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Abstract- This paper investigates the performance of a multiple-input multiple-output (MIMO) non-orthogonal multiple
access (NOMA) network, enhanced by a pool of full-duplex (FD) relays, for short-packet communications (SPC). We propose a
combined framework where the source and destinations are equipped with multiple antennas, and a max-min relay selection
criterion is employed to choose the best relay among multiple candidates. This criterion maximizes the end-to-end link
quality by selecting the relay that offers the best bottleneck signal-to-interference-plus-noise ratio (SINR). We derive novel,
exact analytical expressions for the average block error rate (BLER) for two NOMA users, meticulously accounting for the joint
effects of MIMO diversity, relay selection diversity, residual self-interference (RSI) at the FD relay, and imperfect successive
interference cancellation (SIC). To facilitate computation, we also provide a highly accurate closed-form approximation of
the BLER using Gauss-Chebyshev quadrature. The analysis reveals that the max-min selection strategy effectively overcomes
the performance bottleneck of simpler selection schemes, ensuring that the system’s diversity order scales with the number
of available relays. Numerical results, validated by Monte Carlo simulations, demonstrate the significant reliability gains
achieved by the proposed framework. The findings offer crucial insights into the interplay between key system parameters,
providing a comprehensive guide for designing robust ultra-reliable low-latency communication (URLLC) systems.

Keywords— Short-Packet Communication (SPC), NOMA, MIMO, Full-Duplex (FD), Relay Selection, Max-Min Criterion,

Block Error Rate (BLER), URLLC.

1 INTRODUCTION

Ultra-reliable and low-latency communication (URLLC)
constitutes a critical service class in 5G and fu-
ture wireless networks, underpinning transformative
applications like autonomous systems and tactile inter-
net [1, 2]. The stringent demands of URLLC necessitate
the use of short-packet communications (SPC), where
data is transmitted in small blocks. The finite block-
length nature of SPC, as characterized by Polyanskiy
et al. [3], introduces a fundamental trade-off between
latency, reliability, and data rate, making the block error
rate (BLER) a primary performance metric [4].

To meet the dual demands of high spectral efficiency
and massive connectivity, non-orthogonal multiple ac-
cess (NOMA) has been identified as a key technol-
ogy [5, 6]. Concurrently, multiple-input multiple-output
(MIMO) techniques are indispensable for combating
fading and enhancing reliability through spatial di-
versity. The synergy of MIMO and NOMA has been
explored in [7, 8], but often in point-to-point or simple
relaying scenarios. Furthermore, full-duplex (FD) relay-
ing promises to double the spectral efficiency by en-
abling simultaneous transmission and reception [9, 10],
though it introduces the challenge of residual self-
interference (RSI) [11]. The performance of FD-NOMA
systems with SPC has been studied, for instance,

in [12] and [13], but typically for a fixed relay with
multiple antennas.

In practical deployments, cooperative relaying is vital
for coverage extension and improving link reliabil-
ity [14, 15]. The integration of NOMA into cooperative
systems has been extensively studied to leverage both
spatial diversity and improved spectral efficiency. Early
works such as [16] laid the groundwork for cooper-
ative NOMA, while subsequent studies analyzed its
performance with different relaying protocols, such as
amplify-and-forward (AF) in [17, 18] demonstrating
significant gains over traditional OMA-based relaying.

To maximize these cooperative gains in multi-
relay scenarios, relay selection offers a low-complexity
method to exploit user diversity. The problem of re-
lay selection in NOMA systems has been an active
area of research. For instance, [19], [20], and [21] in-
vestigate various relay selection strategies to optimize
the performance of different NOMA users, while [22]
considers user scheduling in conjunction with re-
laying. However, these studies often focus on half-
duplex systems and do not consider the implications of
short-packet communications.

The performance of MIMO FD relay systems has
been analyzed in works like [23], but the synergy of
these advanced techniques, i.e., cooperative NOMA, FD
relaying, and robust relay selection, under the stringent
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constraints of URLLC, where fundamental limits are
different from the infinite blocklength regime [24], re-
mains an under-explored area.

