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Abstract—Recently, ultra-reliable and low-latency communica-
tions (URLLC) using short-packets has been proposed to fulfill
the stringent requirements regarding reliability and latency of
emerging applications in 5G and beyond networks. In addition,
multiple-input multiple-output non-orthogonal multiple access
(MIMO NOMA) is a potential candidate to improve the spectral
efficiency, reliability, latency, and connectivity of wireless systems.
In this paper, we investigate short-packet communications (SPC)
in a multiuser downlink MIMO NOMA system over Nakagami-
m fading, and propose two antenna-user selection methods
considering two clusters of users having different priority levels.
In contrast to the widely-used long data-packet assumption,
the SPC analysis requires the redesign of the communication
protocols and novel performance metrics. Given this context, we
analyze the SPC performance of MIMO NOMA systems using
the average block error rate (BLER) and minimum blocklength,
instead of the conventional metrics such as ergodic capacity and
outage capacity. More specifically, to characterize the system
performance regarding SPC, asymptotic (in the high signal-to-
noise ratio regime) and approximate closed-form expressions of
the average BLER at the users are derived. Based on the asymp-
totic behavior of the average BLER, an analysis of the diversity
order, minimum blocklength, and optimal power allocation is
carried out. The achieved results show that MIMO NOMA can
serve multiple users simultaneously using a smaller blocklength
compared with MIMO OMA, thus demonstrating the benefits of
MIMO NOMA for SPC in minimizing the transmission latency.
Furthermore, our results indicate that the proposed methods not
only improve the BLER performance, but also guarantee full
diversity gains for the respective users.

Index Terms—Block error rate, MIMO, minimum blocklength,
non-orthogonal multiple access, short-packet communications.

I. INTRODUCTION

Ultra-reliable and low-latency communications (URLLC)
has recently been considered as a promising technology for
the Sth generation (5G) and beyond wireless networks to
support novel applications with unprecedented requirements
of reliability and latency [1-3]. Furthermore, it is a potential
solution for mission-critical Internet of Things (IoT) appli-
cations such as industrial automation, remote surgery, and
vehicle-to-everything (V2X) communications, which require
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high reliability and low latency [4,5]. URLLC systems should
be designed to meet the requirements of high reliability
(99.999%) and low latency (1 ms) [6]. To achieve such strin-
gent requirements, a new transmission approach, i.e., short-
packet communications (SPC), could be a promising solution.
This is different from the traditional analytic methods designed
to target Shannon’s channel capacity using long data-packets,
which are no longer suitable for low latency systems [6].
To characterize the performance of SPC, new performance
metrics including block error rate (BLER) and overhead ratio
(i.e., ratio of pilots to the information payload), have been
introduced in the literature [7-9].

Besides, non-orthogonal multiple access (NOMA) has re-
cently emerged as a promising technology to improve the
spectral efficiency and user fairness for wireless networks
[10, 11]. In contrast to the orthogonal multiple access (OMA)
which utilizes orthogonal resources (e.g., time and frequency)
to support multiple users, this technique can serve them at
the same time/frequency/code by using the power domain and
effective interference management methods, such as successive
interference cancellation (SIC) [10]. Therefore, NOMA can
more effectively support massive connectivity and further
improve the reliability and latency for wireless systems [12,
13]. With its potential advantages, NOMA standardization has
been recently studied in the 3rd Generation Partnership Project
(3GPP) frameworks [14—-16] including the 3GPP Release 16
[16]. Also, the latest trend is to employ NOMA in the uplink
due to the emergence of IoT and machine-type communica-
tion systems [3,16,17]. Thus, NOMA and its variations are
expected to be employed in various 5G and beyond application
scenarios [13, 18, 19].

In addition, the combination of NOMA and multiple-input
multiple-output (MIMO) systems (so-called MIMO NOMA),
which can significantly enhance the spectral efficiency and
performance of NOMA systems, has also been investigated in
recent years [20,21]. The ergodic capacity analysis of MIMO
NOMA systems has been considered in [22], where the authors
have proved the superiority of MIMO NOMA over MIMO
OMA in terms of capacity. To exploit the spatial degrees of
freedom, some MIMO NOMA schemes have been proposed
in the literature [23,24]. Specifically, the authors in [23]
have considered a multi-beam MIMO NOMA scenario, where
multiple analog beams are formed for downlink transmission
of a NOMA user group by exploiting the channel sparsity
and a large scale antenna array. Meanwhile, the work in [24]
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has investigated a space-time coded MIMO NOMA system,
where two users’ signals are mapped into n-dimensional
constellations corresponding to the same algebraic lattices
from a number field. Although the system performance can
be significantly improved with the increase in the utilized
number of antennas in MIMO systems, this requires large
power consumption and high complexity of signal processing
[25]. To mitigate these issues while ensuring the diversity
and capacity benefits from MIMO, transmit antenna selection
(TAS) scheme has been proposed as a promising solution to
improve the performance gain of MIMO NOMA systems [25—
27]. It is noteworthy that the above works on MIMO NOMA
have been conducted under the assumption of long data-packet
transmissions, which is no longer applicable for emerging
URLLC applications with short data-packets in 5G and beyond
networks [3, 6, 28].

To overcome this challenge, in this paper, we propose
to utilize SPC for MIMO NOMA systems to improve the
reliability and latency as well as enhance the spectral efficiency
and connectivity for wireless systems. As stated earlier, the
large power consumption and high computational complex-
ity of MIMO systems are putting a crucial challenge in
designing effective communication protocols for SPC-based
MIMO NOMA systems. Therefore, we consider a scenario,
where TAS is used at the transmitter, and selection combining
(SC) and maximal ratio combining (MRC) are utilized at the
users with the purpose of improving the performance and
reducing the complexity for MIMO NOMA systems with
SPC. Herein, suitable performance metrics for SPC including
average BLER and minimum blocklength, are utilized instead
of the conventional ones such as ergodic capacity and outage
capacity.

A. Related Works

Recently, there have been a few works on SPC in NOMA
systems, which is considered as a promising solution to
enhance the reliability, latency, and connectivity for wireless
networks [29-36]. In particular, in [29], a two-user NOMA
system with short-packets over Rayleigh fading channels was
considered, in which the average BLER at users is derived to
evaluate the system performance. In [30], the BLER perfor-
mance of a NOMA system was addressed, where stochastic
geometry and Nakagami-m fading channels are considered. In
[31], X. Lai et al. analyzed the performance of a cooperative
NOMA SPC system over Rayleigh fading channels. Fur-
thermore, the transmission energy minimization problem and
packet scheduling for two-user downlink NOMA systems with
strictly heterogeneous latency constraints were investigated in
[32,33]. However, the works [29-33] only considered single-
input single-output (SISO) systems.

