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1. INTRODUCTION

Non-orthogonal multiple access (NOMA) has emerged as a promising technology for enhancing the
spectral efficiency and capacity of future wireless communication systems. By allowing multiple users to share
the same time-frequency resources, NOMA enables the simultaneous transmission and reception of multiple
signals within a single resource block. Recent research has highlighted the potential applicability of NOMA
in a variety of sixth-generation (6G) transmission scenarios, particularly in the context of machine-to-machine
(M2M) connections and the internet of things (IoT) [1]-[6]. Moreover, there is evidence to suggest that the
effectiveness of NOMA can be further enhanced when integrated with various other advanced mobile commu-
nication techniques. These techniques encompass shared interactions, multiple-input multiple-output (MIMO)
technology [7]], beamforming, space—time programming for IoT networks, and the utilization of full-duplex
(FD) communication [8]. Recently, FD communication has gained significant attention as a means to further
improve the capacity and efficiency of wireless networks. Unlike traditional half-duplex (HD) communication,
where a node can either transmit or receive signals at a given time, FD communication enables simultaneous
transmission and reception in the same frequency band [9], [10]. This self-interference cancellation technique
has the potential to double the spectral efficiency and capacity of wireless systems. Furthermore, cooperative
communication has been empirically shown to offer several advantages. It extends network coverage, enhances

Journal homepage: http://journal.uad.ac.id/index.php/TELKOMNIKA



1084 ) ISSN: 1693-6930

connectivity reliability, and boosts system capacity by enabling users within a network to collaborate in relay-
ing information [[L1], [12]. FD-cooperative NOMA has emerged as a new paradigm that combines the benefits
of FD communication and NOMA to achieve even higher capacity gains. In FD-cooperative NOMA, multiple
users are grouped together as clusters, and each cluster consists of a FD base station (BS) and several HD users.
The FD BS acts as a relay for the users within the cluster, enabling simultaneous transmission and reception
in both the uplink and downlink directions [[13], [14]]. Hussain [15], investigated a hybrid FD and HD user
relaying system in the context of NOMA. It employs an advanced successive interference cancellation (ASIC)
scheme as an alternative to the traditional successive interference cancellation (SIC) method. The proposed
system aims to enhance efficiency compared to both conventional systems and ASIC-based FD NOMA sys-
tems with dedicated relaying nodes. The study of the fundamental limits of FD spectrum sharing in cognitive
radio (CR) networks under a peak interference power constraint can be found in [16]].

To analyze the performance of cooperative NOMA systems, it is crucial to evaluate their effective
capacity (EC). EC is a metric that characterizes the maximum achievable rate at which information can be
reliably transmitted over a communication channel, accounting for both the average and bursty nature of the
traffic. By considering the delay and reliability requirements of different applications, EC provides a compre-
hensive measure of system performance [[17]], [18]]. Huang ez al. [19], explored the efficacy of EC in a NOMA
network, considering residual hardware impairments and imperfections in serial interference cancellation. Li
et al. [20], a system framework known as ambient backscatter communication-NOMA (AmBC-NOMA) was
introduced by the authors. They also went on to derive precise expressions for the EC of both NOMA users and
the backscatter device. Additionally, for a deeper understanding, the authors conducted an asymptotic analysis
by utilizing high signal-to-noise ratio (SNR) slope and a high SNR power offset approach.

In this paper, we present a comprehensive analysis of the EC of FD-cooperative NOMA systems. We
consider a realistic wireless channel model that captures the effects of fading, interference, and self-interference
cancellation in FD communication. We derive analytical expressions for the EC under various system configu-
rations and investigate the impact of key parameters such as the target rates, power allocation, and quality-of-
service exponent (6).

The remainder of this paper is organized as follows. Section 2 presents the system model and outlines
the key assumptions and parameters considered in our analysis. Section 3 analyzes the outage performance
at users. In section 4, we derive the analytical expressions for the eEC of FD-cooperative NOMA systems.
Section 5 presents numerical results and discusses the insights gained from our analysis. Finally, section 6
concludes the paper and highlights directions for future research.

2. SYSTEM MODEL

Consider a FD cooperative NOMA system with a BS that aims to interact with two users, namely
distant user 1 (Uy) and close user 2 (Us), as depicted in Figure [I] In this system, Uy serves as the relay
user, employing the decode-and-forward (DF) protocol to forward information to Us. U; is equipped with one
broadcast and one receive antenna to support FD communication, while both the BS and U, are single-antenna
nodes. All wireless connections in the network are assumed to experience non-selective block Rayleigh fading,
along with additive white Gaussian noise with a mean power of o2. The complex channel coefficients for the
connections between the BS and U1, as well as Uy and U, are denoted as g; and g, respectively. The channel
power gains, represented by | gl|2 and |go 2, are considered to be exponentially distributed random variables
(RVs) with parameters A; and A,. It is assumed that when U; operates in FD mode, it utilizes an imperfect self-
interference cancellation mechanism. The loop self-interference (LI) is modeled as a Rayleigh fading channel
with a coefficient of |gr,; |2 and an average power of Ay ;. In the n-th time slot, the BS transmits a superimposed
message to Uy, given by:

s[n] = v/Psais1 [n] + v/ Psaass [n], (1)

