parameters are
similar to the STAR-IRS system. Regarding to STAR-IRS
in both cases w = {0,1}, corresponds to the situation in
which there is an absence of, or the presence of a direct
link from the source to U,,, we find that the performance of
STAR-IRS-NOMA in case w = 1 consistently demonstrates
enhancement over case w = 0 with ¥ > 10 dB.

Next, Fig. 4 compares the latency and throughput between
Uy, and Uy when 7 varies from 10dB to 20dB.

As demonstrated, when the values of K and 7 increase, the
BLER significantly decreases. Since latency and throughput
are directly influenced by BLER, the impact of K on these
performance metrics is similar to that of BLER. As observed
in Fig. 4, we can affirm that the latency and throughput of
U, and Uy improve as 7 increases. Specifically, in Fig. 4a,
because the BLER of U/; is lower than the BLER of U, Uy
has lower latency than U,, at K = 500 CUs and 4 = 10 dB.
When /X ranges from 500 to 600 CUs, the BLER for both
Uy and U,, decrease rapidly (BLER < 107°), leading to a
corresponding reduction in latency.

Especially, at ¥ = 20 dB and for a large range of I (I >
800 CUs), latency increases almost linearly with C. This

(a)

n —— Analysis - Uy
— . Analysis - U,
B 7 =10,20 dB O Sumlation- | &
= ¢ Simulation - ¢,
- % DNN
5
3
=
=
0 ; y
500 1000 1500 2000
Blocklength K (CUs)
b
06 (b)
==~ Analysis - U,
¢ 7 = 20,10 dB Azdﬂ:: - M/
- R
< O Simulation - 4 | |
5 0.48. & Simulation - U,
H - |
l:: 0.2 T @
¢ ;
0 ' y
500 1000 1500 2000

Blocklength K (CUs)

Fig. 4. The comparision of the latency and throughput of STAR-IRS-NOMA
for U; versus KC, where ay,; = 0.655, 5 = 10dB and ¥ = 20 dB,
respectively.

can be understood as the BLER at U{; with i = {n, f} being
very low (considered BLER < 10~%), which is consistent
with (30).

By observing Fig. 4b, the throughput of I/; is consistently
lower than that of U/, for all values of 7. When 7 increases,
the BLER at U/; becomes very low (BLER < 10~%). There-
fore, throughput depends on the amount of information bits
to be transmitted to If; and the value of . However, in this
case, we consider that the amount of information bits trans-
mitted to Uy is lower than the amount of information bits
transmitted to U,,. This is entirely consistent with the theoret-
ical result in (29). Furthermore, Fig. 4 demonstrates that the
predicted results of latency and throughput at perfectly match
the theoretical and simulation results. This indicates the
effectiveness of the predicted results from the DNN model.
Moreover, compared to theoretical and simulation analysis,
the real-time execution time of the DNN-based method is
very short (e.g., 0.059589 (s) at Uy and 0.011744 (s) at
U,, while 49.768579 (s) and 0.128211 (s) for simulation
and analysis at U;; 50.585247 (s) and 0.167550 (s) for
simulation and analysis at U,,, respectively ). Therefore,
for next-generation network systems like 5G and future
generations, which require high reliability and short system
execution time, the DNN-based prediction method is an
efficient approach.

VI. CONCLUSIONS

In this article, we investigate SPCs in a NOMA network
supported by STAR-IRS, which is suitable for network
systems with limited transmit power and narrow frequency
bands to meet URLLCs requirements. First, the approximate
expressions for BLER, the latency and throughput of users
are also derived. Furthermore, we establish the dominance
of the STAR-IRS-NOMA system over conventional IRS-
NOMA systems with the same power allocation. Finally,
we propose a DNN for jointly estimating the latency and
throughput of the STAR-IRS-NOMA system, aiming to
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fulfill the extremely short real-time execution requirements
of future-generation network systems.
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Abstract—Optimizing power is crucial for modern
intelligent communication systems. This paper explores
power allocation in short-packet networks using Non-
Orthogonal Multiple Access (NOMA) and Simultaneously
Transmitting and Reflecting Reconfigurable Intelligent
Surface (STAR-RIS) technology. STAR-RIS enhances
coverage, saves energy, and improves signal transmission
to users on both sides of the source. We propose
using Deep Reinforcement Learning (DRL) with the
Proximal Policy Optimization (PPO) algorithm to optimize
transmission power and power allocation coefficients.
PPO directly optimizes the agent’s policy, using channel
state information as input and producing transmission
power values and power allocation coefficients as output.
Numerical results show that DRL reduces computational
complexity and requires minimal training data and time.