To exploit the benefits of multiple antennas in improving
the reliability and reducing the latency for SPC in NOMA
systems, the work in [34] investigated a multiple-input single-
output (MISO) scheme to evaluate the outage performance
of a URLLC NOMA system with wireless power transfer.
In [35], MIMO NOMA for URLLC systems was considered
to enhance the reliability and latency performance of the

system. In this regard, a closed-form upper bound for the delay
target violation probability was derived in [35] to identify
the sufficient and necessary condition for the optimal transmit
power. However, the analysis of average BLER and minimum
blocklength was not considered in [35]. The works in both
[34] and [35] investigated a scenario where an /NV-antenna base
station (BS) provides services to N pairs of NOMA users, in
which each pair of users is served by a distinct single transmit
antenna. In contrast to this scenario, in [36], the combination
of transmit antennas to serve a pair of users was examined
in order to enhance the BLER performance of short-packet
NOMA systems by utilizing the maximum ratio transmission
(MRT), in which only the MISO scenario was considered.

Although MRT can significantly improve the system perfor-
mance by combining all transmit antennas for transmission, it
leads to high complexity of the signal processing and feedback
overhead [37]. Against this context, TAS has been proposed
as a low-complexity and power-efficient solution for multi-
antenna transmitters to enhance the performance of NOMA
systems by selecting a best transmit antenna for transmission
that maximizes the signal-to-noise ratio (SNR) at the receiver
side [25-27]. Nevertheless, the short-packet transmission in
MIMO NOMA systems considering the TAS solution, average
BLER, and minimum blocklength has not yet been analyzed.
Furthermore, it is noted that most of these existing studies
[29-31,34-36] only investigated Rayleigh fading channels.
Research on SPC for MIMO NOMA systems applying TAS
for the transmitter, selection combining (SC) and maximal
ratio combining (MRC) for the receiver, over a generic fading
channel, i.e., Nakagami-m, to improve the system performance
more effectively and bring more general insights of the system
behavior has not yet been conducted, and thus is the focus of
this paper.

B. Contributions

In contrast to the existing related works, in this paper, we
propose a new framework to analyze the system performance
of utilizing SPC in a NOMA network, in which MIMO and
Nakagami-m distribution are considered. Most existing works
on NOMA are conducted under the assumption that NOMA is
carried out based on the difference in users’ channel conditions
[10-12,19-22,26,27,29-36]. More precisely, in a two-user
downlink NOMA system, a BS transmits information to the
users by superimposing users’ messages with different transmit
power levels [10]. The user having worse channel quality
is allocated with the higher power level compared with the
user having a better channel condition. However, in practice,
users may have similar channel conditions but require different
quality of service (QoS) as discussed in [38—40]. For example,
some users may need to be served faster with low targeted
data-rate, i.e, incident alerts, while some users can be served
with the best effort, i.e., downloading of multimedia files [39].
In such a heterogeneous scenario, NOMA scheme becomes
advantageous as compared to the conventional OMA as it can
concurrently serve users having different QoS priorities with
the same resources (time/frequency/code).

Given this context, we examine a scenario, in which a
BS communicates with two user clusters having different



priority levels over Nakagami-m fading channels, where the
BS and all users are equipped with multiple antennas. Note
that Nakagami-m with parameter m is described as a general
distribution that can include the well-known Rayleigh distri-
bution and approximate the Rician one with the parameter
K, where m = (K +1)*/(2K +1) [41]. In contrast to
[30], which considers Nakagami-m fading channels for the
BLER derivation in SISO case, our analysis derives the BLER
expression for a more general scenario, i.e., MIMO. Herein,
different MIMO schemes are investigated to reduce the com-
plexity of signal processing and exploit the benefits of multiple
antennas in improving the system performance. Particularly, at
the BS, TAS is utilized to select the best transmit antenna for
transmission that maximizes the post-processed SNR at the
receiver [37]. Besides, at the user-side, two different diversity
techniques are investigated: 1) SC, which selects the best
received signal branch for further processing; and 2) MRC,
which combines all the received signal branches from receive
antennas to maximize the output SNR.

In addition, as discussed in [23,24,26,27], assigning all
users in a system for the implementation of NOMA is difficult
due to the strong co-channel interference, leading to large
complexity and high decoding delay. To overcome this issue,
hybrid NOMA has recently been considered as a promising
solution for 5G and beyond networks [42, 43]. Particularly, in
this solution, all users in a network are divided into multiple
small groups. Herein, the users in each group are served
by NOMA, whereas the different groups are assigned to
different orthogonal resource blocks (e.g., time or frequency).
Therefore, in this paper, we consider a scenario, where users
are paired' to perform NOMA with the purpose of decreasing
the strong co-channel interference in NOMA systems [44—46].
This is a common assumption widely adopted in the NOMA
literature to reduce the computational complexity and time
delay of SIC decoding [23,24,26,27]. It is noted that the
achieved results from this analysis can be straightforwardly
applied to different groups, which are incorporated into the
network in an orthogonal manner.

Therefore, the main contributions of this paper are summa-
rized as follows:

o Firstly, we propose a novel framework to analyze the
performance of an SPC-based NOMA system, where
MIMO transmission and Nakagami-m fading are con-
sidered. To achieve a general insight into the system
behavior, we investigate two different cases of applying
MIMO schemes for the transmitter and receiver sides
including TAS/SC and TAS/MRC. Moreover, we inves-
tigate two antenna-user selection methods, namely high-
priority cluster selection (HCS) and low-priority cluster
selection (LCS), to design the effective communication
protocols for SPC in a MIMO NOMA system.

o Secondly, we derive closed-form expressions for the
average BLER of users in all considered cases. It should
be noted that this work analyzes the performance in

't is noted that the proposed schemes can be applied to the general scenario
with more than two users within a NOMA group, which, however, results in
higher computational complexity and larger time delay of SIC decoding, and
is thus left for future work.

TABLE I
MAIN NOTATIONS AND SYMBOLS
Notation Description
|-| and ||| The absolute value and the Euclidean norm
CN (0, No) A scalar complex Gaussian distribution with zero
mean and variance Ny
E[] The expectation operator
Q (x) The Gaussian Q-function
Ei (x) The exponential integral function
T (z,t) The lower incomplete Gamma function
Yo Average transmit signal-to-noise ratio (SNR)
Kg and K4 | Number of antennas at base station and user A
na Number of information bits for user A
Na Blocklength for user A
g Power allocation coefficient for user A
Dy Diversity order at user A
A Average BLER at user A

terms of average BLER, which is more suitable for SPC
than widely-used performance metrics such as ergodic
capacity and outage capacity [6,7].

« Thirdly, we derive asymptotic expressions for the average
BLER in the high SNR regime and carry out an analysis
of diversity order, minimum blocklength and optimal
power allocation for SPC-based MIMO NOMA system
based on the asymptotic average BLER.

« Finally, we perform the blocklength comparison between
MIMO NOMA and MIMO OMA systems to clarify the
superiority of MIMO NOMA compared to MIMO OMA
in terms of low-latency transmission when considering
SPC.

C. Paper Structure and Notations

The remainder of the paper is organized as follows. Section
Il depicts the system model and the proposed schemes in
detail. Section III presents the performance analysis in terms
of average BLER for the investigated scenarios. Section IV de-
scribes an analysis of the asymptotic average BLER, diversity
order, optimal power allocation, and minimum blocklength.
Section V presents the numerical results. Finally, Section VI
concludes this paper. For clarity, we provide a summary of
main notations and symbols used in this paper in Table I.