While the individual benefits of MIMO, NOMA,
and FD relaying are well-documented, their synergistic
operation in the context of URLLC presents unique
challenges and opportunities. Simple relay selection
schemes, often based on single-hop metrics [25], can
create performance bottlenecks, limiting the end-to-end
reliability crucial for URLLC. The application of a more
robust criterion like max-min selection [26, 27], which
optimizes the entire two-hop path, to a comprehensive
MIMO-NOMA FD system operating with short packets
remains an open and important research area. This
paper aims to bridge this gap by providing a rigorous
analysis of how this powerful combination impacts the
system’s BLER, a key metric for URLLC.

This paper bridges this gap by developing and an-
alyzing a holistic framework that combines MIMO,
NOMA, FD relaying, and a max-min relay selection
strategy for SPC. We aim to provide a rigorous analysis
of how this powerful combination impacts the system’s
BLER. The main contributions are:

o We propose and analyze a holistic framework
combining multi-antenna nodes, power-domain
NOMA, full-duplex relaying, and a robust max-
min relay selection strategy, specifically tailored for
short-packet communications. This comprehensive
model captures the complex interplay between
spatial diversity, user diversity, and interference
management under finite blocklength constraints.

e We derive novel and exact analytical expres-
sions for the end-to-end SINR cumulative distri-
bution function (CDF) under this advanced se-
lection scheme, which forms the basis for our
BLER analysis.

o We provide a detailed derivation of the average
BLER for each NOMA user, and further propose a
highly accurate closed-form approximation using
Gauss-Chebyshev quadrature to make the results
more tractable.

o We demonstrate through analysis and numerical
results that the max-min selection scheme effec-
tively leverages both user and spatial diversity,
leading to significant performance improvements
as the number of relays and antennas increases.

The paper is structured as follows. Section 2 details
the system model and the max-min selection protocol.
Section 3 presents the rigorous BLER analysis. Section 4
discusses the numerical results, and Section 5 concludes
the paper.

2 SysTEM MODEL

2.1 Network and Channel Model

As described in Figure 1, we consider a downlink
cooperative NOMA network where a source (S) com-
municates with a far user (D7) and a near user (D,)
via one selected relay from a set of K potential FD
relays {Ry,...,Rk}. S, D1, and D; are equipped with

Ng, Nj, and N, antennas, respectively. Each relay R has
a single transmit and a single receive antenna operating
in FD mode. Direct links from S to users are assumed to
be unavailable due to obstacles such as tall buildings,
trees, hills...

Figure 1. Network model of MIMO NOMA FD SPC with max-min
relay selection from a set of K potential relays (K = 2 is shown
for illustration).

All channels are modeled as independent, quasi-
static block fading. The channel vector between a multi-
antenna node A and a single-antenna node B is denoted
by hap. The channel entries are assumed to follow
a Nakagami-m distribution. The squared norm of the
channel vector after applying Maximal-Ratio Transmis-
sion (MRT) or Maximal-Ratio Combining (MRC), e.g.,
Gsr, = ||hgg,||% follows a Gamma distribution with
shape parameter Ngm and scale parameter Qgg/m,
where Qgr is the average channel power gain per
antenna [28]. It is important to note that this work
employs MRT/MRC beamforming, which utilizes all
available antennas at the source and destinations to
maximize the array gain. This is distinct from an-
tenna selection schemes, where only a subset of an-
tennas is activated. The RSI channel gain at relay Ry,
GRrr, = |hRr,R, |?, is modeled as an exponential random
variable with mean Agg.

2.2 Signal Transmission and SINR Expressions

The transmission follows a two-hop, decode-and-
forward (DF) protocol.

2.2.1 First Hop (S — Ry): S transmits the superim-
posed signal x; = /a1 Pss1 + v/ayPssp, where s; and s
are messages for D; and D,. Ps is the transmit power
at S, and aq,ay are power allocation coefficients with
a1 +ap = 1. To serve the far user D; with higher
reliability, we set ay > ap. The received signal at any
relay Ry is

