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ABSTRACT: Compared with widely used half-duplex relaying, developing full-duplex (FD) relaying devices enables simultaneous trans-
mission and reception, which can be desirable for spectrally efficient 6G Internet of Things (IoT) networks. To improve the reliability
of FD relaying, MRT can be incorporated into an FD-DF relaying architecture, making the resulting scheme practical for diverse appli-
cations. In this study, critical performance metrics, such as outage probability, symbol error rate, and channel capacity, were derived for
the Nakagami-m fading channel model. Numerical examples from Monte Carlo simulations corroborate the theoretical expressions and
demonstrate that MRT can efficiently mitigate residual self-interference while preserving low receiver complexity. These findings pro-
vide useful insights for system designers to consider FD-DF relaying with MRT as a practical and effective solution for next-generation

wireless ecosystems.

1. INTRODUCTION

The evolution of wireless applications and the increasing
number of devices are paving the way for sixth-generation
(6G) networks, which will be designed to meet unprecedented
demands in capacity, reliability, and scalability [1]. Unlike
earlier generations, 6G aims to support an ultra-dense Inter-
net of Things (IoT) ecosystem, where billions of low-power
devices coexist with high-throughput applications [2]. Key
expectations include massive connectivity, ultra-low latency,
high energy efficiency, and simplified architectures capable of
handling intense interference and maintaining consistent per-
formance under diverse channel conditions [3]. Cooperative
communications via relaying have long been recognized as a
cornerstone for enabling coverage extension, improved relia-
bility, increased system capacity, and reduced power consump-
tion [4, 5].

Relay devices have been widely used to connect two wire-
less links, especially to increase the range and provide diverse
paths to base stations. There are two popular relaying ap-
proaches: amplify-and-forward (AF) and decode-and-forward
(DF) [6,7]. Although AF relaying has lower computational
complexity than DF relaying, DF relaying can provide better
performance and may therefore be preferable [8, 9], especially
when noise and interference increase. According to 3GPP
standardization studies [10], DF can increase cell-edge perfor-
mance in “long term evolution-advanced” (LTE-A) systems.
Recently, DF relaying has been studied for both RF and optical
links in [11, 12], where switching between RF and optical chan-
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nels according to link conditions has been shown to improve
overall system performance. Research on relaying has favored
half-duplex (HD) relays in practical deployment [4—10]; how-
ever, emerging full-duplex (FD) relay devices can further in-
crease the system capacity, as they can transmit and receive at
the same time-frequency resource block, which is very valuable
due to the enormous increase in the number of wireless devices.
Alves et al. [13] compared the performance of FD and HD re-
laying systems over Rayleigh fading channels. The optimal
number of activated device-to-device (D2D) links and mode
selection for full-duplex/half-duplex cellular networks were in-
vestigated in [14]. Furthermore, the outage performance and
power allocation problem of FD-D2D communication were ex-
plored in [15]. Chen et al. studied the spectral and energy ef-
ficiencies of different FD relaying schemes in [16]. Besides,
FD relaying in multiuser systems is considered in [17] for non-
orthogonal multiple access (NOMA) and rate-splitting multiple
access (RSMA) [18], demonstrating significant performance
improvement. The average sum rate and Outage Probability
(OP) of RSMA with FD relaying for unmanned air vehicle com-
munication were obtained in [19]. Tani et al. obtained detection
probabilities of FD cognitive radio systems in [20]. The outage
probability of a cognitive FD-DF relaying system with power
constraints was obtained in [21], while Kwon et al. [22] pro-
vided the exact OP of an FD-DF relay system over Rayleigh
fading channels. Achievable rates were obtained under dif-
ferent power control schemes for the FD-DF relaying system
in [23]. The average bit error probability and diversity gain of
an FD-DF system were investigated in [24]. Although FD re-
lays attempt to minimize self-interference (SI) at the relay with
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FIGURE 1. Dual-hop maximum-ratio transmission with full-duplex relay.

the help of high electromagnetic isolation, they still experience
residual SI [25] because perfect isolation is impractical. There-
fore, reliability degradation must be addressed in FD-DF sys-
tems to make them appealing for future networks.