II. SYSTEM MODEL

In this paper, the SPC in a multiuser downlink MIMO
NOMA system over Nakagami-m fading channels is consid-
ered, as depicted in Fig. 1. The network consists of one base
station (BS), denoted by S, two cluster of users, denoted by
H ={Hy,...,H;} and L = {L4,...,Ly}. In addition, the
BS and the users in both clusters H and L are equipped with
Kg, Ky, and K, antennas, respectively. As reported earlier
in Section I, it is assumed that the users’ QoS requirements
are taken into account in the design of the MIMO NOMA
transmission in SPC instead of their channel conditions. More
precisely, we consider the scenario where the users in clusters
H and L are treated as high-priority and low-priority ones,
respectively. Furthermore, the users are paired to perform
NOMA with the purpose of decreasing the strong co-channel
interference in NOMA systems [44-46]. Specifically, each
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Model of a MIMO NOMA system under SPC over Nakagami-m

user pair consists of two users having different priorities se-
lected from both the clusters H and L. Moreover, as mentioned
earlier in Section I, to exploit the benefits of multiple antennas,
we consider the scenario where TAS is employed at BS S
whereas SC or MRC is utilized at the users’ side (i.e., TAS/SC
or TAS/MRC).

Regarding channel model, let hg, o, , (hs,r,.) 1 <k <
Ks,1<i<I1<j<J,1<r<Kpy1<s<Kp)
denote the channel coefficient of the link from antenna k at
BS S to antenna r (s) at the user H; (L;). Herein, hg, , .
(hsk L_j,s) is an independent identically distributed (i.i.d) ran-
dom variable following Nakagami-m distribution with pa-

]

rameter my (my) and mean value Qp = E “hSkHi,,»

(QL =K “hSij’S 2] ) Thus, the Nakagami-m distributions
of hg,m,, and hg, ., are, respectively, given by [41]
2mmH 2mpg—1 _mez
—Z2°H ° T Tan 1
thkHi,r (I) 1—\ (mH) QH € H 9 ( )
and 2 mr .2myp—1 2
froy. @ = Fpya, e @

A. Antenna and User Selection

In this subsection, we present the proposed solutions of
selecting antennas and users. As stated earlier, the user pairing
is utilized for designing the MIMO NOMA. Specifically, the
best user in each cluster is selected to perform NOMA based
on the channel gains of the link from BS S to the users in
order to improve the performance of NOMA implementation®
[47]. Furthermore, we investigate two different antenna-user
selection methods, i.e., HCS and LCS, which aim to improve
the performance for the users selected from clusters H and
L, respectively. It is noted that this selection process can

2In fact, some other sophisticated user pairing methods may further improve
the performance of SPC-based MIMO NOMA systems. However, it is beyond
the scope of this paper.

be carried out prior to information transmission through a
suitable signaling and channel state information (CSI) esti-
mation method [27]. In addition, as in [20, 26, 27], the perfect
CSI scenario is considered and the required partial CSI, i.e.,
the instantaneous channel power gains, for each method is
assumed to be available at the BS.

1) HCS Method: Since the users in cluster H has higher
priority than those in cluster L, this method focuses on
improving the performance of the selected user in cluster H.
In particular, HCS method aims to jointly select a transmit
antenna and a user in cluster H to maximize the channel power
gain of the link from the BS S to the selected user.

For the TAS/SC scheme, the indices of selected transmit
antenna, I%, user and receive antenna selected from cluster H,
i and 717, are given by [37,40]

T

(l%ﬁ?f‘H) = arg {‘hSkHl-,r

and the indices of user and receive antenna selected from
cluster L, j and 7, are expressed as
2
oo

] fL) = ar, max { hs.r. .
(J’ & 1<j<iner<i, s

For TAS/MRC, l%, i, andj' are given by [37]

(l%,i) = arg max {||h ; 2} ; &)
1<k<Ns1<i<I

max
1<k<Ks,1<i<I,1<r<Kpy

and R
j = arg max {|hs,., [} ©)

where hg, g, (hg,r,) represents the Ky x 1 (K x 1)
channel vector of the link from antenna k£ at BS S to user
H, (Lj).

2) LCS Method: To improve the performance of the se-
lected user in cluster L which has a lower priority, an antenna
at BS S and a user in cluster L are jointly chosen for
transmission to provide the best channel power gain of the
link from BS S to the selected user. Mathematically, k z ],
75, and 71, in this method can be expressed as follows:

For TAS/SC:

(l;: j fL> = arg max {’hs L. 2}
e 1<k<Ks,1<j<J1<r<Kp Rt o
S A 2
(l’TH) = are 132’31@%}251{}1 {’hs’%H’*T } ’
@)
and for TAS/MRC:
FalE 2
(k’j) arg 1<k<N5 1<j<J{||hS"‘Lf H } ’ ®)
~ 2 .
1 = arg max {] },
1<i<T

B. Information Transmission Process and Channel Statistics

With the NOMA protocol, BS S transmits the mixed
message [44]

r=/Psamzn +/Psar,xrr, &)

to users H; and Lj. Herein, Ps is the total transmit power,
amp, and « L; (OzH% + « L; = 1) denote the power allocation



coefficients, as well as . and = L, represent the messages for
users H; and Lj., respectively. It is noted that ay, > « L; > 0
due to higher priority of user H;. Thus, the received signal at

user U (U € {H%,Lj}) is given by

yu = urhs, v/ Ps (\/OlH;xH; + Ole.iCL_;) + upwy,
(10)
where wi ~ CN(0, Np) denotes the additive white Gaussian
noise (AWGN) at user U, and uy represents the signal
processing operation at user U, which is defined as in [48]

excy sy, for TAS/SC
— hl
W= 25 for TASIMRC (i
”hsch

where ex ; is a 1 x K vector whose the ¢-th element is equal
to 1, and the others are zeros.

According to NOMA principle, the user H; can directly
decode its own message, x H;» since it is allocated with larger
transmit power (i.e., ag, > aLi)’ hence, the interference
generated by the signal of the user L;, rr;, can be treated
as noise [27]. Thus, the instantaneous signal-to-interference-
plus-noise ratio (SINR) at the user Hj; to detect zp. is written

as
e, OH;Y09SH

: S e— (12)
i ar;Yogsu + 1

where vy = Z—SO denotes the average transmit SNR and gsp

is defined as

for TAS/SC
for TAS/MRC

2
‘hSEHE,va 4
HhS;;HgH )

Meanwhile, given the considered NOMA scenario, where
the user H; is served with higher priority than the user L;
(.e., aH; > ap ), the user L first needs to decode mH
and then remove this component from the received 51gna1
by using SIC before detecting its own message, TL;s [27]
Unlike [27,29-31] considering the perfect SIC (PSIC)
this paper, we consider the imperfect SIC (ISIC) scenario® to
achieve more practical insights, where there exists a residual
interference component due to the ISIC process [49]. Thus,
the instantaneous SINRs at the user Lj. to detect zp, and x L
are respectively expressed as

gsH = (13)

TH, QH-Y0gdSL
= 14
i; ar.Yogsr + 1 19
and T, ar.YogsL
’YLA] = ’ ) (15)
i Yamvgse +1
where ¢ = E Uch — :%H@ denotes the level of residual

interference caused by the ISIC process at user L;, which
indicates the difference between the actual signal 2. and the
estimated signal Zp,. Specifically, ) = 0 means perfect SIC

31t is noteworthy to mention that in this paper, we consider perfect CSI to
evaluate the effects of ISIC on the performance of SPC-based MIMO NOMA
systems. However, analyzing the impact of imperfect CSI on the performance
of the SPC systems is also an important problem to be investigated in future
works.

and 0 < ¢ < 1 denotes ISIC. In (14) and (15), gsy is given
by

2
‘hsmn . for TAS/SC

(16)
|

gsrL =
, for TAS/MRC

III. PROPOSED APPROACH FOR BLER PERFORMANCE
ANALYSIS WITH SPC

In this section, we present some preliminaries on SPC and
average BLER calculation, the derivation of CDF of channel
power gains, and the average BLER analysis by utilizing
HCS and LCS methods with TAS/SC and TAS/MRC schemes,
specified in Section II-A.

