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Abstract

This paper proposes a power scaling (PS) technique aimed at mitigating the outage
floor problem commonly encountered in multi-user full-duplex (FD) non-orthogonal
multiple access (NOMA) systems. Two antenna modes denominated as adap-

tive antenna mode (AAM) and fixed antenna mode (FAM) are utilized in this work

for L FD near users in close proximity. In addition, a combined method of select-

ing both antenna mode and near user integrated with PS is employed to improve

the overall network performance. Moreover, a power allocation between the chosen
near user and far user is considered. In the low-to-moderate power regions, by AAM
and FAM, we achieve twice of full diversity gain and full diversity gain, respectively. The
research presents mathematical expressions for deriving the average capacity and out-
age probability and supports the theoretical findings with simulation-based evidence.
The results of this work show that PS method not only contributes to a greater spatial
diversity but also leads to superior performance compared to traditional FD NOMA
systems. Moreover, our proposed method overcomes the outage floor and capacity
ceiling. Furthermore, the work can be developed to 6G massive MIMO technology

in multi-user FD cooperative NOMA systems.

Keywords: Full duplex, NOMA, Near-user selection, Power allocation, Antenna mode
selection, Power scaling

1 Introduction

The increasing demand for wireless networks has provided the necessity for effective
spectrum utilization in 6G Networks [1]. To enhance spectral efficiency in 6G net-
works, non-orthogonal multiple access (NOMA) was introduced as an appropriate
option [2, 3]. While various NOMA designs have been explored, cooperative NOMA
has shown potential for enhancing system performance and extending communication
coverage [4, 5]. Authors in [6] have evaluated the performance of full-duplex (FD) near
user in IRS-aided NOMA systems. Some works have considered cooperative structure
for mobile edge computing (MEC) in wireless networks which can improve the system
performance [7—10]. Additionally, employing FD structures has emerged as a promis-
ing idea to address bandwidth efficiency concerns, allowing in the same frequency band
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for simultaneous reception and transmission[11]. However, imperfect self-interference
cancellation in FD relay systems can impact on the performance, particularly in Rayleigh
fading channels [12, 13].

Beamforming methods, such as those detailed in [14-16], multiplies the transmitted
signal from each antenna in a complex number to improve performance parameters as
detailed in [17]. Additionally, a beamforming design for AF FD two-way relays has been
considered in [18]. Furthermore, a FD relaying protocol with co-channel interference
was studied in [19]. In [20], the authors introduced a joint relay and antenna selection
structure for FD DF cooperative system over Rayleigh fading environments.

The concept of relay selection is considered as an efficient method to improve diversity
while keeping complexity at a minimum level. In the context of half-duplex structures,
initial considerations regarding relay selection were outlined in [21]. A rate maximiza-
tion was conducted for AF relaying in which relay selection has been employed[22].
Additionally, relay selection for half-duplex DF relays has been evaluated in [17, 23], but
it has a loss in spectral efficiency because of the half-duplex structure. To solve this, FD
relay selection was used in [24, 25]. However, designs presented in [24, 26, 27] encoun-
tered a performance floor for high-power regime. The study in [28] evaluates the per-
formance of a FD two-way relaying network, including the simultaneous impact of CEE,
CCl and RSL

In existing literature, joint beamforming (BF) and virtual MISO relaying has been
explored in [29], with a relay selection approach introduced. Furthermore, various
antenna selection strategies were introduced to improve the performance of relaying
networks with multiple antenna relays in [30, 31], resulting in a significant performance
improvement. Moreover, [32] has investigated the outage performance of the FD DF
system over Nakagami-m fading environment. The authors in [33] have supposed fixed
receive and transmit antennas in DF FD relay structures, necessitating efficient algo-

rithms to remove the error floor.

1.1 Motivations and related works
NOMA techniques are more efficient in terms of spectral usage in comparison with
orthogonal multiple access (OMA), making them a better option for advanced com-
munication systems like 5 G and beyond. Additionally, FD nodes have the potential to
increase spectral efficiency. In this work, the research focuses on a multi-user FD coop-
erative NOMA system that integrates FD capabilities to take the advantages of both
NOMA and FD techniques. The existing literature given in Table 1 indicates that current
methods could not achieve full diversity order. To improve the system performance, the
study introduces near-user selection and antenna mode selection methods in multi-user
FD NOMA systems to obtain additional spatial diversity gain. One major challenge in
ED systems is the presence of outage floor, particularly when there is no direct chan-
nel between the base station (BS) and far user. Existing studies have not been able to
effectively address this outage floor, highlighting the need for solutions to enhance the
performance of FD systems in such scenarios.

In this work, we introduce a power scaling (PS) technique that addresses the issue of

outage floor, even in scenarios where there is no direct channel between the base station
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Table 1 Existing literatures on full duplex structures

Structure Type of Relay Outageor Performance Finite-SNR High-SNR
relaying selection Error floor metric diversity diversity
strategy
Leeetal FAM Two-way None No outage  Outage prob-  Notinvesti- Achieves a
[26] FD DF floorwith  ability gated diversity gain
buffer- (buffer-aided
aided relay relay system)
system
Shukla etal. FAM Two-way Nth worst With error ~ BER, Sum Rate Notinvesti- No achiev-
[28] FD AF relay selec-  floor gated able diversity
tion
Dingetal. FAM FD DF Relay With out- Outage prob-  Note inves- No achiev-
[27] selection age floor ability tigated able diversity
schemes
Cuietal. FAM FD AF Max-Min Nooutage  Outage prob-  Notinvesti- Achieves full
[24] relay selec-  floor ability, BER gated diversity
tion
Krikidis et al. FAM FD AF Best relay With out- Outage prob-  No No achiev-
[25] selection age floor ability achievable  able diversity
diversity
This paper ~ AAM FD DF Max-Min Nooutage Outage prob-  Twice of full Between
NOMA relay selec-  floor by ability, Aver- diversity Full diversity
tion our power  age Capacity  order order and
scaling Twice of Full
method diversity
order

(BS) and far user. This method significantly enhances the system performance in com-
parison with traditional FD NOMA systems and eliminates the capacity ceiling. In the
situations that it is not possible to have a direct channel between the BS and far user
due to large obstacles, long distances and power limitations, our proposed method is
an optimal choice for transmission. Furthermore, we utilize near-user selection and
antenna mode selection to gain additional spatial diversity. To the best of our knowl-
edge, the combination of antenna mode selection, near-user selection, and power scaling
in the analysis of multi-user FD cooperative NOMA systems has not been explored in
existing literature. In addition, this work can be extended to 6G massive MIMO technol-

ogy in the multi-user FD cooperative NOMA systems.