Utilizing multiple antennas can improve reliability and ca-
pacity depending on the requirements of the wireless applica-
tion [26]. For example, the performance comparison of mul-
tiple antenna systems with half and full-duplex modes over
Rayleigh, Rician, and Nakagami-m fading channels was stud-
ied in [27]. A practical multi-antenna technique for reducing
distortion is maximum ratio transmission (MRT) [28], which
increases received signal power and exploits full spatial diver-
sity [29,30]. Using MRT can still keep receiver’s complexity
low, which is desirable, especially at the downlink of cellular
and WiFi systems, where mobile devices are expected to be
small and consume low power. In [3], the spectral efficiency
of FD decode-and-forward systems with MRT over Ricean fad-
ing channels was investigated. The block error rate of differ-
ent MIMO schemes containing MRT was studied in [32]. With
the advent of conventional MIMO transmissions, we believe
that FD decode-and-forward relaying with MRT can be easily
adopted for wireless sensor networks and upcoming new tech-
nology standards expected to support an enormous number of
IoT devices.

In this study, we comprehensively analyze the performance
of FD-DF relaying with MRT over Nakagami-m fading chan-
nels. In particular, OP, SER, and capacity expressions were
derived, and the resulting closed-form expressions were val-
idated through extensive Monte Carlo simulations. Unlike
most existing studies, the proposed model explicitly considers
residual self-interference and demonstrates that MRT can ef-
fectively mitigate its impact while maintaining a low receiver
complexity. Moreover, the impacts of self-interference, fad-
ing severity, and antenna configuration are evaluated to of-
fer insights for practical system design in ultra-reliable, high-
capacity networks. The numerical results confirm that the sys-
tem achieves significant reliability and capacity gains com-
pared to half-duplex relaying, making FD-DF with MRT a prac-
tical and efficient solution for upcoming networks such as 6G
IoT and industrial sensor networks.

In the remainder of this paper, Section 2 presents the consid-
ered system, and Section 3 provides signal-to-noise ratio (SNR)
statistics. Section 4 presents the analysis of performance met-
rics. Section 5 explains simulation results, and Section 6 sum-
marizes conclusions.
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2. SYSTEM DESCRIPTION

Fig. 1 shows the basic system block diagram for FD-DF relay-
ing with MRT. The source device S with N antennas is linked
to destination terminal D with Ny antennas through a single-
antenna FD relay. For example, this system can be used when
the line-of-sight is blocked because of severe signal distortion,
which is realistic in crowded networks in urban areas. The re-
ceived signal y,-(n) at the relay can be expressed as

yr(n) = g'way(n) + for(n—7) +ne(n), (1)

where x4(n) is the source symbol at time n with unit energy;
g is the N7 x 1 complex vector with independent identically
distributed (i.i.d.) Nakagami-m fading coefficients, which is
assumed to be known at both S and R; T is the transpose oper-
ator; w = g*/||g|| is the MRT weighting vector,where * is the
complex conjugate operator, and ||g|| is the Frobenius norm of
g; x.(n — 7) is the interfering relay symbol sent 7 seconds ear-
lier; f is the Nakagami-m distributed SI coefficient between
receive and transmit antenna of the relay; and n,.(n) denotes
additive white Gaussian noise (AWGN) sample having o2 vari-
ance and zero mean. For this system, the signal-to-interference
plus noise ratio (SINR) at the relay ~y,, is

Yy
=T 2
Yo =T )
where v, = ||g||?/o? is the instantaneous SNR between the
source and relay, and vy = |f|?0%;/0? is the instantaneous

interference-to-noise ratio (INR) at the relay, where 0'% 7 is the
SI power. The relay can use the maximum likelihood (ML)
detector to obtain the detected symbol z,-(n) as follows

A3)