A. Preliminaries

Considering SPC with blocklength N, the Shannon capacity
C, and the BLER ¢, the maximum achievable rate can be
expressed as [29]:

PR A logy N
R=C \/;Q (€)+O<N ),

A7)

where Q! () is the inverse of the Gaussian Q-function,
oo t2
Qx) = f\/%e_Tdt, C = loga(l+7), v =

(logye)? {1 — ﬁ} represents the channel dispersion, ~ is

the SNR or SINR, and O (log2 ) is the remainder terms of
order IO%\"} From (17), an approximation method, which is
commonly referred to as normal approximation [7], is utilized

to compute the instantaneous BLER as follows:

e~ Q <C’ —n/N > ,
Vu/N
where R = n/N, n denotes the number of information
bits, and the approximation is achieved by omitting the term
O (*%™) when N > 100 as in [7].
Based on (18),
the message of user V, zy (

(18)

the instantaneous BLER of decoding
Ve {H;, Lj

(U c {HLJ}) is given by [29]:

v~ Q <log2 (1+95) —nv/Nv> o)

}) at user U

V' /Ny

where v = (logye)? {1— ﬁ ny and Ny de-
&l

2 |
note the number of information bits anJ blocklength to user
V', respectively. Thus, the instantaneous BLER is calculated
through the received SINR, the Shannon capacity, the number
of information bits, and the blocklength; and specific encoding
and modulation methods are not considered. From (19), the
average BLER &;}¥ has the following form

o0

SRS /sg‘/fﬁv () dz,

0

(20)



where fx(x) is the probability density function (PDF) of a
random variable X. It is challenging to derive &/ in (20).
Therefore, an approximation* of g7V is utilized as discussed
in [50], i.e

1, Y <oy
v md AT vy <l <y @1
0, W = v
where A7V = 0.5 — xvvNv (" —Bv), XV =
— vy =8By — —Lt— B
( 2ny )3 |4 14 2xv vV Ny’ by = pv + QXV\/T
2r (2 Nv —1
and By = 2™ — 1. By substituting (21) into (20), &;" can
be rewritten as
~ XV\/NT//F ey (z) d. (22)

vv

For user H;, from (12) and (22), its average BLER is
expressed as

(23)

/ HH,
%XHﬂ/NHA‘/FwHT (1’) T
K k2 ,YH;’L
VH-

For user Lj, it first needs to remove the message of user
H;, ie., xg,, by using ISIC before detecting its own message,
ie., T L;- Therefore user L- 5 cannot decode x L; if it decodes
xp, unsuccessfully. This will affect its BLER performance.
Given this context, the average BLER at user L is given by

ey =+ (1-80) 87, (24)
J
where
i NXH \/NH /F“LH Zz,
and

:U'Lj
L NLA_ /FIL;, (.’lﬁ)dl'
\/ J ’YL.,']
’L)L‘; J

B. Derivation for Cumulative Distribution Function (CDF) of
Channel Power Gains

To derive the average BLER at users H; and Lj., we first
need to calculate the CDFs of ggy and ggy, with TAS/SC and
TAS/MRC schemes in both HCS and LCS methods. Note that
these derivations are based on the MIMO diversity techniques,
channel distribution, and the antenna-user selection methods
utilized for the analysis, regardless of the types of transmission
(e.g., SPC or long data-packet transmissions). This is described
as follows:

“In this paper, we consider an approximation method for BLER, as
discussed in [50], to analyze the performance of SPC-based MIMO NOMA
systems in terms of BLER. Deriving the error bound for BLER based on
Jensen’s inequality [51], which is more challenging, could be an interesting
problem to investigate in future work.

1) HCS Method: The CDFs of gsy and gg; with HCS
method are derived in the following propositions.

Proposition 1. Under HCS method and Nakagami-m fading,
the CDF of gsp with TAS/SC and TAS/MRC schemes is given
by

aH, 1
_pmye
Fg}égs ): 1+ Z Z q)HCH,ICUWHe xoH (25)
p=1 Ag=p
— by—1 . by—1
where Apg = Zq:o v, YH = Zq:O Wt
P bu—1 ma OH,q
oFs = (-1 HO (ﬁ) . AsH _
q:
Qudy _ KsKyl, for TAS/SC
HUgp> aH, 1 - Kql, for TAS/MRC ,
— mg, for TAS/SC B
b= {mHKH, for TAS/MRC ~’ and cggy =
a1 D
p ) ( OH,0,- - O0Hby—1 ) dsg and 6 denote

the distance and path loss exponent of the link from BS S to
user IT;, respectively.

Proof: See Appendix A. [ ]

Proposition 2. Under HCS method and Nakagami-m fading,
the CDF of gsp with TAS/SC and TAS/MRC schemes is
expressed as

ar,1
_pmpe
FROS (1) =14)_ > @pepa¥re s,  (26)
p=1Ar=p
br—1 o br—1
where Ay, Zq:O 5L,qy 259 = Zq:o q(;L,q’
» br—=1 , a \dLgq
o = |0l ()™ 2 =
a=
Q d,g o KLJ, for TAS/SC
Lgr, ar,1 - J, for TAS/MRC ~’
b B my, for TAS/SC d _
L= mip Ky, for TAS/MRC @ "¢ ‘L1 =

ar,1 p
’ ., d and 0 denotes
( D ) ( 01,05+ +>0L,by—1 > St
the distance of the link from BS S to user LJw, respectively.