1.2 Contributions

In this paper, a power scaling technique is introduced to tackle the issue of outage floor
in the multi-user FD cooperative NOMA systems even when there is no direct channel
between the BS and far user. The system consists of L FD near users operating over a Ray-
leigh fading scenarios. To enhance the system performance, joint near user and antenna
mode selection methods are applied in multi-user FD cooperative NOMA systems. Each
FD near user has multiple antennas for receiving and transmitting information. The
selection of receiving and transmitting antennas is according to the instantaneous chan-
nel conditions, and one near user is chosen to optimize the signal-to-interference and
noise ratio (SINR) of the multi-user FD cooperative NOMA system. The main contribu-

tions of this research are outlined as follows:
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Fig. 1 The model of multi-user FD cooperative NOMA system

(1)

S

The paper introduces two antenna selection designs, denominated as adaptive
antenna mode (AAM) and fixed antenna mode (FAM), for the multi-user FD coop-
erative NOMA systems (see Fig. 1). These schemes involve selecting one near user
according to instantaneous channel variations. The process of antenna mode selec-
tion for FAM and AAM is performed by the optimization problems for the chosen
near user, taking into consideration the power allocation between the chosen near
user and far user. The AAM and FAM designs enable the multi-user FD coopera-
tive NOMA system to achieve almost twice of full diversity gain and full diversity
gain for small to moderate power regime, respectively.

By applying the power scaling technique at the base station, the outage floor attrib-
uted to residual self-interference (RSI) is eliminated. Diversity gain for the multi-
user FD cooperative NOMA system with L FD near users approaches 2L and L for
the AAM and FAM designs, respectively. The power scaling technique mitigates
the effect of RSI, changing the high-SNR diversity gain from zero to roughly 2L and
L for the AAM and FAM designs, respectively.

New closed-form expressions for outage probability and average capacity are
derived for the proposed AAM and FAM designs in the multi-user FD cooperative
NOMA systems, taking into consideration the impact of imperfect self-interference
cancellation. The asymptotic behavior of the system is investigated to gain more
insights, which indicates an outage floor in high-power regions. By proposing an
efficient PS method, the aforementioned outage floor attributed to self-interference
is eliminated, and the system obtains diversity gain for low self-interference levels.
Furthermore, the capacity ceiling is removed by the aforementioned PS method.
The work emphasizes the importance of this method in enhancing the system per-
formance. The review of existing literature shows that whereas past studies have
investigated combined antenna and relay selection in general FD cooperative sys-
tems, none have specifically examined near-user selection and AAM integrated
with PS in multi-user FD cooperative NOMA systems. The evaluation of perfor-
mance metrics shows enhancements compared to previous researches.

Page 4 of 22
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(4) The performance analysis of the system, taking self-interference into account, is
validated using Monte-Carlo simulations, and the impacts of various parameters

are assessed.

1.3 Organizations and notations
The remainder of this paper is organized as follows. In Section II, the methods for the
multi-user FD cooperative NOMA system are provided in which study design, setting,
participants or materials, interventions and different analyses are described. Results and
discussion are given in Section III. Section IV concludes the paper.

Notation: erfc(w) and Q(w) specify the complementary error function and Gaussian

Q-function, respectively.

2 Methods/experimental

2.1 Study design

In this paper, a power scaling technique is introduced to tackle the issue of outage floor
in the multi-user FD cooperative NOMA systems even when there is no direct channel
between the BS and far user. The system consists of L FD near users operating over a
Rayleigh fading environment. To enhance the system performance, joint near user and
antenna selection methods are applied in multi-user FD cooperative NOMA systems.
Each FD near user has multiple antennas for receiving and transmitting the signals. An
optimization problem is formulated to select the receiving and transmitting antennas
according to instantaneous channel conditions, and one near user is chosen to enhance
the SINR of multi-user FD cooperative NOMA system.

Monte Carlo simulations are conducted to verify the theoretical analysis, focusing on
the outage probability of the multi-user FD cooperative NOMA system, and the per-
formance of adaptive antenna mode (AAM) and fixed antenna mode (FAM) structures.
The simulations consider different values for the number of near users (L) and the self-
interference level (17). Additionally, the effects of proposed methods are investigated, and

the results based on performance metrics are compared.

2.2 Setting

The paper discusses a multi-user FD cooperative NOMA system in which a far user
communicates with a BS with the aid of multiple near users. The research was carried
out in a simulated environment specifically designed to simulate this system. This sim-
ulation set-up provided a controlled setting to evaluate proposed techniques aimed at
improving the system performance. Various scenarios were examined and simulated to
obtain the effectiveness of proposed techniques. The assumption was made that there is
no direct channel between BS and far user due to power constraints over long distances.
In the case of extending the proposed scheme to the scenario with direct link between
BS and far user, the analysis of diversity order could not be tractable and complicated
integrals are required to be computed. Moreover, performance metrics will not have
closed-form solution and the complexity increases, and thus, we have omitted the afore-

mentioned scenario in this paper.
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The near users work in FD mode for receiving and transmitting information, denoted
by Uy, k = 1,2,...,L. Moreover, hg,i and h;’ p represent the channel fading coefficients
from the BS to the receive antenna u, u = 1,2,...,B/2, of near user j, j = 1,2,3,..., L, i.e,,
Uj, and from Uj’s transmit antenna r, r = B/2 + 1, .., B, r # u, to far user, respectively.
Each FD near user has multiple antennas for receiving and transmitting the signals. The
selection of the optimal combination of antennas for transmission and reception is cru-
cial, and a specific near user is chosen to enhance the SINR of the system.