Index Terms—Simultaneous transmitting and reflecting
reconfigurable intelligent surface, non-orthogonal multiple
access, short-packet, deep reinforcement learning

I. INTRODUCTION

The rapid advancement of the Internet of Things
(IoT) and massive machine-type communications
(mMTC) has significantly increased the demand
for higher data rates, enhanced reliability, lower la-
tency, and efficient bandwidth utilization in beyond
Fifth Generation (B5G) and Sixth Generation (6G)
networks [1]. Short Packet Communications (SPC)
have emerged as a crucial method to support these
new network systems [2]. Recently, integrating SPC
with technologies such as Non-Orthogonal Multi-
ple Access (NOMA), Simultaneously Transmitting
And Reflecting Reconfigurable Intelligent Surfaces
(STAR-RIS) with NOMA, and Deep Reinforce-
ment Learning (DRL) has become a promising
research direction for intelligent applications in

future wireless networks. The pioneering work in
[3] examined downlink SPC-NOMA networks with
randomly distributed users in Nakagami-m fading
channels, evaluating performance using average
BLER. Building on this, [4] investigated downlink
NOMA networks with a multi-antenna source
serving two single-antenna users (one near, one
far) aided by RIS, achieving lower BLER for the
far user and employing Deep Neural Networks
(DNN) for power allocation prediction.

Despite RIS’s performance and cost advantages,
its 180° coverage is inadequate for new network
systems. STAR-RIS technology extends coverage to
360° by reflecting and refracting signals. Studies [5]
and [6] show that STAR-RIS-NOMA networks sur-
pass traditional RIS-NOMA in BLER, latency, and
throughput. Deep learning (DL) is in its early stages
for 5G but is expected to significantly enhance 6G
communications by improving multi-connectivity,
data rates, and latency. Challenges persist in meet-
ing reliability and real-time data requirements for
industrial automation. Despite advancements like
DNN-based power optimization in RIS-NOMA
systems [4], [5], traditional numerical methods
struggle with non-convex functions, computational
complexity, and the need for extensive training
datasets.

In this context, DRL is proposed for dynamic
wireless communication optimization. DRL effec-
tively addresses blocklength allocation and power
control in URLLC systems and subcarrier power
control in IoT networks [7], [8]. Our paper designs
a STAR-RIS-NOMA-SPC system using DRL to
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optimize power allocation, addressing gaps in
previous research. The main contributions of this
paper are summarized as follows:

« Firstly, we develop a downlink SPC-NOMA
system using STAR-RIS to achieve compre-
hensive coverage for all users within the spatial
domain surrounding the source. We establish
user data transmission rates and introduce
an optimization problem for source and user
power allocation, aiming to maximize data
rates within power constraints.

o Then, we propose an innovative DRL-based
solution for optimal power allocation in the
STAR-RIS-NOMA-SPC system. In this frame-
work, the source acts as an agent, interacting
with the environment and making optimal
power decisions to maximize transmission
rates at each iteration.

o Lastly, we demonstrate the DRL method’s
effectiveness in mitigating computational com-
plexity, addressing non-convex challenges, re-
ducing simulation time, and eliminating the
need for extensive training datasets. These ad-
vantages are validated by MATLAB simulation
results, resolving the optimal power allocation
problem for STAR-RIS-NOMA-SPC systems.