Proof: It is noted that TAS is used to select the best trans-
mit antenna for user H; in this case, hence, it is considered
as a random solution for user Lj.. As such, using (3), (4), (5),
and (6), the CDF of ggy, is given by [37,52]

br—1 mP — ar,r
Fooo (x)=1{(1—- Z p'); xPe FsL . 27)

By using binomial expansion and multinomial theorem
similar to the proof of Proposition 1 in Appendix A, we obtain
the final expression of F,, (x) as in (26) and the proof is
completed. [ ]

2) LCS Method: Utilizing (7), (8), and algebraic manipu-
lations similar to the proof of Proposition 1 in Appendix A,
the CDF of gspy and ggy, in this case are expressed as

af, 11

_pmpga
r)=1+ E E Cpcm x¥te PsH

p=1 Apx=p

LCS
FgSH

(28)



and
ar. 11 pmpz
FEOS (z) =1+ Z Z Drep pprPle AsL, o (29)
p=1 Ar=p
N B KylI, for TAS/SC
where a1 - I, for TAS/MRC °
CH,II = < O, > < b >,
’ p 6H,O7~-~>6H,bH71
KsKpJ, for TAS/SC
aL.11 = { KgJ, for TAS/MRC * @

ar. 11

CL,Ii1 = ’ P .
’ p 00,000y —1

C. Average BLER Analysis of HCS Method

The derivation of the average BLER at users H; and L;
in case of using the TAS/SC or TAS/MRC scheme with HCS
method are provided in the following theorems.

Theorem 1. Under HCS method and Nakagami-m fading,

the average BLER at user H; utilizing TAS/SC or TAS/MRC

is expressed as
a QaQmH, I

efes w1 YT ST 5o 32 (o)

p=1 Ag=pq=0

S » 30)
1 «
x| = Spepre i A,
Yor, )
where
wrZm,1 +Zm2, o= -2
A = —Em,1, o =-1,
— 1 ~
Wit Ehs. ¢u >0
wp = KX Epy = Ei (_WH¢H;) — Ei (_WHHH;);
_ e*WHM-{2 e*WHNH2 _ R
B =4 — = “F :H3 =T (¢n + l,wuodn,) —
F(@H‘FI,WHHH%), (bH% = ’YOCVLJ +BvH ’ H; = ’YU(}éLj.
By, By = ————, and g = og —q — 2.
3 Yo (O{H% —OLLEI)
Proof: See Appendix B. [ |

Theorem 2. Under HCS method and Nakagami-m fading,
the average BLER at user L; utilizing TAS/SC or TAS/MRC
is given by

_fL},HCS

SO )

on, HCS N (1 _mHE,HCS>
' —Z
J

Nu

ar.1 wr,
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p=1 ArL=pq=0
1
X —
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q vl
Yoar -
) Prepre” " AL (¢m,, k),
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€r. = z1. HCS )
J
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-1
zr.,HCS (PLCL Iw
= L
5L3,]1 ~ 1+ Xz, \/NL § : E : )m Er4,

p=1Ar=p (aL Y0
@p. HCS XL Np; av:
e BN e S ()
H; p=1 Ap=pq=0
1 q wr
X | = Prep, e H-AL(¢L,HL)
’YOZ/JO[H..
WL (;r y) + :(Lny), @L = _9
AL (z,y) = :gfﬂ, ¢r=-1,
—¢r—1(a, R
P :(Lw,éy), >0
=(z,y) Ei _E =(zy) _  eTwLT
=Ll i(—wrz) i(~wry), =r2 = z
7” E(LT’;") = F( L+ Lwpr) — T(Pr + Lwry), © €
_ 1 5
{¢H L. } {"ﬁH;u‘iL;}, $r; = Sopam; + Buy
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oL —q—2, and &y = 7/\557;’;%.
J
Proof: See Appendix C. [ ]

D. Average BLER Analysis of LCS Method
In this case, the average BLER at user H; and Lj are derived
through the following theorems.

Theorem 3. Under LCS method and Nakagami-m fading,
the average BLER at user H; with TAS/SC or TAS/MRC is
expressed as

ELCS o1 4

1
X —
Yorr,

Proof: To derive £77” in this theorem, the algebraic
manipulations similar to the derivation of e1C5 in Appendix
B can be utilized, where (28) is employed 1nstead of (25). m

X”“*fzsz

p=1 Apg=pq=0 (32)

q Wi
YOXL ~
) Qe e i Ag.

LCS

Theorem 4. Under LCS method and Nakagami-m fading, the
average BLER at user L; with TAS/SC or TAS/MRC is given
by '

o1 ,LCS
_Lcs _ wm,LCS _on, , LOS\ 7L,
€L sLJ + lstj‘ 5L; , (33)
where
ar. 11
_zm.,LCS XH, O H, \/
€L’ Rt E E E
J
p=1 Ap=pq=0
1 . “L
YOXL -~
. drep e AL (om,, k),
Yo&L;
zr.,LCS
zr.,LCS ;. , =
L = :vij,LCS )
€17 , <y <1



ar,11 —1

e, LCS Qrep ot

e, Kl ~1+xz,4/Ni; E E — % —Z=L4
p=1 Ap=p (aL ’YO)
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;.LCsS XL; \/NL ‘ol
D T L ()

p=1 Ap=pq=0

1 q
X <—> CDLCL 116
Yopoum,

Proof: The proof of this theorem can be carried out in
the same way as the proof of Theorem 2, where (29) is used
instead of (26). [ |

“’L

AL <¢L 7/€L)

IV. PROPOSED ANALYTICAL FRAMEWORK FOR OPTIMAL
POWER ALLOCATION AND MINIMUM BLOCKLENGTH

By following the average BLER analysis presented in Sec-
tion III, this section provides the derivation of the optimal
power allocation coefficients for a minimum blocklength’
based on asymptotic average BLER in high SNR regime, and
it also presents the analytical comparison of the minimum
blocklength of NOMA with the OMA case.

A. Asymptotic Average BLER Analysis

As discussed in [29,30], the average BLER, é"fj", in (22)
can be simplified by utilizing the first-order Riemann integral
approximation, i.e., f; f(z)dz = (b—a)f (“E), as follows:

vy + Qv
—5 )

ey mxvV Ny (by —vv) Flev ( (34)
By substituting vy and py defined in (20) into (34), € _W i

rewritten as
& V

~ v (Bv), 35)

where [y is defined in (21).
By using the series representation of e” in [53 Eq. 1.211],

ie., e* Z o1 the asymptotic CDF of W’H , VLH , and
szJ are respectlvely given by
J
bgay
5,00 Yo 00 (mHBI) ’
Fi5 (o) =F3%(By) = ———2———  (36)
’YHI:l 9sH (bH!)aH’T)\bSZ{_IaH’T
brar,»
5,00 Y000 mLBz ’
Py (@) 'R % (37)
’YL; * (bL!)aL,rASLL L,r
and
( B )bLU«L,r
o) mrpby
F5E (x) = (38)

; ar r\brar,»’
e (b)) N

SIn this paper, we focus on minimizing the blocklength in NOMA-based
SPC systems to reduce the latency for two users having the best channel
conditions, which are selected from two predefined clusters H and L.
However, investigating suitable user pairing methods to guarantee latency
requirements for the users having weak channel gains is an important research
issue to be addressed in future works.

if s=HCS
if s=LCS ~°
. From (34)

where s € {HCS,LCS}, r =
B, = ,and B, =

I
11,
Yo (OfH L. Yo (aL —1/104;1 T

- (38), the asymptotlc average BLER at users H and L are
respectively expressed as
bram,r
(m HB BH.- )

EH% ~ (le)aH r/\bHaH7 ’ 39
and
~8,00 __ H »S TH-, _zLj,S
€L, =L, T (1 €L, oo) €L 00
wH ;8 + $LA>S
~ £ g
L ,00 L ,00
(40)

bLaL,r ~ bLaL,r
(maBo) " (meBa)