The primary challenge of the considered system is the residual self-interference (RSI)
at the FD near user, which arises from imperfect self-interference cancellation, adding
complexity to the performance analysis of the system. The RSI which is considered as the
primary drawback of the FD system is attributed to outdated CSI throughout the process
of self-interference cancellation. In a block fading model, it is considered as a channel
estimation error. This assumption stands to the reason that RSI is a result of channel
estimation error which is unchanged over a block. This permits the system to obtain the
information contained in the RSI by accurately evaluating the channel. As a result, the
RSI channel can be effectively modeled as a block Rayleigh fading channel, and the self-
interference channel at near user UJ; is denoted by I}’ 7”[25, 34].

All channels are assumed to be under Rayleigh flat fading and additive white Gauss-
ian noise (AWGN), with the assumption of independence among these channels. If near
user U; at time m is chosen to collaborate in the message transmission, the BS sends its
symbol.

The received signal at UJ; is obtained as

Yooy, = (VarPsx1(m) + \/aaPsxy(m))hg ; + v/ Pux(m — mo)[[;7" + zj(m), (1)

The notation zj(m) stands for additive white Gaussian noise (AWGN) with zero mean
and unit variance. x;(m) and x; (1) denote the signals for the far user and selected near
user, respectively. Additionally, X(m — my) indicates the self-interference signal, where
my signifies the processing delay at the near user. Power allocation coefficients for the far
user and chosen near user are denoted by a5 and a1, with the condition that ay > a7 and
a1 + ap = 1to ensure fairness among users. The near user can utilize successive interfer-
ence cancellation (SIC) to initially detect the far user, who has higher transmitted power
and less interference signal. Then, the signal of the far user can be obtained from the
superposed signal, assuming perfect SIC implementation at the near user. Moreover, the
received SINR at the j-th near user to identify the signal for far user is written as

. I

- arPs|J,

VD*)L[j = 2 2 ’ (2)
alPs'hg,j‘ + Pyw|[[7" + 02

where o2 denotes the noise power spectral density. Moreover, w = 1 and w = 0 denote
FD and half-duplex (HD) modes, respectively. The received signal at far user is

Ypp = VPuk(m — mo)h;p + wp(m), (3)
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The transmitted power from BS and the selected near user is denoted by Ps and Py,
respectively. Additionally, wp(m) represents an AWGN noise with variance equal to 1
and zero mean. The received signal-to-noise ratio (SNR) at far user is given by
r—-u r 2

Vb= = Pu|p| @
In the case of imperfect successive interference cancellation (SIC), OTFS-Based NOMA
can be used which mitigates the aforementioned interference. In [35], an iterative SIC
turbo receiver is proposed for OBNOMA system which can overcome imperfections in
the SIC process and uncertainties in the channel state information (CSI).

2.3 Participants or materials

This research involved one far user, multiple FD near users and one base station (BS) in
a multi-user FD cooperative NOMA system which are considered as simulation nodes.
These nodes simulated the behaviors and communication capabilities of the partici-
pants. Additionally, binary phase shift keying (BPSK) modulation was used within the
simulation setup to generate source data for evaluating the system performance.

2.4 Interventions and comparisons

This paper considers two modes for the FD near user. Moreover, PS method is proposed
in the following subsections which can overcome the outage floor caused by imperfect
interference cancellation at FD near user. The research was performed in a simulated
environment that models a multi-user FD cooperative NOMA system. The theoreti-
cal and simulation results are used to investigate the methods for improving the sys-
tem performance through our proposed methods. Different scenarios were analyzed
and simulated to assess the effectiveness of the methods. Different values for number of
near users (L) and self-interference level (n) are considered in the simulations. Moreover,
the effects of proposed methods are investigated, and the results based on performance
metrics are compared to each other. The interventions in this work composed of com-
paring the performance metrics achieved through two different methods:

(1) FAM configuration: In this structure, multiple labeled receiving and transmitting
antennas are utilized. These antennas are designated with specific labels and cannot
change their role as transmitting or receiving antennas. The selected near user (SN)
can be determined as follows:

Usn = arg max W,
gm (5)

W, = min {y52% . v5=h }, ©)

where yﬁ;"ili and y/,= ' are defined as in Egs. (2) and (4).

(2) AAM configuration: In this setup, there are multiple antennas at the FD near
users. Each antenna can work as either a transmitter or a receiver, and they have
the flexibility to switch roles between transmitting and receiving. Consequently, the
selected near user is determined as
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Usn = arg max max { Wy, Wa}, (7)
j

Wi = min {v55h, 7525}, ®

W = min { y=5, 75 b ©

To simplify the analysis, we specifically consider the case where the number of
antennas at FD near user is equal to 2.

2.5 Analysis of FAM

This section investigates the performance of the system utilizing a fixed antenna mode.
The investigation focuses on determining the performance metrics. Furthermore, it
examines the finite-SNR diversity gain in situations characterized by minor self-interfer-
ence levels and high-power regime.

2.5.1 Outage probability

In FAM design, the near user with highest SINR is adopted in the system with the FAM
scheme. The outage probability of this configuration, which the system involves L near
users, is then determined as

L ALI €xp __Mx I3
Poyt(x) = H (1 _ M (WI;(l‘lz—ﬁx) P ))

i=1 +)~L1)

e (1<23>1 (10)
(1 _ |

Plag=ayx) P

Wil %
(1+7)

Furthermore, 41 = /s, A3 = 4;p, and A;; represent the rate parameters of the random
2

’

e

j=1

2 2
h;D‘ and , respectively. It is assumed that n; = A1/4;;. The

detailed derivation of this relation is provided in Appendix A. In the high-SNR region

. u r—u
variables ‘hS,j I/}/'

where Ps and Py, tend to infinity, the function Hj(oo) (x) approaches

1
(.Y 1)

as—ax

H™ @) =1-

This phenomenon occurs because the SINR is primarily influenced by the self-interfer-
ence at the FD near user, and increasing the transmitted power does not mitigate this
interference. Consequently, alternative strategies like interference cancellation or opti-
mizing relay placement can provide more efficiency in enhancing system performance
under these circumstances.