YR, = hERkwsxs + thRk \/ (;’Per,k + 1Ry, 1)

where wg is the MRT beamforming vector, Pr is the
relay transmit power, ¢ is the RSI coefficient, and x, x
is the signal transmitted by Ry. Following the success
interference cancelation (SIC) principle, relay Ry de-
codes s; first while considering s, as interference. The
SINR for decoding s; is given by

a1 PsGsp,
w2 PsGsr, + CPRGR;R, + 0%

@

,)/Rkﬁsl =
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After detecting sq, the relay Ry subtracts s; from
its received signal and decodes s;. The SINR for de-
coding s, with the imperfect SIC coefficient xj, is
represented as

a2 PsGsp,
k101 PsGsg, + GPRGR, R, + 02

2.2.2 Second Hop (Ry — D;): At D; (far user), it
decodes its own signal s; directly; therefore, the SINR
to decode s is depicted as follows

©)

,)/Rk*)SZ =

o a1 PRGR, D, @
Dik= A~ | 5"
! w0y PRGR,p, + 02

At D, (near user), similar to relay, it first decodes s;
while considering s, as interference, and then de-
codes sy. The decode process at D, is assumed to be
an imperfect SIC with coefficient xp, decodes sp. The
respective SINRs of s; and s, are represented as

a1 PrRGR, D,
= L RORD, 5
7D2—>sl,k DCZPRGRkDZ +(72 ( )
a2 PRGR, D
YDy k = = (6)

KZ“lpRGRsz + 0?2

2.3 Max-Min Relay Selection Criterion

To optimize end-to-end reliability, the system selects
the relay that maximizes the weakest link in the com-
munication path. The end-to-end SINR for user D;
through relay Ry is limited by the minimum of the
SINRs of all necessary decoding steps. The effective
end-to-end SINR for D; and D, are, respectively.

= ma min , , 7

Ye2e,1 ke{LfK} {min(yr, s, YDy k) } )
7626,2 = kelgll’a)fK} {min(,YRk%Sll ’YRk*)SZI ,YDz%S],k/ ,YDz,k)} .
8)

The practical implementation of this selection crite-
rion is described in Algorithm 1. For analytical pur-
poses, we assume the selection is performed to opti-
mize each user’s link independently, based on perfect
and instantaneously available channel state information
(CSI) at the source or a central controller.

Algorithm 1 Max-Min Relay Selection Algorithm (for
User Dy)

1: Input: Channel gains {GSRk’GRlefGRkRk}le'

2: Output: Index of the best relay, k*.

3: Initialize ypar < —1, kK* < 0.

4 for k=1 to K do

5. Calculate first-hop SINR: g, s,

6:  Calculate second-hop SINR: 7yp, -

7. Calculate path bottleneck SINR: 7,umx <

mMin(YR,—s,, YDy k)-
8 if YVpathk > Vmax then

9: Ymax < Ypath k-
10: k* + k.

11:  end if

12: end for

13: return k*.

2.4 Practical Implementation Aspects

The practical implementation of the max-min relay
selection scheme requires a centralized entity, such as
the source S or a base station controller, to manage
the selection process. This process involves three main
steps: 1) Channel Estimation: Each node estimates its
relevant channel state information (CSI), e.g., via pilot
signals. 2) CSI Feedback: The relays and destination
users feed their estimated CSI back to the central con-
troller. This step introduces overhead and is subject to
delay and quantization errors in a practical system. 3)
Relay Selection: The controller calculates the end-to-end
bottleneck SINR for each of the K potential paths and
selects the relay that maximizes this value. The index
of the chosen relay is then broadcast to the network.

3 BLER PERFORMANCE ANALYSIS

3.1 Fundamentals of BLER in SPC

To begin the analysis, we first establish the funda-
mental relationship between the instantaneous SINR, v,
and the block error rate (BLER), £(y), in the finite
blocklength regime. As established by Polyanskiy et al.
in [3], this relationship is not a simple step function
but can be tightly approximated by the Gaussian Q-
function, which captures the probabilistic nature of
decoding errors for short data packets. For a given
blocklength £ and b information bits, the transmission
rate is R = b/ L. The instantaneous BLER, ¢, for a given
SINR 7 can be tightly approximated as

8(7)%Q<1H(1+7)R1n2>, ©)

V(y)/L

where Q(x) = \/%fxoo e~/2dt is the Gaussian Q-
function and V(y) = 1— (1+ )72 is the channel
dispersion, representing the stochastic variability of
the channel.