£ (n) = arg_min y,(n) — g7 wrs(n)],

where A, is the set of modulation symbols. Note that, be-
cause the relay generates x,.(n — 7) itself, it can subtract its
own known contribution from y,.(n) prior to detection; how-
ever, imperfect RF-chain and channel knowledge prevent exact
cancellation, leaving the residual self-interference term already
captured by g in (2). The detector in (3), therefore, operates
on the residual-interference-limited signal after this cancella-
tion step, rather than on the raw received signal in (1). Fur-
thermore, the relay forwards the detected symbol z,.(n) to the
destination, as follows: The destination terminal can use the
maximum ratio combining (MRC) to obtain the received signal
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as

yd(n) - VThxr (n) +vng (n)7 (4)
where h is the Ny x 1 complex-valued Nakagami-m fading co-
efficient vector between the relay and destination; v = h*/||h|]
is the MRC weight vector where ||h|| is the Frobenius norm
of h; and n4(n) denotes AWGN samples with o2 variance and
zero mean. The destination can use the ML detector to find the
transmitted symbols as

ra(n) = arg min [ya(n) —VThao (). (9)
The received SNR at the destination can be written as
|||
M= T e (6)

3. SNR STATISTICS

Because fading channel coefficients for all links are Nakagami-
m distributed, g4, v, , and s have gamma distributions with
fading parameters m1, ms, and ms, respectively. The probabil-
ity density function (PDF) of the gamma-distributed v random
variable for IV transmit or receive antennas can be expressed as

mmN,ymel

—my/3
f*ymNI‘(mN)

fy(n) = (7
Eq. (7) is a generic gamma PDF; it is specialized below as
fr, (x) with (m,N) = (m1,N;) for the source-relay link,
frn () with (m, N') = (mg, N2) for the relay-destination link,
and f,,(x) with (m,N) = (ms,1) for the single-antenna
residual self-interference link. The analysis for channels repre-
sented as one-sided Gaussian (m = 1/2), Rayleigh (m = 1),
and Ricean with K factor (m = (K + 1)?/(2K + 1)) distri-
butions can be readily performed by selecting the fading param-
eter m accordingly. For SINR at the relay v,,, the cumulative
distribution function (CDF) F, () can be expressed as

F, (z) =Pr(y, <z), ®)

Using 7, in (2) and corresponding PDFs, (8) can be obtained
as follows

oo ’Yg
F = P < d 9
() A r<7f+1 x)fw(%f) vy ©)
= / Ey, (O + 1)) fr, (vp)dvy (10)
0
_ my'?
™3 (m3)T(my Ny )
oo e m
></ vy WinNh_l(fo)w)
0 Vg
e 7 " dyy, (11)

Using Egs. (8.352.2), (3.352.3), (0.306), and (1.111) in [33],
Eq. (11) can be expressed as

(Zayms oy o (e
_ vf —(=)z E Vg
F'YR(I) =1- W@ g n'

n=0
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n —k—mg3
x> tma Dt (24 ) L a2)
=0 RET

where T'(.,.) represents the upper incomplete gamma func-
tion [33, 8.350.2]. The CDF of the received SNR at the des-

tination can be obtained as

F(m2N2,m2(jT:))

Ey (z)=1- RO AR (13)
by using [33, 8.352.7], (13) can be simplified as
g T2 z\'1
th(:r)zl—e 7 Z <m2%> ik (14)

=0

Moreover, the PDF of the first hop SNR can be calculated as

£y @) = / Tty (@t O f, @de, (15)

then,

vf

(yma s (gzayms
f’YR(’Y) = F(mlNl)F(mg) €

oo
></ ($+1)(I+1)m1N171$m1N171
0

m3 .