We have two types of diversity gain. The first one is finite-SNR diversity gain and the
second one is high-SNR diversity gain. Diversity gain is the same as diversity order (DO)
which can be defined as the asymptotic slope of the logarithmic plot of outage probabil-
ity against SNR (in dB). Higher values of diversity gain indicate superior performance



Shirzadian Gilan and Maham J Wireless Com Network (2024) 2024:64

compared to lower values of diversity gain. The finite-SNR diversity gain can be written

as

_ 0 In Poue(y)

DO =
dlny

(12)
Here, y represents the average SNR of the link between the BS and near user, while Poy¢
indicates the outage probability at SNR y. By conducting certain algebraic simplifica-

tions, the finite-SNR diversity gain is obtained as

exp (_ (P(agialx) ;“SJ' + %)“/:D))

L
x x
DO = E <;LSj + i,'D)
P(ay — P nj% ;
j=1 (@2 = @) 1+ e —exp (_ (mi&j + %Aj'D))

’

(13)
Furthermore, employing Taylor series expansions, DO is approximated as
DO S ! (14)
~ . 14
st 1+«
where «; = T s -. Therefore, DO is related to the transmitted power, channel gains,
jDF2S

self-interference level at FD near user and the number of near users. In scenarios where
the self-interference is minimal (7; — 0), DO approaches L and the system performance
improves. Additionally, when the value of self-interference is non-negligible (n; # 0) and
the SNR is high, P;; — ooand «; — oo. This situation results in a diversity order of zero

due to existing the outage floor imposed by self-interference at FD near user.

2.5.2 Average capacity
The outage probability in relation (10) is written as

—exp (_% — /13796)
(ap—a1x
Pou() = Y]] g : (15)
ACS jeA (1 + 1_’x)

In the given formulation, let S = {1,2,...,L}, A be a subset of S, and the sum is per-
formed over all feasible subsets of S [36]. Consequently, the average capacity is deter-

mined as

__hx s
C= > —(=pl foooﬁ I exp( P(ag—a;x) P)

ACS In2 jGA (1+l;/z1;)
i (16)
— (=Dl y) 7
= > (1n2) fooo T (x) exp <_ (Z p(a;_’;@ + A13>x>>dx
AcCS jeA
A£Y

where | A| specifies the size of A and

Page 9 of 22
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[1A-x
B(x) = < (17)
(L+2) T (1+ (- 1)x)
jeA
Employing the residue theorem, B(x) is given as
a b;
Bx)=——+) —F—, 18
1+« j;u(m—l)x (18)
where a and b; can be written as
__1
oN(A) ) ,»IJA (1 1—'1/') 19)
a = 5 ] = .
22—y 1
jg ( 1) (1 + 1_,]},)

By using the following identity [36],

o eTH¥ 1 = n—a—1, —a
b et o 2 4T Ve
- 0)

n—1
) e""E;(—vp), n> 2, |arg(v)‘ <7, Re{u} > 0,

_Ew
(n—1)!

The average capacity is written as

- =D b ( B )

C= _— E + E .
AZCS —— |a’Ex(p) ZA ] o
AF#D

where E;(-) is the exponential integral function and 8 = (% + %J). In the case
jeA

of tending SNRs to infinity, the average capacity can be obtained as

_(—1\IAl  poo
Co) — Z i/ T (x)dx,
0

In2
ACS (22)
A#£D
Utilizing the identity | _:ax dx = % In ‘ax + b|, the following integral transforms into:
b;
Xx)= | T(x)dx =aln|1 In|1 i—1 C.
(x) / (x)dx = aln | +x|+§m_l n‘ + (nj )x‘+ (23)

Furthermore, by equating B(x) in (17) and (18) as ¥ — oo, it is demonstrated that
a+ > % = 0. Utilizing this, X (c0) can be determined as
jeA

. b;
X(oo):xll)ngognjil[ln|1+(nj—1)x|—ln|1+x|] (24)
J€
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b; 14+ —Dx b;
= lim / [ln‘ / ]: L Inlp; —1|.
x»w?}@y—l) 1+ ZQOv—D by =1 (25)
Substituting (24) and X (0) = 0 into (22) yields
_ —(=DMA b
e = S -1
s In2 jea n—1 (26)
AF#D

This analysis demonstrates that there exists a rigid limitation on the average capacity
even when the transmitted powers grow infinitely. This limit arises from the nonzero
value of self-interference.

2.6 Analysis of FAM with power scaling
For equal power allocation (Ps = Py), a significant outage floor emerges in high-SNR
region, affecting the high-SNR diversity gain. To tackle this issue, the system perfor-
mance is evaluated by applying power scaling at the BS, which effectively alleviates
the outage floor. This strategy enables the system to achieve full diversity order.
Moreover, the transmit power of the BS is adjusted according to the instantaneous
channel fluctuations from the BS to the selected near user. This method facilitates the
system in realizing its full diversity gain, mitigates the outage floor, and ultimately
enhances the overall system performance.

Ps =P} (27)
In this case, Pr (y[):LZI] > x) can be derived as,
= 2 [_wPatx

Pr (yﬁj’fl} > x) = Pr {|h1| > P2(u2—a1x)}
= o A1 exp (—kiy) exp (—Arra)da

o0
= A1l f exp < Ay /m +f> exp (—Arja)da

0 (28)

o0
ALt | exp (—/llkz\/ﬁ) exp (—Arja)da
0

1k
() (25
201 ’

— |2 — _ wPa+x /
where a = ’hLI’I’ , k= P2(a2 )’ f m, and kz W Hence, the

outage probability is obtained as

=1-

L
Pou(2) = [ [ Fy (@) (29)

where F), is obtained as
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Fy, =1—exp

Ak gy Jijka
( Ia) ) N V72 jko exp <4J~/u,; — B |erfc 5 /i.u,;
—X .
P 24/ ),L],j

where the following identity from [36] is employed in the aforementioned derivation.

7 1 J7Thexp (%)erfc(ﬁ)
0

exp (—ax — b/x)dx = 2 232 . (30)

By utilizing the identity erfc(x) < exp (—xz), along with the two subsequent characteris-
tics, an upper bound on the outage probability can be achieved.