(bL )aL o )\bLaL " (bL!)aL,r/\gLLaL,r ’

From (39) and (40), the diversity order at users H; and Lj
are respectively given by [45]:

s 47

log (70)
myKsKyl,
mHKHla

os ()

log (7o)

Dyg. = — lim

o Yo —+00

|

DLA_ = — lim

J Yo—+00
. mp Ky J, for HCS method
| mpKsKrJ, for LCS method

Remark 1. For both TAS/SC and TAS/MRC schemes,
the diversity orders at users H; and Lj, denoted by
(DHg,DL}), are (mgKsKgl,mpKpJ) for HCS method,
and (mgKyl,m KsKyJ) for LCS method. This reveals
that the users H, and L; have achieved full diversity order
with HCS and LCS methods, respectively. Furthermore, the
system performance of user H; can be improved by increasing
mpy, Kg, Ky, and I with HCS method, and by increasing
mpyg, Ky, and I with LCS method. Meanwhile, the growth of
mr, K, and J with HCS method, and my, Kg, K1, and J
with LCS method can help enhancing the system performance
of user Lj.

41
for HCS method
for LCS method ’

and

(42)

B. Power and Blocklength Optimization at High SNR

In this subsection, we focus on the problem of block-
length minimization® subject to BLER targets and power
allocation coefficients to guarantee the reliability requirement
and reduce the transmission latency for SPC-based MIMO
NOMA systems [7,29,36]. To determine the values of power
allocation coefficients (i.e., v, and « Lj) at which a minimum

Ot is noted that addressing the optimization problems subject to latency
requirement (e.g., decoding error probability minimization under the latency
constraint) is also an important issue to be tackled in the SPC-based systems
to ensure the expected latency [54,55]. This would be a noteworthy problem
to investigate in future work.



blocklength Ny (U € {Hg,Li}) is achieved to guarantee

the reliability target E’fjh, the following problem needs to be
addressed

i N 43a
OéHr?,lng U ( )
st fu <&y, (43b)
o, + ap. = 1, 0< ar; < 0.5, (43c¢)

where the constraint (43c) is obtained based on the NOMA
principle presented in Section II, in which 0 < ar, < am,
and ar. +ap, =1, leading to ar, < 0.5. It is noted that
ap, = 1 —ar. and £y is a decreasmg function of Ny . The
problem in (43) can be simplified as

Iangj Ny (44a)
st. &y =&, (44b)
0 <ar, <0.5. (44c)

By substituting (39) into (44b) for user H; and (40) into
(44b) for user Lj, the blocklengths of users H; and Lj with
s (s € {HCS,LCS}) method are respectively calculated as

NH.

NH;,S = - bl (45)
1+7H,r
10g2 (1+aLA.TH,'r'>
J
and
TLL;
Ni. = < . (6
1 1 (ijTL,T
og +—1
2 1+"/)(1_0‘L:)7Lm
j
N JLHOH
where H = i = L =
) NH,r (bH!)aH’TAbSI]—{I H,'r‘ﬂng H,r’ ne,r
LOL,r
T b r brarg r
(bm!) *H mpdsm ) F4E N _ m Pt
(b7 LT MHASL > ML,r - (bL!)aL”')\bSILaL’T b
l/bHaH,,,.
TH,r = (aH r/nH 7) > and TL,r =
bpag . 7 /brar,r
b i

Yo

ﬁL,r

From (45) and (46), the derivative of Ny, s and V. Lj.s with
respect to ar . are derived as

ONu, s TH, TH,r =0
dar. 2 ’
5 (1 + OZL;TH’T> {log2 <1+1;FLTHTH T)] In2
: 5TH,
47)
and
aZ\/vLj.,s o 7’LL3 (1 + ¢TL,T) 7A—L,'r <0
= _ 5 ,
804L_; (1 + ar. %LJ,) [log2 (1 + O‘LﬁLﬂ")] In2
(43)
~ _ TL,r . . .
where 77, , = 1+w(1_%3>mm. Thus, NH;,S is an increasing

function of « Lj» whereas N Lj.s is a decreasing function of

ar. Therefore to guarantee both reliability targets & H . and

—th

A the minimum blocklength is obtained by addressmg

Algorithm 1: Proposed Power Allocation Algorithm
for SPC-Based MIMO NOMA System

Data ’IIH,TLL,’YQ, EI? o EtIfL o Ks, KH, KL, I,
J, )\SH, ASL, and tolerance L4
Result: Determine optimal power allocation coefficient

aL;,opt-

ap. +O‘L
1 Initialize: o) < 0, O‘L +— 0.5, and aL — i
J J

2 while ‘f (aLJ)’ > 1 do

s | it s (ar,) £ (az,) > 0 then
4 ‘ Set aj <—aL7,,
5 else '
6 ‘ Set a; %&Li;

J
7 end

ap +af.
8 Set & L, < —5— and compute f (d L}_) based
on (45) and (46);,

9 end

10 Set o, — ar.;
Lj,opt Lj’
11 Return QL opts

Nu, s = NL s = Nopt,s and the problem of minimizing
blocklength in (44) is rewritten as

iy Noree o

st Sy =& (49b)

€Ly = €L s (49¢)

0< ar; < 0.5. (49d)

Given this context, the optimal power allocation coefficient
QL opt to minimize N, s can be achieved by solving the

equation f (aL5> = Nir..s — N,,s = 0, which is addressed
in Algorithm 1. The minimum blocklength N, , is attained
by substituting « L;,0pt into (45) as follows:

ng.
Nopt,s = .

1+< gth L Inm, 7‘)

(50)

1/bHaH,r

1Og2 )1/1’H‘1H,r

1'f‘CVLJA. ,opt (511/?._7‘/77H‘7-
i

C. Comparison of MIMO NOMA and MIMO OMA Schemes

To perform the comparison between MIMO NOMA and
MIMO OMA schemes, we consider a scenario where users
H; and L; are served simultaneously by using NOMA or
over different time-slots by utilizing OMA (i.e., time division
multiple access). Herein, a MIMO scheme, i.e., TAS, is
utilized for both NOMA and OMA scenarios to reduce the
complexity of the signal processing and feedback overhead
[26,27]. With OMA transmission, the minimum blocklength,
Noma,s (r€{I,1I}), is the summation of the minimum
blocklengths for users H; and Lj, N H, and N L;- Similar to



the derivation of blocklengths for users H; and L; in Section
IV-B, Noaa,s in the high SNR regime is calculated as

Noma,s = Nu, + N,

ng.

7

= 1/bgagm,,
log, {1 + (EH ~/MH, T) }

nr.
Ls

. 1/brar "
log, [1 + 70 (52’;,,”/%7’) }

From (50) and (51), the blocklength gap between NOMA
and OMA, ANj, is given by

AN’I" = NOMA,T -

61y

+

Nopt,r ~ NH;,T > 0. (52)

Thus, OMA transmission needs a longer blocklength than
NOMA transmission to serve the users H; and L;.