While Equation (9) provides the instantaneous BLER,
evaluating the average BLER, ¢ = [E,[e(y)], requires
integrating this expression over the probability dis-
tribution of the end-to-end SINR, <. This integral is
often intractable. To overcome this, we employ a highly
accurate linear approximation of the Q-function, which
transforms the problem into integrating the CDF of the
SINR over a small interval [13, 29]. This leads to the
following integral form

PH

g~y F,(x)dx, (10)

oL
where F,(x) is the CDF of the end-to-end SINR +. The
parameters in this approximation are defined for each
user i € {1,2} as follows:

e R; =b;/L;: The transmission rate for user i.

o T, = 2R —1: The required SINR to achieve rate
R; in the infinite blocklength regime (Shannon
capacity). This serves as the central point for the
linear approximation.

e V(1;) = 1— (1+ 1) The channel dispersion
evaluated at the SINR threshold.
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e Xi = /Li/(2nV(7;)): A parameter representing
the steepness of the BLER curve. A larger jx;
indicates a sharper transition from unreliable to
reliable communication.

e pri = T —1/(2xi) and pp; = T +1/(2x;): The
lower and upper bounds of the integration, defin-
ing the effective region where the BLER transitions
from 1 to O.

3.2 End-to-End SINR Distribution

The core of the analysis is to derive the CDF of
the end-to-end SINR, F,,, (x). The derivation follows
a bottom-up approach.

3.2.1 CDF of a Single MIMO Link: The channel
power gain G after MRC/MRT over N antennas with
Nakagami-m fading follows a Gamma distribution. Its
CDF is given by [30]
7(Nm,mg/Q)

['(Nm) 7
where (-, -) is the lower incomplete gamma function.

3.2.2 CDF of SINR for an Individual Hop: The CDF
of the SINR for each hop can be expressed in terms

of Fg(-). For the second hop at D; via relay k, the CDF
of the SINR is represented by

Fe(g;N,m, Q) = (11)

X
F =F|—F———; Q 12
'YDl,k(x) G (PR(DQ — azx)errml RD1> ’ ( )

where pgr = Pr/ 2. For the first hop, the CDF is found
by integrating over the RSI channel gain.

o0 e~ 8/ ARR
Fyg s, (X) = /0 F¢ (greq; Ns, m, QgR) derr/
(13)
rrt1
where 8Sreq = % and Os = PS/O'Z.

3.2.3 CDF for a Single End-to-End Path and
after  Selection for User DI1: The CDF for a
single path through relay k for wuser D; is
Fpath,l,k(x) = 1- (1 - F’YRkﬂsl (x))(l - F7D1,k(x))'
After max-min selection over K relays, the final CDF is

K
Froe (x) = {Ppath,l,k (x)} . (14)

3.3 Average BLER and Closed-Form Approximation
for User D1

The integral in (10) is often difficult to solve in a
simple closed form. Following the approach in [13], we
can use the Gauss-Chebyshev quadrature rule to obtain
a highly accurate closed-form approximation.

OH oy — PL Ny
; f(x)dx ~ — 2 wjf(x]-), (15)
L j=1

where N, is the number of quadrature points (a small
value like 15-20 is often sufficient), and the weights w;

and evaluation points x; are given by

_ (2j —Dm
]/] = COS <ZI\IP ’ (16)
_PH—PL PH +PL

7'[
wf:ﬁp’/l_yjz' (18)

Proposition 1. The average BLER for user Dy can be
accurately approximated in a closed form as

N, K

- H1 — P11

ep, ~ 0 PP Y oy [Fuanax(x)] - (19)
j=1

3.4 Average BLER and Closed-Form Approximation
for User D2

Unlike the far user D1, the near user D2 must per-
form SIC. This means that for D2 to successfully decode
its own message (s2), a chain of prior decoding events
must succeed. Specifically, the selected relay R; must
first decode s;, then s;. Subsequently, D2 must also
decode s; to subtract it from the received signal before
finally decoding s,. A failure at any of these four stages
results in an end-to-end error for D2.