L
Pou(2) =[] Gy, (31)
j=1

where G; can be provided as

1 i
JiD ) V7 s jko exp (—%x)
———x |+ - .
P 2\/AL1j

In high-power regions, as ko — 0, the system achieves full diversity gain L. Moreover,

ngl—exp(

the average capacity can be obtained as

—Jip
L [®1=Pou®) , _ ~—(DH /°° eXP( P x)d
0

o= L - x.
In2 /o 1+x In2 1+x

AcCS
AZ(

Then, the approximation of average capacity can be obtained as

—2i,D
= _(_1)‘1‘“ o0 exp (Tx) N _(_1)|A| o0 1
¢= Z In2 /0 1+x dx Z In2 /0 1+xdx—>oo.
ACS ACS

A A#D

(32)

As seen, the lower bound gets infinity. Then, we do not have any capacity ceiling for our
proposed design.

2.7 Analysis of AAM
If the roles for the receiving and transmitting antennas are interchanged, the self-inter-
ference channel remains unchanged for our scheme. Furthermore, the optimization

problem can be formulated as
SM; = arg max {min {yéf”, )/[5’”}, min {yé‘!j_”, yjf‘D_”} } (33)

Therefore, the CDF of y; can be derived as

Page 12 of 22



Shirzadian Gilan and Maham J Wireless Com Network ~ (2024) 2024:64 Page 13 of 22

/ls,/' ” /15,]' A
—( — +/L'D)x —2( — +A'D)x
ar—a1x > ar—a1x />
ij (2) =1—2exp 1 7 Wx +exp 21 wx 7 (34)
T @-am I+ G
Next, let us define ymax = max{yi, ..., yr}. Then, the cumulative distribution function
L
(CDF) of Ymax is given by F), () = [] Fy, (%). The proof of aforementioned derivation
j=1

is presented in Appendix B. By using Taylor series expansion, DO is approximately
obtained as

L
1+¢
PO~ 1+42¢ + 222 (35)
j=1 ] j
where ¢ = - {)n’l, . Therefore, DO is related to the transmitted power, channel gains,
] A8,j+4;,D

self-interference level at FD near user and the number of near users. Notably, asn; — 0,
¢ — 0, and the diversity order (DO) approaches 2L. This signifies that with AAM struc-
ture, the number of effective channels between the BS and L near users, and between L
near users and the far user, reaches 2L. Consequently, in the scenario where self-interfer-
ence diminishes to zero, the diversity order converges to 2L.

Overall, power scaling technique can help to overcome the outage floor observed in
high-SNR regime. This can lead to improved performance and reliability in high-SNR
regions. As PS is utilized, the CDF of y; is obtained as

JiD VT A jky exp (—A"T'Dx) T A1 ko exp (—y#x)

F,(z)=1-— —x | + )
n@ P ( p ) VAL 2./11

(36)

To prove that DO — 2L, we can employ the Taylor series expansion of the diversity gain
function DO(SNR) around SNR = oc. Since the diversity gain typically increases line-
arly with SNR for most communication systems, we can write DO(SNR) = aSNR + b
where a and b are constants. Taking the derivative of DO(SNR) with respect to SNR,
we get % = a. Thus, the finite-SNR diversity order DO is simply a4, which is a
constant. Since the diversity gain increases linearly with SNR, the slope a in the Taylor
series expansion is the rate at which the diversity order grows as SNR approaches infin-
ity. Therefore, in this case, we have proved that DO = 2L. It stands to the reason that DO

approaches a constant value of 2L as SNR goes to infinity.

3 Results and discussion

This section evaluates the performance of previously discussed system in details. The
simulations are performed in MATLAB R2021b, and different functions in this software
are used to generate Rayleigh fading channel coefficients and noise components. The
configuration of the system is given in Fig. 2. Based on this figure, all nodes composed
of BS, L FD near users and a far user (FU) are considered in a square region, and pro-
posed methods are employed to transmit the signal from the BS to far user. When no
power scaling is applied, the transmit power of the BS and near user is set as equal, i.e.,
Ps = Py, and without loss of generality, all channel gains are all set to one.
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Fig. 3 The outage probability for L = 2 and different scenarios

The power spectral density of noise (62 ) is considered to be constant and we sup-
pose that 02 = 1. We consider BPSK modulation in the evaluation of outage prob-
ability and average capacity performance. Furthermore, all numerical results are
averaged over 10° channel realizations. Additionally, the power allocation coef-
ficients for chosen near user and far user are considered as a; = 0.2 and ay = 0.8,
respectively. The Monte Carlo simulations have confirmed the theoretical analysis,
highlighting the outage probability of the multi-user FD cooperative NOMA system
and the performance of FAM and AAM schemes. Different values for number of
near users (L) and self-interference level (1) are considered in the following simula-
tions. Moreover, the effects of proposed methods are investigated, and the results
based on performance metrics are compared to each other.

3.1 Impacts of full-duplex near user on outage probability

The results in Fig. 3 for different values of n with L = 2 indicate an outage floor for
AAM and FAM, which is a direct result of the impact of the self-interference in Eq.
(10). According to the outage floor which occurs in the systems with FD users, the
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Fig. 4 Finite-SNR diversity gain for the proposed structures

value of outage probability decreases as SNR increases, until a point where increas-
ing the value of SNR does not provide any significant reduction in the value of out-
age probability so that diversity order gets zero. The cause of this phenomenon is
that there exists the self-interference channel at FD near users and increasing the
value of SNR does not mitigate the aforementioned interference. Moreover, increas-
ing the self-interference level at FD near users degrades the system performance.

3.2 Impacts of employing power scaling method at the BS on the system performance

As observed in Fig. 3, employing power scaling method demonstrates superior perfor-
mance compared to other schemes. The aforementioned power scaling leads to remov-
ing outage floor and achieving diversity order so that diversity order changes from zero
to a nonzero value. Moreover, applying antenna mode selection at FD near users results
in better performance compared to the case in which antenna mode selection is not
used.

3.3 Impacts of self-interference level on the system performance
Figure 3 illustrates that the outage probability of AAM with power scaling is directly
proportional to 1, whereas its value is less affected by changes in n demonstrating that
our proposed structure is robust to variations in self-interference level. Furthermore, in
the high-SNR region, FAM with power scaling outperforms “AAM without power scal-
ing’, even when it experiences higher levels of self-interference.