The paper is structured as follows: Section II
introduces the system model and problem formula-
tion. Section III covers the DRL model and PPO
algorithm. Section IV presents simulation results,
and Section V concludes the paper.

For clarity, the following notations are used:
CM*N denotes the space of M x N complex-
valued vectors, CN (u, 0?) represents the circularly
symmetric Gaussian distribution with mean p and
variance o2, diag(.) indicates a diagonal matrix,
[]" signifies the transpose operation, and E[] is
the expectation operator.

II. SYSTEM MODEL
A. Channel model

We investigate a STAR-RIS-assisted NOMA
downlink network for SPC, similar to the system
model in [5]. In this network, a base station (BS)
uses NOMA to transmit combined signals to two
users: a reflecting user (Ur) and a transmitting
user (Ur). The STAR-RIS, featuring 2L reflective
and refractive elements, operates under the simpler
mode switching (MS) protocol [9]. Both the BS

and users have single antennas, transmitting and
receiving signals through a quasi-static Rayleigh
fading channel'. The reflecting user Uy, on the
same side as the BS, receives both reflected and di-
rect signals, while the transmitting user U/ receives
signals only from the STAR-RIS, with direct signals
blocked by obstacles. Let the channel coefficients
for the links from the BS to U, BS to STAR-RIS,
and from STAR-RIS to U; (i = {R,T}) be ho,
hgr € CI*Y, gp € CY*F, and gr € CY*F, respec-
tively. The channel coefficients, experiencing small-
scale fading, are modeled as hy ~ CN (0, dg&R),
hST ~ CN (0, dg%), gr o~ CN (0, dg;Z/IR) and
gr ~ CN (0, dg;L{T) HCI‘C, dguR, dST , and dSTL{i
represent to the distances from the BS to Uy, BS
to STAR-RIS, STAR-RIS to U;, respectively, with
v being the small-scale path loss factor. Define
the diagonal phase-shift matrices of STAR-RIS as
Or = diag (\/ﬁ—{ej‘ﬁ{, \/6—56j¢5, e \/B_Zej(ﬁz) and
Or = diag (Bl /B, . \[Bleih ),
corresponding to gr and gr. Here, f3), 5} € [0,1]
and ¢}, ¢!, € [0, 2m) are the energy coefficients and
phase shifts for the ¢_th reflecting and transmitting
responses in STAR-RIS, where ¢ = 1,2,...L. The
system operates in full reflection mode when 3; = 1
and S} = 0, and in full transmission mode when
By =1 and 3] = 0. Additionally, perfect channel
state information (CSI) is assumed to be available
at the BS, with perfect feedback from STAR-RIS?.
According to NOMA principles, the BS broadcasts
the superimposed signals zpg = Z?:l Vo, Px;,
where i € {R,T}, with transmit power P, the
signal intended x;, and power allocation factor
a; to the users via STAR-RIS. User priority is
based on channel gains, with user Uy having a
stronger channel gain and higher priority than user
Ur. Consequently, power allocation is inversely
proportional, such that ar > ar and ar +ar = 1.
The received signals at Ui and Uy are expressed
as

Yup = (ho + hsrORrgr)

x (x/aRPxR + \/ozTPxT> fnp (D)

!Quasi-static fading channels are characterized by fading coeffi-
cients that remain constant within each transmission block but change
independently between blocks, representing a practical worst-case
scenario.

2Owing to space constraints, perfect CSI is considered suitable.
Future work will explore imperfect channel conditions.
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and

Yur = (hST@TgT)
x (\/aRPxR + \/ozTPxT) )

where n; ~ CN(0,0?) and E[z?] = 1.