V. NUMERICAL RESULTS

In this section, we provide numerical results in terms
of average BLER and minimum blocklength to characterize
the effects of the proposed protocols, i.e., HCS and LCS
methods with TAS/SC and TAS/MRC schemes discussed in
Section II-A, on the system performance in designing an SPC-
based MIMO NOMA network. It is noted that the analysis
of these performance metrics have practical significance for
the reliability and latency performance evaluation of wireless
systems [29-31, 34-36]. The predetermined simulation param-
eters are set as follows [29-31]: the number of information bits
nH, =Ng; = 80 bits; the blocklength NH2 = NL; = 100; the
path loss exponent § = 2.5; the distances dsyy = dgy, = 5 (m);
the power allocation coefﬁ01ents ap, = = 0.7, and « H, = =0.3;
the reliability targets &4 = 1077 and s‘th =106,

To evaluate our BLER performance analysrs carried out in
Section III, we provide the numerical outcomes through the
following three types of result: i) Analytical result (Ana.),
ii) Asymptotic result (Asymp.), and iii) Simulation result
(Sim.). For the simulation results, similar to the method
used in [29-31,34,36], we create 106 Nakagami-m chan-
nel realizations generated randomly through the Nakagami-
m distribution given in (1) and (2) for all the considered
schemes. The respective average BLERs are then computed
by averaging the instantaneous BLERs according to these
generated channel realizations while considering the Gaussian-
coded symbols instead of the real symbol constellations. The
definition of the instantaneous BLER is provided in (19),
which has also been used in [29-31, 34, 36]. Furthermore, the
different values of Nakagami-m fading parameters, i.e., mpg
and mp, are considered in the presented numerical results.
For the analytical and asymptotic results, they are obtained by
adopting the expressions derived in (30), (31), (32), (33) for
the analytical results, and (39), and (40) for the asymptotic
results, respectively.

In Fig. 2, we perform the rate comparison of SPC and
long-packet communications (LPC) for user H; to gain more
insights on SPC. Note that based on (17) and the normal ap-
proximation method in [7], the achievable rate of user H; with

SPC can be approximated as: R3¢ = logs (1 —I—’y;{Hl) -
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Fig. 2. Rate comparison between SPC and LPC, where 79 = 20 (dB),
myg=mp =2,and K=Ky =K, =1=J=2.

VU/NQ™! (¢) +1logyN/2N. We can observe from this figure
that when the blocklength of user H; (Npy.) increases, the
achievable rate of this user with LPC (R%FC) is unchanged,
whereas the rate with the SPC, RSFC grows up. This can
be explained by the fact that the LPC is implemented under
the assumption of infinite blocklength to obtain the Shannon’s
channel rate, i.e., logs gl +A/;f%), which is not influenced
by Np.. In contrast, finite bllocklength is utilized in the
SPC scenario. Given the above approximation of RSP ¢ the
increase in Ny leads to the higher value of R3”“ in this case,
and R7PC — RLPC when Np. — oo. Since (17) is applied
for both users H; ‘and L, the same conclusions can also be
achieved for user L-. 5 Furthermore, this figure indicates that
HCS method with TAS/MRC provides the best performance
for user H;. The effects of the proposed protocols on the
performance of users H; and L; will be clearly analyzed in
the following.

Similar to [29-31], we utilize the simulation results to
evaluate the correctness of our analysis. Specifically, in Figs.
3 and 4, we plot the average BLERs at users H; and L; as
a function of vy with different methods (i.e., HCS method
with TAS/SC or TAS/MRC and LCS method with TAS/SC
or TAS/MRC). As can be observed from these figures, the
BLER gap between the approximated analytical results and the
simulation results are very small. Furthermore, the asymptotic
curves accurately predict the system performance trend in the
higher 7o regime. These observations confirm the correctness
of our analysis in Section III. In addition, Figs. 3 and 4
show that HCS method achieves better performance (i.e., lower
value of average BLER is observed) for user H; over LCS
method, whereas LCS method outperforms HCS method in
terms of the system performance for user L. This result is
achieved based on the fact that HCS and LCS methods are
proposed to improve the received signal quality at users H; and
L;, respectively, as discussed in Section II-A. Furthermore,
these figures indicate that TAS/MRC scheme is better than
TAS/SC in improving the system performance.

In Figs. 5 and 6, we investigate the effects of the number
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Fig. 3. Average BLER at user H; vs. o with different methods, where
mpg =myp =2 and (KS,KH,I) = (2,2,1).
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Fig. 4. Average BLER at user L- vs. yp with different methods, where
'LZ} =0, myg = myp, = 2 and (KS7KL,J) = (2,2,1).

of users at clusters H (/) and L (J), and the number of
antennas at BS S (Ks), users H; (Kg), and Lj (K1), on the
system performance. Specifically, Fig. 5 shows the variation
of average BLER at user H; with respect to g with different
values of Kg, Ky, and I, denoted by (Kg, Kg,I), in case
of utilizing HCS and LCS methods with the TAS/SC scheme.
Meanwhile, Fig. 6 plots the average BLER at user L- versus
o with different values of (Kg, K1,.J) when using HCS and
LCS methods with the TAS/SC scheme. These two figures
indicate that as Kg, Ky, K, I, and J are all equal to one,
HCS and LCS methods result in the same curves. Furthermore,
the system performance can be significantly improved by
increasing (Kg, Ky, I) for user H; and (Kg, Kp,, J) for user
L;. It is noted that the variation of Kg in LCS method does
not impact the system performance at user H; (see Fig. 5). The
same conclusion can be derived for user L: when observing
the change of Kg in HCS method (see Fig. 6). The reason
for this is based on the nature of HCS and LCS methods as

----- Ana. HCS Method
10 |~ ~Ana. LCS Method

Average BLER
)

0 5 10 15 20 25 30
7, (B)

Fig. 5. Average BLER at user H; vs. 7o with different values of
(Ks,KH,I), where mpg =myp = 2.
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Fig. 6. Average BLER at user L-: vs. o with different values of

(Ks,Kr,J), where p =0 and myg = mp = 2.

mentioned in Section II-A and the discussion part of Figs. 3
and 4. This phenomenon also confirms our analysis of diversity
order for users H; and Lj, as shown in Section IV-A.

Fig. 7 depicts the average BLER at user L; as a function
of 7o with different values of the residual interference level
caused by the ISIC, i.e., ¥, in case of using HCS and LCS
methods with TAS/SC scheme. In other results presented in
this section, we investigate a scenario where the value of
1 is fixed to evaluate the effects of other parameters such
as antenna-user selection methods, the number of users, the
number of antennas, fading parameters, and power allocation
coefficients, on the system performance. In contrast, Fig. 7
shows how the variation of v affects the BLER performance of
SPC in the considered MIMO NOMA system. We can observe
from this figure that the increase in v leads to the higher
interference as in (15), making the system performance of
user Lj lower. Thus, user L3 can achieve the best performance
when 1) = 0, where the perfect SIC is observed, which may
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Fig. 8. Average BLER at users H; and L; vs. m with different methods,
where v0 = 20 (dB) and (Kg, Ky, Kp,I,J) = (2,2,2,1,1).

be difficult to obtain in practical scenarios.