These results verify the effectiveness of the proposed system and its power scaling
approach in improving the performance. Moreover, they indicate the robustness of
multi-user FD cooperative NOMA system. However, the proposed AAM with power
scaling demonstrates superior performance compared to other structures and achieves
diversity gain in high-SNR regime.

3.4 Finite-SNR diversity order analysis
Figure 4 depicts the finite-SNR diversity gain of AAM and FAM designs for L = 3 and
different values of self-interference. It is observed that although in high-power regime,
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diversity gain of FAM and AAM gets zero due to the presence of self-interference, the
diversity of AAM exceeds that of the FAM structure in the small to moderate power
regime. Moreover, the finite-SNR diversity order for n = 0 is also illustrated in the figure.

Specifically, finite-SNR diversity gain of the AAM becomes 2L when the self-interfer-
ence level at the near user is zero, whereas the aforementioned gain is L for FAM design.
Furthermore, finite-SNR diversity order of the AAM for n = 0.001 almost approaches 2L
before reaching the outage floor which verifies our theoretical results.

3.5 Comparison of outage probability of AAM and FAM structures

Figure 5 illustrates the outage probability of FAM in the system with 4 near users and
self-interference level n = 0.001. The figure also indicates the performance of the AAM
structure. It is noted that in “AAM with power scaling’, the transmitted power of the
BS changes according to the instantaneous conditions of the channel. As expected,
the AAM with power scaling method leads to superior performance compared to the
AAM design without power scaling so that outage floor is removed, i.e., diversity order
changes from zero to a nonzero value. Furthermore, the simulation results verify the
theoretical findings. These results show the effectiveness of the proposed AAM and its
ability to outperform the FAM structure, as well as the verification of theoretical results

through simulations.

3.6 Impacts of L and power scaling on the average capacity of the system

Figure 6 depicts the average capacity of “AAM” and “AAM with power scaling” struc-
tures for L = 3,5. The figure illustrates that there exists a capacity ceiling for AAM
design, whereas there is no capacity ceiling for AAM with power scaling (AAM-PS).
These observations indicate the potential advantages of AAM-PS over AAM. Addition-
ally, it shows that the capacity of the system increases as L increases, highlighting the
scalability of the AAM design in accommodating more near users.
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3.7 Comparison of energy efficiency of FD NOMA and HD NOMA systems
Figure 7 compares the energy efficiency of proposed FD NOMA and half-duplex NOMA
(HD NOMA) systems, where energy efficiency is considered as the ratio of the through-
put to total energy consumption. The figure shows that in the high-SNR region, the
increase in SNR has a minimal effect on the energy efficiency of FD NOMA systems,
while for HD NOMA systems, energy efficiency improves as SNR approaches infinity.
Moreover, it provides insights into the energy efficiency differences between FD
NOMA and HD NOMA systems so that the aforementioned metric for FD NOMA sys-
tem is lower than that of HD NOMA system. Moreover, there exists a point where after
that point, energy efficiency remains constant. The aforementioned point for FD NOMA
system is smaller than that of HD NOMA systems.
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3.8 Discussion

The effectiveness of our proposed approach in 6G Massive MIMO systems is explored
in this section. Our suggested methodology is particularly suitable for deployment in 6G
Massive MIMO systems which the outage probability decreases to zero and indicates the
optimum performance. Hence, our proposed framework emerges as a suitable option for
massive MIMO systems. For large-scale MIMO near users equipped with a considerable
number of receive and transmit antennas, based on the following steps, an optimization
problem by machine learning algorithms can be formulated.

1
2
3
4

Identify all receive and transmit antennas at FD near users.
Segment the step 1 into some distinct subsets.
Employ max—min on the aforementioned subsets.

(
(
(
(

= T = —

Obtain the maximum value of the results obtained from step 3.

4 Conclusion

The paper has presented a novel approach that combines adaptive antenna mode (AAM),
power scaling, near-user selection and power allocation for multi-user FD cooperative
NOMA systems. The near user helps the BS to transmit information to the far user, but
an outage floor issue has been identified in high-power regions. Power scaling techniques
have been developed to address this issue and enhance the system performance. The evalu-
ation of the asymptotic structure shows that the use of PS technique increases achievable
diversity. Specifically, the FAM scheme achieves full diversity order for low self-interference
values, while the AAM scheme achieves twice of full diversity order. These results dem-
onstrate significant improvements in diversity through the proposed techniques. Addition-
ally, the research indicates that PS techniques can overcome the capacity ceiling and outage
floor in multi-user FD cooperative NOMA systems, potentially enhancing the overall per-
formance and reliability, especially in high-power regions.

Appendix A

Proof of the expression in (10)
In this part, the outage probability of the multi-user FD cooperative NOMA system is cal-
culated as specified in Eq. (10). By utilizing Egs. (5) and (6), we obtain

L
Pout(x) = [T Pr{W; <}
=1 (37)
Pr {\/V] < x} =1-"Pr (yﬁj’fji > x) Pr (yl’)j% > x),

where W; can be written as,
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r—-u

Wj = min {Vﬁzbﬁ,—’ yD—>D}’ (38)

By replacing the provided expressions for Pr {yﬁj‘&/ > x} and Pr {y[):”D > x}, the out-

age probability is determined in the following equations

iy
Pr (yp2h > x) = exp ( P"Dx), (39)

2
axPs| 1|

Pr (y[)j’f)f > x) =Pr

2 2
u r—u
alPs‘hS,}.’ +Paw|l 41
2
o0 asP\hs
=/ Pr 22 | S”‘ 5 > x y A exp (—Arra)da
0 a1P|hs,j| + WP|hL1,j| +1

oo
=/ Pr {u2P|h5,j|2 > ale}hg,jfz + wxP’hj,j}z + x})vu exp (—Arra)da
0

o0 wPax + x .
:/ Pr { |h5,]"2 > ﬁ}/{lj exp (—AL[ﬂ)d&l
0 2 — a1x)

o0
= / exp (—/ISJR) Arrexp (—Ara)da
0

e 00 iy
exp <A751x> / exp <ﬂ> Jrrexp (—Arra)da
P(ay —aix) ) Jo (az — arx)