_my
7o T T,

e

(16)

After some mathematical manipulations, the PDF of the first
hop SNR can be obtained as

F(mlNl)F(J;TLg)

() (2
Vg

my
miNp—1 T Y

e

va (v) =

S I (n + ms)
(Ghy + J2)rtms

a7
n=0 o7

Similar to the above equation, the PDF of the second hop
SNR can be given as

(@)777.2]\72 my
T m2N2716_ﬁ’7

fr, () = T(malN) (18)

4. PERFORMANCE ANALYSIS

This section presents an analytical evaluation of the perfor-
mance metrics of the proposed system. First, closed-form ex-
pressions for the outage probability are derived, followed by
a detailed symbol error rate analysis. Finally, the ergodic ca-
pacity under Nakagami-m fading is determined. These metrics
provide a complete picture of the reliability and capability of
the FD-DF-MRT system.
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4.1. Outage Probability

In this subsection, the OP’s analytical expression over the
Nakagami-m channel is derived using the SNR CDF. The OP
of the dual-hop system can be defined as the probability that at
least one of v,, and v, falls below a predefined threshold +,,, .
Thus, the OP can be written as

Poyt =1 — (PT(,YR > %h)Pr(%L > %h)) . (19)

7,, = 2 — 1 where Ry denotes the bits per channel use
(BPCU). Assuming Ry = 1 BPCU, threshold SNR becomes
7,, = 2! — 1 = 1 (linear), i.e., ,, = 0dB. Using the derived
CDF expressions, OP can be expressed as

Pout =1- ((]‘ - F’YR (f}/th)) (1 o F’Yh Cvth)) ' (20)

Substituting Egs. (12) and (14) into Eq. (20), the final OP can
be obtained as follows
1
T 1
. )0

s ’Yt7h mgNgfl
Pout =1—e n E

1=0
m3\ms miNy1—1 (1Y, \n
><7< ) e e 121: S
[(ms) o n!

xZ(k+m3—1)!(mS+m1

7}6‘7777,3
w;h> - 2D
Vr Yg

4.2. Symbol Error Rate

In order to get the system’s error performance, the first- and
second-hop SERs are derived separately below (denoted as P,;
and P,.») and combined into the end-to-end SER in (30), and
the SER can be found by

P = /0 Pu(ehin)fy, d, 22)

where P.(e|v,) denotes the symbol error probability condi-
tioned on the instantaneous SINR +,, and is given as

L'(b,av,)

Pelelra) = it (23)

which can be expressed in the following form by using Wolfram
Mathematica [34, Eq. (06.06.26.0005.01)],

1
Pe(elvr) = 5r7 G

9T (b) 24

2,0
1;2(a’)’R |(1),b)'

where a and b are modulation-dependent constants of the stan-
dard incomplete-gamma SER representation. For example,
a = sin2(nr/M),b = 1/2 for M-PSK, anda = 1, b = 1/2
for BPSK, selected according to the modulation format used in

Section 5. To this end
n

mi Ny

Vg s

() (2

Pelz
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o0
<Dl ma) [N 1GE )
0

m)—(n+m3) dy

xeiT;W <m17+ -
v

— (25)
Vg

symbol error probability of the first hop is obtained as follows

7m1N1(@)m1Nl(m)m3

a

Pel = 2o i

&)
n ol

l—mlNl,l—mlNl—b;;l—n—m,g

n=0

>

m1 N1

my

avg
miyy

amgyg

X G02:10:11

21:01:11 . (26)

1—m1N1—1;0;0

The symbol error probability of the second hop can be obtained
using the following equation

Py — / Po(elm) fon (7). @7)
0
Thus,
(1)
Pe? - Tn
I 1
_m2
| ies (] | es)
0 0,

After some mathematical manipulations, the symbol error prob-
ability of the second hop can be obtained as

a*mzNQ(WQ)mzNQ 1—maN2,1—moNa2—b
P, = Y 1,2 [ M2
e2 — 2.2 —
2I°(b)I1 N- ’
(b)I'(m2N2) | 1 Naet

(29)
To this end, the system SER performance metric of the two hops
can be obtained by [29]

P82€:P81+P62_2(P€1P62)7 (30)

4.3. Capacity Analysis
The maximum ergodic capacity for the end-to-end system is
Ce2e = min(Cy, Cy), (1)

where C and C5, are ergodic capacities of the first and second
hops, respectively. The ergodic capacity of the fading channel
can be expressed as follows

Ci = / logy (14 7) fyr (7)dy. (32)
0
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the ergodic capacity of the first hop is