In Fig. 8, we consider the change of average BLER at users
H; and L; with respect to the fading parameters, i.e., mpy
and mp, in case of using HCS and LCS methods with the
TAS/SC scheme. Herein, we set my = my = m. Given the
considered systems, it is noteworthy that my and mj are
independent and only affect users H; and L;, respectively.
We can see from this figure that the performance of users H;
and L; can be improved with the increase in my and mp,
respectively, due to the better channel quality. More precisely,
when m = 1, Nakagami-m fading corresponds to Rayleigh
fading and the worst performance can be observed. In case of
m = (K + 1)2/(2K + 1), it approximates the Rician fading
with parameter K [41]. This result also verifies the diversity
order outcomes obtained in (41) and (42). Furthermore, similar
to Figs. 3, 4, 5, and 6, Fig. 8 indicates that HCS and LCS
methods provide the best performance for users H; and Lj,
respectively.
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Fig. 9. Minimum blocklength for users H; and L vs. ar; with different
methods, where ¥ =0, myg =mp =2, Ks =Ky =Ky, =1=J=2,
and vo = 20 (dB).
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Fig. 10. Blocklength comparison between NOMA and OMA.

Fig. 9 depicts the effect of power allocation coefficient v L

on the blocklength of users H; (NH) and L; (NLj,). One
can see from this figure that NV, H, and NV, L; are increasing and
decreasing functions of « L;» respectively. Thus, there exists an
optimal value of « L; at which the minimum blocklength for
both users H; and Ly is achieved. The value of optimal crr,. for
different cases (i.e., HCS method with TAS/SC or TAS/MRC;
LCS method with TAS/SC or TAS/MRC) can be found out
by using Algorithm 1 and then the minimum blocklength is
calculated by using (50).

In Fig. 10, we perform the minimum blocklength com-
parison between NOMA and OMA transmissions (/V,,; and
Noara) to clarify the benefits of NOMA over OMA in short-
packet transmissions. As can be seen from this figure, the
higher blocklength gap between NOMA and OMA, i.e., Ay
(calculated from (52)), is achieved in case of using HCS
method and TAS/SC scheme. This implies that the benefits
of MIMO NOMA versus MIMO OMA in terms of minimum



blocklength are more pronounced when utilizing HCS method
as compared to LCS method. Furthermore, Ay is positive,
hence, N,,; is always smaller than Npjps4. In other words,
MIMO NOMA can lower the transmission latency of SPC
systems as compared to the MIMO OMA case.

From the above achieved results, we provide some useful
insights when considering SPC in the considered MIMO
NOMA system as follows: i) Compared to LPC, SPC can
fulfill more stringent requirements of reliability and latency
for MIMO NOMA but achieves lower rate performance; ii)
Transmission latency of MIMO NOMA is smaller than that of
MIMO OMA in SPC scenario; and iii) Minimum blocklength
for MIMO NOMA is achieved at a certain value of power
allocation coefficients such that blocklengths of NOMA users
are the same.

VI. CONCLUSIONS

In this paper, we analyzed the performance of SPC in a
QoS-based multiuser downlink MIMO NOMA system over a
Nakagami-m fading channel under the ISIC scenario in terms
of the average BLER and minimum blocklength. Specifically,
we considered the user pairing to perform NOMA, where
users are selected from two user clusters having different
priority levels. Furthermore, we investigated different MIMO
schemes including TAS for BS, SC and MRC for users, and
proposed two antenna-user selection methods, i.e., HCS and
LCS to design effective communication protocols for the SPC-
based MIMO NOMA systems. We characterized the system
performance by deriving the approximate and asymptotic (in
the high SNR regime) closed-form expressions of the average
BLER at the users. From the asymptotic average BLER, we
carried out an analysis of diversity order, minimum block-
length, and optimal power allocation. The analytical results
verified by simulation results indicated that the system perfor-
mance decreases with the increase in the value of the residual
interference caused by the ISIC process. In addition, among
the proposed schemes, the HCS method with TAS/MRC and
the LCS method with TAS/MRC provide the best performance
with full diversity gains for the users selected from the high-
priority and low-priority user clusters, respectively. Moreover,
it has been demonstrated that MIMO can significantly improve
the performance of NOMA systems with short-packets, and
MIMO NOMA outperforms MIMO OMA in ensuring low-
latency transmissions.

APPENDIX A
PROOF OF PROPOSITION 1

Using (3) and (5), the CDF of ggy in this case is given by
(37]

bu=l  p mgge
Fyey” (@) = (1 -2 e ) .53
p=0 SH

Applying binomial expansion in [53, Eq. (1.111)], (§3) can

be rewritten as
QH, 1 bg—1 mq 24 p
EEED S0 I ) I
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q=0
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FgSH

v

a1 ( l)pe— ;;I;II
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To derive (54), we first resolve W in (54) by utilizing the
multinomial theorem as follows:
6H,q
) ] oM, (55)
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where ¢ =

p
h = .
where ¢ ( 6H,Oa . 6H,bH—1 )

The final expression of F//9% () is achieved as in (25) by
substituting (55) into (54).

APPENDIX B
PROOF OF THEOREM 1

From (12), the CDF of fyZH is given by

ap,
F en (2)=Pr _QHWISH
Tu, ' ar;vogsu + 1 (56)
FQSH (B ) ’

where (56) is obtained under the condition oy, — « LT > 0
and B, = as defined in (30).

Yo (aH —O/L x

By substituting (56 into (23) and using (25), the average
BLER at user H; in HCS method with TAS/SC or TAS/MRC
is expressed as

QH,T

g—giCS %1+XH2HNH; Z Z (pHCH,I
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28 (57)
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To derive the integral in (57), we carry out the change of
variable by letting ¢ = B, and (57) can be rewritten as
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(58)
By letting v = 7001% [53,
Eq. (1.111)], (58) has the following form
KH,
EHCS x 14+ Ay 12 JemrAn / uPH ey (59)
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| S ——

Anz

We derive Ap 3 in (59) with the aid of [53, Egs. (3.351.4),
(3.352.2), and (3.351.2)] and the final expression of a‘ﬁ?s is
achieved as in (30). '



APPENDIX C
PROOF OF THEOREM 2

From (14) and (15), the CDF of vzH and 7?7 are,
respectively, given by ’ ’

o
Fon (x)=Pr _QH;09SL
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After some algebraic manipulations similar to the proof of
zy,,HCS
Theorem 1 in Appendix B, the final expression for & LH
J

can be obtained as in (31).
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For &, ’ in (31), we need to derive £, 7 and
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€r.7 to obtain its final expression. Specifically, with the
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aid of (24), (26), and (61) for v = 0, er.h can be
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By using [53, Eq. (3.351.2)], the integral in (63) can be
represented as
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where =, 4 is defined in (31). By substituting (64) into (63),
Xy, HCS

we obtain the final expression for &, 7 as in (31).
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By utilizing (24), (26), and (61) for the case 0 < ¢ < 1,

o LHOS
L. is given by
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After some algebraic manipulations similar to the proof of
zr. HCS
Theorem 1 in Appendix B, the final expression for &; 7,
3>

can be achieved as in (31).
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