—Asjx
_ eXp (P(ﬂz*illx) )
ol

(ay—ayx)

(40)

Appendix B

Proof of Eq. (34)
In this part, the CDF of y; is calculated as specified in Eq. (34). The outage probability is
expressed as

L
Pout(z) = PriBi <z
t ]1;[1 {8 <z} )

Pr {,3; < z} = Pr {max {W7, W5} < z},

In this context, the CDF of y; for AAM is denoted as Pr { B < z}. Referring to the includ-

ing-excluding rule [36], the expression for Pr {max { W1, W} < z} is formulated as

Pr {max {W7, Wr} < z}
=Pr{W) <z, W <z}
=1—Pr{W) >z} —Pr{W; > z}
+ Pr{wy >z, W) > z},
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In this case, the expressions for Pr {W; > z}, Pr{W, > z}, and Pr {W] > z, Wy > z} are

derived as

Pr{W; > z}
= Pr {min {y;=%, 5} > 2}

r—-u r—-u
=DPr {yD_)D], > Z,Ypp > z}

(43)
=Pr {ypt, > 2} Pr{yph > 2}
00 _J
= </ exp (—4s,R) y(y)dy) X exp <PI’Dx>,
0
Pr{W; > z}
= Pr{min {y5=5, v5=p} > 2}
=P {vj2h > 2vsZh > 2|
’ (44)
=pr {yi2p > 2} pr{vi2) > 2}
00 — A
= (/ exp (—ﬂug,/R)fy(a)da> X exp (P]’Dx>,
0
Pr{Wi >z, W > z}
= pr {min {y5 2, 5l L > zmin (v vETh ) > 2}
=Pr {VE:IB >2,Yp2D > % Vbop, > HVboD > Z}
=Pr {yl;:’f) >z, Ypop > z} x Pr{yp2h >z} x Pr{ypZ) >z}
oo
(/ (Pr {yD’:”D >z|Y = } x Pr {yf)‘:l’) >z|Y = a})fﬂa)da) (45)
0

con (%) e (5%)
p{—p %) xexp x

=< /0 (exp (—is,R) )fy(a)da>

xexp<_/g’Dx) xexp( PI x>,

where W1, W are given in relations (8) and (9), respectively. After performing certain

algebraic simplifications, the outage probability is obtained as detailed in Section III.

Abbre
NOMA
FD
FAM
IRS

6G
CDF
AAM
CEE
RSI

ccl
AWGN
SN

viations
Non-orthogonal multiple access
Full duplex
Fixed antenna mode
Intelligent reflecting surface
Sixth generation
Cumulative distribution function
Adaptive antenna mode
Channel estimation error
Residual self-interference
Co-channel interference
Additive white Gaussian noise
Selected near user
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SINR Signal-to-interference plus noise ratio
MIMO  Multiple input multiple output

Author contributions

Mahsa Shirzadian Gilan proposed the main idea and analyzed the results. She conducted simulations, evaluation, meth-
odology, investigation, and edited the paper. Behrouz Maham contributed to reviewing and editing the paper. Both
authors have read and approved the manuscript.

Funding
This study was supported by the Ministry of Science and Higher Education of the Republic of Kazakhstan through pro-
ject AP13068587, titled "57-65 GHz Wireless Communication Front-End for Secure 5 G Applications!

Declarations

Competing interests
The authors declare that they have no conflict of interest.

Received: 26 April 2024 Accepted: 4 August 2024
Published online: 23 August 2024

References

1. F Zhao et al, Secure energy efficiency transmission for mmwave-NOMA system. IEEE Syst. J. 15(2), 2226-2229 (2021)

2. Y.Qi, M. Vaezi, Secure transmission in MIMO-NOMA networks. [EEE Commun. Lett. 24(12), 2696—2700 (2020)

3. QY. Liau, CY. Leow, Successive user relaying in cooperative NOMA system. I[EEE Wirel. Commun. Lett. 8(3), 921-924
(2019)

4. F. Kara, H. Kaya, On the error performance of cooperative-NOMA With Statistical CSIT. [EEE Commun. Lett. 23(1),
128-131(2019)

5. MH. Kumar, S. Sharma, M. Thottappan, K. Deka, Precoded spatial modulation-aided cooperative NOMA. [EEE Com-
mun. Lett. 25(6), 2053-2057 (2021)

6. M. Shirzadian Gilan, B. Maham, Performance analysis of power-efficient IRS-Assisted full duplex NOMA systems. Phys.
Commun. 64, 102338 (2024)

7. Y.Chen, W. Li, J. Huang, H. Gao, S. Deng, A differential evolution offloading strategy for latency and privacy sensitive
tasks with federated local-edge-cloud collaboration. ACM Trans. Sens. Netw. (2024). https://doi.org/10.1145/36525
15

8. H.Zeng, Z.Zhu,Y.Wang, Z. Xiang, H. Gao, Periodic collaboration and real-time dispatch using an actor-critic frame-
work for uav movement in mobile edge computing. IEEE Internet Things J. 11(12), 21 215-21 226 (2024)

9. W.Liu et al, Cloud-edge collaborative scheduling framework with DNN inference latency modeling on heterogene-
ous devices. IEEE Trans. Comput. Aided Des. Integr. Circuits Syst. 43(2), 534-547 (2024)

10. H.Gao, X. Wang, W. Wei, A. Al-Dulaimi, Y. Xu, Com-DDPG: task offloading based on multiagent reinforcement learn-
ing for information-communication-enhanced mobile edge computing in the internet of vehicles. IEEE Trans. Veh.
Technol. 73(1), 348-361 (2024)

11. R.Su,QT.Sun, Z. Zhang, Z. Li, Completion delay of random linear network coding in full-duplex relay networks. [EEE
Trans. Commun. 70(12), 7843-7857 (2022)

12. S. Shokoohifard, A.M. Doost-Hoseini, F.S. Tabataba, Resource allocation in a MIMO full-duplex relay network with
imperfect CSI and energy harvesting. IEEE Syst. J. 16(3), 3950-3959 (2022)

13. JT.Lim, T.Kim, I. Bang, Impact of outdated CSI on the secure communication in untrusted in-band full-duplex relay
networks. IEEE Access 10, 19825-19835 (2022)