The channel coefficients from the BS to the
(_th reflecting element of STAR-RIS, and from
this element to Ui and Uy are denoted as hgr =
[h}gT,h%T,...,héT]T, 9r = |9k 9%, 9k and
gr = |95, 93, ., gﬂT, respectively. Successive
interference cancellation is first performed at Up.
Specifically, Ur detects the signal zp intended
for U while treating its own signal xp as noise.
Consequently, the Signal-to-Interference-plus-Noise
Ratio (SINR) expressions of Uy are as follows:

\ho + hsr®rgr|*Far

U = o )
|ho + hsTORrgr| Var + 1
and
WE = |ho + hsrOrgr|*Tar, 4)

where ¥ = U—P2 is the transmit signal-to-noise ratio
(SNR). Simultaneously, U/ decodes its information
first, treating the signal xp for Uy as interference,
with SINR given by

o = |hsTOrgr|*ary
Up = —.
" |hsrOrgr)tary +1

®)

B. Problem formulation

To evaluate system performance, we consider the
achievable data rate. In SPC systems, block length
must remain small (/C > 100 CUs) due to latency
requirements or the nature of IoT applications.
Consequently, for a given BLER and block length,
the achievable rate is calculated as follows [10,
Eq.(59)]:

R; = log, (1+ %‘)

1 2 —1 (=
_ (1 _ m) (log.e)”/KQ™" (&),
(6)

where j = {Ugr,Ur}, Q' is the inverse function
of Q-function [11].
The primary objective of our proposed system

is to meet the stringent requirements of URLLCs.

This involves determining the optimal transmission

power allocation for the system’s source and the
appropriate power allocation for users within the
system to maximize the achieved decoding rate.
Thus, the optimization problem can be formulated
as follows:

{Iggﬁ R; (P, ), (7
s.t. 0< P < P, (8)
0<aq <1, )

where P, is the maximum transmission power,
P=arP +arP >0,and 0 < ap < 1 — ap.
Upon examining (7), we find that the decoding
rate is a complex function of the average SNR,
which depends on the power allocation to both
the source BS and network users. This renders
the power allocation coefficients unknown. Conse-
quently, solving the optimization problem in (7)
with partial derivatives, while ensuring the con-
vexity of the objective function and satisfying the
conditions in (8) and (9), is challenging. Therefore,
we propose employing a DRL approach to address
this optimization problem.

I1I. DEEP REINFORCEMENT LEARNING
APPLICATIONS

A. DRL Framework

State s(r)

Agent

Action a(l) /
State

Reward 7

0 ‘

Fig. 1.
networks.

DRL framework for the proposed STAR-RIS-NOMA

DRL combines DNN with Reinforcement Learn-
ing (RL) to handle high-dimensional data efficiently
and accelerate convergence [12]. It aims to develop
a policy for navigating an environment to maximize
future rewards. This challenge is formulated as
an incompletely known Markov Decision Process
(MDP) defined by the tuple {S, A, o, r, P},
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where S is the state space, A is the action set,
d € (0,1) is the discount factor, and r and P
represent the reward and transition probability,
respectively [13]. We will use this MDP framework
to design the agent, action, and reward components
for our DRL approach, depicted in Fig. 1.

o Agent: In our research, the base station (BS)
acts as the agent. At each time step ¢, the BS
observes the state 5 ) from the environment,
selects an action a'*) based on the current state,
and receives a corresponding reward ()

« State space S: A set of characteristic observa—
tions of the environment. The state s) € S
represents the observation at time step ¢. In the
system model, s/ encompasses channel state
information, the transmission power allocated
to the base station, and power allocation
coefficients for the users. For example, in the
case of Ur, the state s is defined as follows:

50 = {18, o, PO, o).

« Action space A: A set of options. The agent
executes an action a® at time ¢ for Uy, defined

as
o = {P,af}. (11)

Within the system, P € [0, Pyay] and ar €
[0, 1] are continuous variables. When the agent
takes action a?), the environment transitions
from state s*) to the next state s**1), resulting
in the agent receiving a reward 7).

o Reward r: Return outcome. The objective of
the learning model is to maximize the long-
term reward. The reward () evaluates the
agent’s performance in executing action a®
while observing state s®) at time ¢. The reward
function in this system is defined as

(¢
rO (50 ) = { Ri
(12)

o Transition probability 7P: The probability of
transitioning from the current state s to the
subsequent state s(+1).