Consequently, the effective end-to-end SINR for D2
is limited by the bottleneck of these four processes:
Vezep = MaXp{MIN(YR s,/ VR,—ss YDy 51k YDy k) }-
The CDF of the SINR for a single path through relay
k is the probability that at least one of these SINRs is
below a threshold x, given by

4

Fputh,Z,k(x) =1- H(l - F"rj (x)),

=1

where 1, represents the four respective SINR terms,
whose individual CDFs can be derived similarly to the
previous section. After max-min selection over K relays,
the final CDF is F,,,,,(x) = [F, ath,2,x(x)]X. This leads to

p
the final average BLER approximation for D2.

Proposition 2. The average BLER for user Dy can be
accurately approximated in a closed form as

_ NP K
€p, ~ szszipLz Y w; [Fpath,Z,k(xj)] - (20)
=1

4 NUMERICAL RESULTS AND DISCUSSION

In this section, we present numerical results to val-
idate our analysis and illustrate the performance of
the proposed scheme. For performance comparison,
we include a baseline scheme referred to as ‘Simpler
selection’. This method, often found in the literature,
selects the relay that maximizes the channel gain of
the first hop only (i.e., max; Gsg, ), without considering
the quality of the second hop to the destination. For
simplicity and without loss of generality, the average
channel power gains per antenna and the RSI channel
gain are normalized to one, ie, Qsg = Qrp, =
ARr = 1, Qgrp, = 1.5. The noise variance is also
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normalized, 0> = 1. The transmit power at the source
and relays are assumed to be equal, Ps = P = P, thus
the transmit signal-to-noise ratio (SNR) is defined as
p=P/ 2. Unless otherwise specified in the figures, the
default system parameters are set as follows: number of
antennas at each node Ng = Ny = N, = N = 3, number
of relays for selection K = 2, blocklength L = 256,
number of information bits b; = b, = 256, Nakagami-
m fading parameter m = 3, power allocation coefficient
for the far user a; = 0.8, RSI coefficient ¢ = 0.01, and
imperfect SIC coefficients x; = xp = 0.01.

Figure 2 shows the BLER performance as a func-
tion of SNR for different numbers of antennas N. As
expected, increasing N provides a significant perfor-
mance improvement for both users. The steeper slope
of the curves for larger N indicates a higher diversity
order, which is a direct result of the spatial diversity
gain from the MIMO configuration. This highlights the
crucial role of multiple antennas in achieving the high
reliability required for URLLC.

—e— D1 (far), N=2
-®- D2 (near), N=2
—=— D1 (far), N=3
-m- D2 (near), N=3
—4— D1 (far), N=5
-4- D2 (near), N=5

Average BLER
=
5

10-10

1012

Figure 2. BLER vs. SNR for different numbers of antennas (N),
with K = 2.

Figure 3 illustrates the impact of the number of
available relays K when using the max-min selection
criterion compared to the simple selection scheme. The
results clearly show that increasing K from 2 to 4 yields
a substantial SNR gain. For instance, to achieve a BLER
of 10710 for the far user D, the max-min selection
scheme with K = 4 requires approximately 10dB less
SNR than the simple selection scheme. This confirms
that the max-min selection strategy effectively leverages
user diversity to combat fading and enhance reliability.
The performance of the near user (D) is notably high,
achieving very low BLER at low SNRs, especially for
K = 4. This is a direct consequence of the combined
gains from the stronger channel inherent to the near
user in NOMA, the spatial diversity from the MIMO
configuration, and the user diversity provided by the
max-min relay selection. This synergistic effect under-
scores the effectiveness of the proposed framework in
achieving ultra-reliability. Note that some simulation
markers are not visible as their BLER values fall below
the plot’s y-axis range.

10°
—e— D1 (far), K=4, Simpler selection
-e- D2 (near), K=4, Simpler selection
—&— D1 (far), K=2
1072 4
-m- D2 (near), K=2
—&— D1 (far), K=4
-4- D2 (near), K=4
1074 4
&
-
o
L 10
I ~<
[ ~~o
> e
< [ T e 4
1078 4
10-10
10-12

SNR (dB)

Figure 3. BLER vs. SNR for different numbers of relays (K),
with N = 3.

Figure 4 demonstrates the fundamental trade-off be-
tween latency (related to L) and reliability. For a fixed
SNR, a larger blocklength L allows for more powerful
channel coding, thus reducing the BLER. Conversely,
to meet a stringent BLER target with a shorter packet
(smaller L), a higher SNR is required.