14. M. Shirzadian Gilan, A. Olfat, On the performance of space time coding and threshold-based selection relaying in
cooperative networks with multiple antenna relays. Trans. Emerg. Telecommun. Technol. 29(9) (2018)

15. M. Shirzadian Gilan, A. Olfat, New beamforming and space-time coding for two-path successive decode and for-
ward relaying. IET Commun. 12(13), 1573-1588 (2018)

16. M. Shirzadian Gilan, R. Paranjape, Beam tracking in phased array antenna based on the trajectory classification. Trans.
Emerg. Telecommun. Technol. 34(6) (2023)

17. M. Shirzadian Gilan, A. Olfat, New beamforming and distributed space-time coding with selection relaying over
Nakagami-m fading channels. Trans. Emerg. Telecommun. Technol. 29(6) (2018)

18. Y. Shim, W. Choi, H. Park, Beamforming design for full-duplex two-way amplify-and-forward MIMO relay. IEEE Trans.
Wirel. Commun. 15(10), 6705-6715 (2016)

19. R.Sultan, A. Shamseldeen, Uplink-downlink cochannel interference cancellation in RIS-Aided full-duplex networks.
IEEE Syst. J. 18(2) (2024)

20. M. Shirzadian Gilan, H.H. Nguyen, Full-duplex decode-and-forward relaying with joint relay-antenna selection.
EURASIP J. Wirel. Commun. Netw. 2020(1), 1-14 (2020)

21. 1. Krikidis, J. Thompson, S. Mclaughlin, N. Goertz, Amplify and-forward with partial relay selection. [EEE Commun. Lett.
12(4), 235-237 (2008)

22. SH.Kim et al,, Rate maximization based power allocation and relay selection with IRl Consideration for Two-Path AF
relaying. [EEE Trans. Wirel. Commun. 14(11), 6012-6027 (2015)

23. M. Shirzadian Gilan, A. Olfat, Joint beamforming and space”time coding in limited-feedback cooperative networks
with threshold-based MIMO selection relaying. Trans. Emerg. Telecommun. Technol.


https://doi.org/10.1145/3652515
https://doi.org/10.1145/3652515

Shirzadian Gilan and Maham J Wireless Com Network (2024) 2024:64

24,

H. Cui, M. Ma, L. Song, B. Jiao, Relay selection for two-way full duplex relay networks with amplify-and-forward
protocol. IEEE Trans. Wirel. Commun. 13(7), 3768-3777 (2014)

25. | Krikidis, H.A. Suraweera, PJ. Smith, C. Yuen, Full-duplex relay selection for amplify-and-forward cooperative net-
works. I[EEE Trans. Wirel. Commun. 11(12), 4381-4393 (2012)

26. JH.Lee, S.S.Nam, Y.C. Ko, Outage performance analysis of two-way full-duplex DF relaying networks with beam-
forming. IEEE Trans. Veh. Technol. 69(8), 8753-8763 (2020)

27. Q.Ding, M. Liu, Y. Deng, Secrecy outage probability analysis for full-duplex relaying networks based on relay selec-
tion schemes. IEEE Access 7, 105987-105995 (2019)

28. MK.Shukla, S.Yadav, N. Purohit, Performance analysis of full-duplex cellular two-way relay networks with the nth
worst relay selection under channel estimation error and cochannel interference. Trans. Emerg. Telecommun. Tech-
nol. 30(12), 1-20 (2019)

29. M. Shirzadian Gilan, B. Maham, Virtual MISO with joint device relaying and beamforming in 5G networks. Phys. Com-
mun. 39, 101027 (2020)

30. O.M.Kandelusy, N.J. Kirsch, Full-duplex buffer-aided MIMO relaying networks: joint antenna selection and rate
allocation based on buffer status. IEEE Netw. Lett. 4(3), 99-103 (2022)

31. P.Zhu, Z. Sheng, J. Bao, J. Li, Antenna selection for full-duplex distributed massive MIMO via the elite preservation
genetic algorithm. [EEE Commun. Lett. 26(4) (2022)

32. M. Shirzadian Gilan, B. Maham, Diversity achieving full-duplex DF relaying with joint relay-antenna selection under
nakagami-m fading environment. Int. J. Commun. Syst. 36(5) (2023)

33. J.Park, Y. Kim, G. Kim, H. Lim, Power allocation for multi-hop transmission using unsaturated full-duplex relay net-
work model. IEEE Wirel. Commun. Lett. 7(6), 906-909 (2018)

34. T.M.Kim, A. Paulraj, Outage probability of amplify-and-forward cooperation with full duplex relay. In: Proc. IEEE
WCNC, pp. 75-79 (2012)

35. Y.Ge, Q. Deng, PC. Ching, Z. Ding, OTFS signaling for uplink NOMA of heterogeneous mobility users. IEEE Trans.
Commun. 69(5), 3147-3161 (2021)

36. 1S. Gradshteyn, I. Ryzhik, Table of Integrals, Series, and Products, 8th edn. (Academic, New York, USA, 2014)

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 22 of 22



	Power-efficient full-duplex near user with power allocation and antenna selection in NOMA-based systems
	Abstract 
	1 Introduction
	1.1 Motivations and related works
	1.2 Contributions
	1.3 Organizations and notations

	2 Methodsexperimental
	2.1 Study design
	2.2 Setting
	2.3  Participants or materials
	2.4 Interventions and comparisons
	2.5 Analysis of FAM
	2.5.1 Outage probability
	2.5.2  Average capacity

	2.6 Analysis of FAM with power scaling
	2.7 Analysis of AAM

	3 Results and discussion
	3.1 Impacts of full-duplex near user on outage probability
	3.2 Impacts of employing power scaling method at the BS on the system performance
	3.3 Impacts of self-interference level on the system performance
	3.4 Finite-SNR diversity order analysis
	3.5 Comparison of outage probability of AAM and FAM structures
	3.6 Impacts of L and power scaling on the average capacity of the system
	3.7 Comparison of energy efficiency of FD NOMA and HD NOMA systems
	3.8 Discussion

	4 Conclusion
	Appendix A
	Proof of the expression in (10)
	Appendix B
	Proof of Eq. (34)
	References