- s
6 = [T B v
1 0 g2( ’Y) F(mlNl)F(mg)
m1 Ny m1N1 F
_ m n -+ ms
'Yg 'Yf

Using [35, Eq. (7)], Eq. (33) can be obtained as follows

| . m1 Ny mg \ ™
me () (%)
0y = s

F(mlNl)F(mg)

()
n=0 " '_Yf
oo
x/ ,lelelG(l):(lj (mﬂ ’O)
0 Vg

><GH (mwa‘ b noi e )

msyg
) d,

xG(‘

If the expression in the integral term is called I; and by using
[36, Eq. (07.34.21.0081.01)], I; can be obtained as follows

—m1 N1
h:(ﬁg
Vg
:0:1,0

Vg
0,1:1,1:1,2 1 )
XG170;171 72 ("/f ‘ 1_m1N1;1_m3;1’1>7 (35)

ms3

(34

after some mathematical manipulations, C can be obtained as

10g2(6) mul m1N1 ms -n
Ci=c—— Z —
['(mqN1)T'(m3) o n vt
GOl 11.2 7’:}1 —;0;1,0 36)
1,0:1,1:2,2 ,,';/Lf3 L= myNy:l—mg 1,1 )

Similarly, the ergodic capacity Cs of the R-D hop can be cal-
culated as follows

Co= [ log,(14)1, (7). ()
0
Using the PDF expression in (18), Ca can be obtained as
m2N2
log, (¢) (22)
2= F(mQNQ)
- 1,1 -
X/ yeNayily) | eet (S| |dr69)
0 1o A\ 0

The expression in the above integral can be simplified us-
ing [36, Eq. (07.34.21.0011.01)]; then, C5 can be expressed as

logy(€) a3 ( An
F(m2N2)G 2 (mZ ) %)

]., ]., 1— m2N2

G = 1,0
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5. SIMULATION RESULTS

OP, SER, and capacity results obtained by Monte Carlo simu-
lations are demonstrated in this section to corroborate our an-
alytical expressions and gain insight into the behavior of the
studied system. In the OP plots, the power of the SI channel is
assumed to be o%; = 0.1. Similar to [16], the SNR threshold is
selected by assuming BPCU= 1, which gives y;, =2 —1 =1
(linear scale), i.e., y;, = 0dB. For both links before and after
the FD-DF relays, the SNR values are the same in all figures,
in which the numerical results match perfectly with the closed-
form theoretical findings.

Figure 2 illustrates the impact of the number of antennas
on OP performance when fading parameters are the same for
all links. Obviously, using more antennas results in improved
OP. For example, at 20dB SNR, having four antennas com-
pared to two decreases the OP from 1072 to 10~7, showing
the effectiveness of MRT. When the power of SI increases,
the received SINR at the relay decreases, as can be seen from
Eq. (2); thus, the OP drops to a certain level and remains con-
stant, for example, 10~° for N; = Ny = 3. For comparison,
v,, = 220 — 1 = 3 (4.77dB) is used for half-duplex (HD)
curves in Fig. 2 to account for the doubled target rate required
by the two time slots that HD needs per transmission, while
FD curves use 7,, = 2% — 1 = 1 (0dB). As can be seen
in the figure, when the BPCU is assumed to be 1 for the HD
and FD modes, the FD mode can perform better than the HD at
low SNRs, showing that the adverse effects of the SI become
smaller. It can be deduced that when SNR increases, the SI de-
grades performance more; hence, MRT becomes quite helpful
without increasing reception complexity. When N1 = Ny =4
antennas are used, only 6 dB SNR is sufficient to achieve OP
=1075, which is essential to satisfy the requirements of highly
demanding service availability rates, such as 99.999% of cellu-
lar networks.

O  FD simulation
FD analytical
=—#— HD simulation H
© 000 o0
N, =N,=1

5 10 15 20 25
SNR

FIGURE 2. Outage probability when fading parameters mi = mg =
ms3 = 2, v, = 0dB for FD and 4.77 dB for HD.