—e— D1 (far), L=128
-@- D2 (near), L=128
—m— D1 (far), L=256
-m- D2 (near), L=256
—&— D1 (far), L=512
-A- D2 (near), L=512

\
10724

1044

1076 4

Average BLER

1070 4 e

10710

10712

15 20 25
SNR (dB)

Figure 4. BLER vs. SNR for different blocklengths (L), with
N=3,K=2.

Figure 5 shows the BLER as a function of the num-
ber of transmitted bits b for different Nakagami-m
fading parameters. As b increases, the transmission
rate R = b/L increases, raising the BLER. The figure
also shows that a more benign channel environment
(higher m) drastically improves performance.

Figure 6 is now dedicated to analyzing the critical
impact of the residual self-interference (RSI) coeffi-
cient, ¢, on the system’s BLER performance. As RSI
is the primary challenge in FD systems, this analysis
is crucial for understanding practical limitations. The
results clearly show that as ¢ increases, the performance
of both users degrades significantly. For a low RSI
level (¢ = 0.001), the system performance is excellent.
However, for a higher RSI level (¢ = 0.15), a prominent
‘error floor’ emerges for both users at high SNRs.
This phenomenon occurs because, at high SNRs, the
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—e— D1 (far), m=1
-®- D2 (near), m=1
—&— D1 (far), m=2
-m- D2 (near), m=2
—&— D1 (far), m=3

Average BLER

1012
100 125 150 175

200 225 250 275 300
Number of Bits (b)

Figure 5. BLER vs. number of bits (b) for different fading parameters

(m), with N =2,K =2,L = 256,SNR = 10dB.

100
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NN K
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AR -m- D2 (near), §=0.04
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Figure 6. BLER vs. SNR for different RSI levels (§), with K = 4,
N =3,L = 256.

system becomes interference-limited rather than noise-
limited. The constant RSI power dominates the denom-
inator of the SINR expression at the relay, creating
a ceiling on the achievable SINR and, consequently,
a floor on the BLER. This highlights the paramount
importance of effective self-interference cancellation
techniques to unlock the full potential of FD relaying in
URLLC systems.

Figure 7 investigates the impact of power allocation
and RSI. For the near user (D), there is a clear optimal
value of w; that minimizes its BLER, representing a
trade-off between its own signal power and the inter-
ference from s;. The BLER of the far user (D) mono-
tonically decreases as its allocated power «; increases.
The plot also confirms that lower RSI (smaller ¢) leads
to significantly better performance.

Finally, Figure 8 shows the effect of imperfect SIC,
represented by «. The performance of the far user D;
is independent of x. However, the BLER of the near
user D, degrades as x increases. The case x = 0
represents perfect SIC and provides a lower bound on
performance, highlighting the sensitivity of the NOMA
near user to SIC quality.

—e— D1 (far), £=0.001 . A

-e- D2 (near), £=0.001 e

—=— D1 (far), §=0.04 A

-m- D2 (near), £§=0.04 ok L.

—&— D1 (far), £=0.15 s P /

-a- D2 (near), £=0.15 ok e /
4 ‘-—“'—‘k /‘ /’

10744 S

.____‘__—-A—""— 4 /

Average BLER

- \-\-\_\ .

0.6 0.7 0.8 0.9
Power Allocation Coefficient (a;)

Figure 7. BLER vs. power allocation («1) for different RSI levels (C),
with N =3,K =2,L = 256,SNR = 10dB.
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Figure 8. BLER vs. SNR for different SIC imperfection levels (x), with
N=3,K=2.

5 CoNcLUSsION

This paper has provided a rigorous and comprehensive
performance analysis for a sophisticated cooperative
network combining MIMO, FD-NOMA, and a max-
min relay selection strategy for short-packet commu-
nications. We derived novel, exact analytical expres-
sions for the average BLER that capture the complex
interactions between these advanced techniques. Our
results unequivocally demonstrate that the synergy of
multi-antenna processing and an intelligent max-min
relay selection scheme can significantly boost system
reliability compared to the traditional relay selection
scheme. The analysis provides valuable, quantitative
insights into the design trade-offs for URLLC systems.
This work lays a strong theoretical foundation for the
practical design and optimization of future-generation,
high-reliability wireless networks.
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