Observation (12) shows that the agent incurs a
penalty when constraints (8) and (9) are not sat-
isfied. Therefore, the agent can choose actions to
optimize rate performance.

(10)

otherwise.

) if satisfy (8),(9),

B. Proposed Proximal Policy Optimization Algo-
rithm

Proximal Policy Optimization (PPO), a policy
gradient method, is renowned for its simplicity and
minimal hyperparameter tuning, particularly suited
for applications in wireless networks [14]. PPO
adopts an actor-critic architecture, where the actor
learns the policy by mapping states to actions, while
the critic evaluates these actions by assessing the
associated rewards. The PPO algorithm optimizes
the policy by utilizing a surrogate objective function
with clipping to constrain updates and prevent
overly drastic policy changes. The objective is
defined as follows:

T
Lo, = Emak Z min (r(t)(Q)Agfg,
t=0
clip (r(6),1—2,1+¢) AY)] ,
(13)

where 7(®)(6) represents the probability ratio
between the new policy mg, and the old policy
Ty, ensuring stable learning by bounding updates
with a hyperparameter €. The advantage function
A evaluates how beneficial an action is compared
to the expected value, and is calculated as
QY (s

A(t) (s, a ) ,aV) —

Vs, a4
where V;' ( (*)) is the state-value function, and
Q(t (s®,a®) is the action-value function estimated
from samples. To mitigate abrupt policy shifts,
the clipping term ensures that updates remain
within a controlled range defined by 1 — ¢ and
1 + €, maintaining consistency and convergence
throughout training.

The PPO algorithm used to address the optimiza-
tion problem in our system is detailed in Algorithm
1. Before each episode, the environment is reset, and
essential policy parameters—including the learning
rate, discount factor, clipping range, and entropy
coefficient—are reinitialized (see step 3). The agent
records experience tuples (s, a®), r(® (D) in
replay memory to leverage past interactions for
learning (step 6). A mini-batch is then randomly
sampled from this memory for training, optimizing
computational efficiency by eliminating the need to
process the entire dataset (step 7). The advantage
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estimate (step 10) refines the policy by differentiat-
ing effective actions from ineffective ones, ensuring
stable updates.

Algorithm 1: PPO-Based Power Allocation for
STAR-RIS-NOMA System

1: Initialize hyperparameters:
learning rate, sample time, batch size,
maximum episodes (Nepi), update step
(N step);

2:  for Episode = 1 to N do

3: Initialize the environment and reset pol-
icy parameters;

4: for Iteration = 1 to Ny, do

5: Input s®, take a®), receive r® in
(12), and observe next state s(‘t1).

6: Store s®, a®, r® and s**tY in
replay memory;

7 Sample mini-batches from memory;

8: Run policy 7y;

9: Calculate advantage estimate from
(14);

10: Optimize the surrogate objective
function Ly, in (13);

11: end for

12: end for

13: Obtain P and «;.

IV. SIMULATION

This section illustrates PPO algorithm’s effec-
tiveness in optimizing power and allocation coef-
ficients within the STAR-RIS-NOMA network’s
SPC system. Key parameters include P, = 30
dB, v = 2, 02 = 1, K = 512 CUs, BLER of
U; (j € {Ur,Ur}) at 107°, L = 16, and distances
dsz,{R = dS’TL{T =10 m, dST =8 m, and dS’TZ/{R =6
m [5]. Training parameters include a learning rate
of 0.0001, max episode length of 200, discount
factor of 0.9, time-step of 200, batch size of 64,
and experience buffer length of 10%. The neural
networks employ 256 neurons in hidden layers,
use ReLU activation, and are optimized with the
ADAM algorithm. Simulations were conducted on
a system featuring a 12th gen Intel® Core™ i7-
12255U processor, 32GB RAM, two Intel® Iris®
Xe Graphics cards, an NVIDIA GeForce MX570,
and MATLAB 2024.