Figure 3 illustrates the effect of the fading severity parameter
on OP performance. When the fading parameter m increases,
OP decreases. When m; = my = mg = 1, channel coef-
ficients at all links become Rayleigh-distributed, in which the
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FIGURE 3. Outage probability when number of antennas N1 = Np =
2 and v¢, = 0dB.

10° w w
O  simulation
analytical

10-4 L I I L
-5 0 5 10 15 20 25 30

SNR[dB]

FIGURE 4. Symbol error rate when antenna numbers N3 = Ny = 2.

OP becomes fixed at approximately the 10~2 level, which may
not be sufficient for high quality of service, and it would be nec-
essary to allocate more antennas for that link. As can be seen
in the figure, when m; = mo = mg = 3, the OP is 10~ at
10 dB SNR; thus, base stations would allocate few antennas if
wireless links do not experience harsh fading.

Figure 4 shows the effect of the fading severity parameter
on SER performance. As expected, if the fading parameter
increases, the SER decreases. As shown in the figure, when
my = mg = mg = 3and N; = N, = 2 the SER is 1073 at
20 dB SNR.

Figure 5 illustrates the symbol error probability performance
when Nakagami-m channel parameters are m, = mo = m3 =
2. The analytical results fit the simulated results for all cases.
As can be seen in the figure, if the number of antennas is in-
creased, the SER decreases. For N; = N> = 4, the SER
reaches the 10~* when the SNR exceeds 15 dB.

In Fig. 6, with the number of source and destination anten-
nas N1 = N, = 2, a change in ergodic capacity is observed
according to the fading severity parameter. Since the channel
is one of the factors that significantly affects the ergodic capac-

O  Simulation
analytical

m1=m2=m3=2

SER

N1=N2=2
N,=N,=3
N,=N,=4

-5 0 5 10 15 20 25 30
SNR[dB]

FIGURE 5. Symbol error rate when fading parameters mi1 = ms =

12 T T

Simulation
O  Analytical

Sum Rate [bits/sec/Hz]

-5 0 5 10 15 20 25 30 35 40
SNR [dB]

FIGURE 6. Capacity when fading parameters when N; = Ny = 2.

9 T T D

_N — Simulation
N=Ny=2 O  Analytical |©
D

i~y
Q
w
asr 1
2
Q
TAT 1
o
Eal |
w
ol INR=3 dB )
INR=7 dB
.1 INR=10 dB |
o j ‘ ‘ ‘ ‘ ‘
-5 0 5 10 15 20 25 30
SNR [dB]

FIGURE 7. Capacity when number of antennas N1 = Na = 2.

ity, as can be seen in the figure, if the fading parameters are
increased, the capacity also increases. Although the same data
rate is obtained in the low-SNR region, a difference arises at
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high SNRs. At 30dB SNR, the sum data rate is 5 bits/sec/Hz
when m; = mo = 1, and the sum data rate is 8 bits/sec/Hz
when m; = mg = ms3 = 2.

Figure 7 shows the effect of changing the INR of the self-
interference channel on the ergodic capacity. When the INR
and SNR are 3 and 15 dB, respectively, the capacity of the sys-
tem model is 4 bits/sec/Hz. If the INR increases to 10 dB, the
capacity decreases to 3 bit/sec/Hz.

6. CONCLUSIONS

In this study, closed-form expressions for SINR statistics, OP,
SER, and ergodic capacity for FD-DF dual-hop relaying with
MRT over Nakagami-m fading channels were derived and val-
idated. The results show that although residual self-interference
is unavoidable in FD relaying, its impact can be effectively mit-
igated by MRT without increasing receiver complexity. The
numerical results further demonstrate that the proposed scheme
remains robust under severe fading, offering improved relia-
bility without added complexity when more antennas are em-
ployed. Compared to half-duplex transmission, FD relaying
provides clear performance gains, particularly at low SNR con-
ditions. These features make FD-DF with MRT a practical so-
lution for 6G and IoT networks, where ultra-reliability, spectral
efficiency, and scalability are critical.
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