Fig. 2 compares the average reward performance
of the PPO algorithm with the Deep Deterministic

Comparison of DDPG, TD3, and PPO in terms of Average Rewards
Reward: 123.169

Reward: 146.976

Reward: 119.367
150

o
S

Average Reward
3

DDPG
- % .TD3
—e—PPO

-50

100 120 140 160 180 200
Episode

0 20 40 60 80

Fig. 2. The convergence and average rewards obtained over iterations
for the three algorithms: PPO, DDPG, and TD3.

(a) Average Reward Comparison with different Batch Sizes
T T

0 -

BatchSize 1

BS =128

Average Reward
g

.
BatchSize 2
Train Results
(b) Average Reward Comparison with different Learning Rates
T T T T

BatchSize 3

102

Average Reward
3

.
1 2 3 4 5
Train Results
(c) Average Reward Comparison with different Discounts
T T T

0.7

Average Reward
g

.
1 2 3 4
Train Results

Fig. 3. Achievable average reward versus various batch sizes,
learning rates, and discount factor levels of the PPO algorithm.

Policy Gradient (DDPG) and Twin Delayed Deep
Deterministic Policy Gradient (TD3) algorithms.
DDPG uses an Actor-Critic method, while PPO
employs Policy Gradient for direct updates. TD3,
an improved DDPG, mitigates fluctuation and
slow convergence issues. Fig. 2 shows that PPO
outperforms DDPG and TD3, achieving an average
reward of 146.976 bps/CUs after 105 episodes with
a training time of about 162 seconds. Although
TD3 converges faster than both PPO and DDPG,
its average reward is lower, and its training time is
longer (over 737.6 seconds), but still shorter than
DDPG’s (2133.8 seconds). Next, Fig. 3 illustrates
the impact of batch size B, learning rate LR, and
discount factor 6 on the average rewards of the
proposed PPO algorithm. Batch size B represents
the number of samples processed before updating
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the model’s parameters. Fig. 3a shows that the
algorithm performs best at B = 256 compared
to B = 64 and B = 128. Larger batch sizes
provide smoother gradient estimates and more
stable updates, while smaller batch sizes result in
noisier gradients and higher variance. Therefore,
B = 256 is the optimal batch size. Next, the
learning rate is a critical parameter controlling the
step size at each iteration, as shown in Fig. 3b. The
results demonstrate greater efficiency at LR = 1072
and LR = 102 compared to lower rates such
as LR = 107 and LR = 107° due to faster
convergence. A very low learning rate can cause
the algorithm to become trapped in local minima
and extend the training duration. For instance, at
LR = 1073, the training time is 35.04 seconds,
whereas at LR = 1075, the time increases sig-
nificantly. Therefore, we select LR = 1073 for
future training. The discount factor ¢ (0 € [0, 1])
determines the importance of future rewards, as
shown in Fig. 3c. Higher values (6 = 0.85 and
0 = 0.9) result in higher average rewards by
considering long-term benefits compared to 6 = 0.7,
which prioritizes short-term rewards. Finally, for
optimal training parameters of our system model,
we use a batch size of 256, a learning rate of 0.0001,
a discount factor of 0.9, and BLER = 107°. The
trained agent derives optimal actions corresponding
to power values allocated to the system and power
allocation factors for U;. The optimal power value
allocated is P = 25.4 dB, with allocation factors
ar = 0.8753 for Uy and ar = 0.1247 for Ux.

V. CONCLUSIONS

This paper investigates resource and power
allocation strategies to enhance rate performance
in STAR-RIS-NOMA short-packet networks under
power constraints. We reformulate the optimization
problem within a DRL framework, using the source
as an agent and leveraging a PPO algorithm for
power prediction and allocation. Simulation results
demonstrate that our approach surpasses other
RL methods in terms of sum-rate performance
and convergence time. Future work will explore
intelligent systems incorporating multiple antennas
and mobile users.
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