Where s; and s, represent the signals for U; and Us, respectively, satisfying E {|31|2} =E {\32|2} =1,
where E[x] denotes the expectation operation. Pg denotes the transmitted power of the BS, while a; and a9 are
the power allocation coefficients for U; and Us, respectively, subject to a; < a9 and a; + a = 1. Following the
NOMA cooperation principle, U; can decode the message of Uz, whether it is successfully decoded or not, and
we consider sy as the message at U;. According to Yue et al. [21], during the n-th time slot, U; simultaneously
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receives the superimposed signal and the self-interference (SI) signal. U;’s observations are provided by:

yu, [n] = g15[n] + g1/ Pu,scr [n — 7] + wy, [n], 2

Where s,; [n — 7] represents the loop interference signal and 7 denotes the processing delay at Uy, with an
integer 7 > 1. Specifically, we assume that the time n satisfies the relationship n > 7. Py, represents the
normalized transmission power at Uy, and we assume Py, = Ps. wy, ~ CN (0, 02), i € {1,2}, represents
complex additive white Gaussian noise with a mean of 0 and a variance of 0. Assuming perfect SIC, the
received signal-to-interference-plus-noise ratio (SINR) of U; decoding Us’s signal s, [n] and U; decoding its
own signal s; [n] are given by:

o asPs|g1|?
;T2 T
" aPs|g|? + P lgrr|® + o2
2 (3a)
_ azplgi |
arplgr) + plgrsl® + 1
2
ai 1

g = —2Pl1” (3b)

plgrr|” +1

Where p = % represents the transmit SNR. Note that s7,; is assumed to be a normalized unity power signal,
. 2

ie,E {|sL1| } =1.

The received signal at Us can be expressed as (4):

Yu, [n] = g2v PU132 [n} + wu, [n] 4
The SNR at Us when detecting s, [n] can be expressed as (5):
PU1 |g2|2

Tewe =7 2 (5)
2
=plga|”.

Additionally, the Rayleigh-distributed random variables |g,|*, where o € {1,2, LI}, have exponential distribu-
tions with probability density function f| g2 = /\ie*To and cumulative distribution function Fj 2 = 1—e" *¢

[22].
. g
) o

t": 02
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Figure 1. System model of the FD-NOMA communication system

3. OUTAGE PROBABILITY

Outage probability (OP) is an important statistic for evaluating performance, particularly when the
desired rate of users is determined by their quality of service (QoS) requirements. It helps in understanding
how often the system fails to meet the expected performance standards. In the following section, we will assess
the outage performance of two users.

3.1. OPatl;

The complementing events of the outage at U; can be explained using the NOMA protocol as follows:
In NOMA, U has the capability to decode not only its own message (s1) but also the message intended for U,
(s2). OP at U; can be expressed as follows, based on the previous description:

OUl =1-Pr (7U1,1‘2 >8277U1,x1 >51)7 (6)
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where e; = 2% — 1, with R; being the target rate at U; to detect s1, and eo = 272 — 1, with R, being the target
rate at U to detect so. The subsequent theorem presents a formula for computing OP at U; in FD-NOMA. The
closed-form expression for OP at Uy is as (7):

OUl =1—Pr (‘91‘2 > (bmax (p|gLI|2 + 1))

ﬁ—/ﬁﬂwuﬂrdmwwmgm+nﬂm ™)
0
S, S T
)\1 + p(bmaxALI
where @max = max (¢1,¢2), ¢1 = %p, and ¢g = m. Note that (7) is derived under the condition of

az > e9aq. Utilizing the analytical outcome from (7), when p approaches infinity (p — oc0), the asymptotic
OP at U; for FD-NOMA, using the approximation e=” ~ 1 — x, is as (8):
A1

- 8
)\1 + p@bmax)\LI ( )

oF =1

3.2. OPatU,

The occurrences of outage for Us can be discussed as: The first scenario is when U; is unable to
correctly identify and decode s5. In this case, Uy will experience an outage. The second scenario is when Us is
unable to detect its own message, So, even though U; is successfully able to detect and decode it. Under these
conditions, Uy will also experience an outage. Based on these scenarios, OP at U can be given as (9):

OU2 =1- Pr ('YUl,:rg > 5277[}2,:1}2 > 52) . (9)
The following theorem furnishes OP at Us in FD NOMA.

&
Ou, =1 —Pr (|91|2 > ¢ (P|9L1\2 + 1) lgal® > ;)

oo

*

[ e @ W) [1 = o (o + 1) oy (10)

<|8

A1 _ %2 _ 2
TNt pdernr
Using the (10), the asymptotic OP at U, in FD-NOMA is expressed as (11):
At
N+ pdedpr

o =1 (11

4. EFFECTIVE CAPACITY ANALYSIS

EC takes into account system delay and is considered a more reasonable evaluation metric. EC is
defined as the maximum constant arrival rate that a transmitter can achieve while satisfying QoS constraints
[23]. Mathematically, it can be expressed as (12):

1
R(0) = — ———In (E {e 975"
o 0 (E {0777} .

=- %logz (E{a+n°}),

where © = T'B6/In 2, with B being the bandwidth and T" being the block length. The QoS exponent, denoted
by 6, is a positive value, and it is given by:

0= — lim M7 (13)

Tr—r0o0 €T

where () is the equilibrium queue-length of the buffer at the transmitter.
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4.1. EC of the U;
For Uy, assuming U; successfully decodes ss, the EC can be obtained as (14):

1 -e
RUl = _610g2 (E [(1 + ,YU1;$2) }) ) (14)
Upon substituting (3b) into (14), we obtain EC, Ry, for U; as (15):
1 7 6
Ro, = —glogs | [(1+2) Ly, ., (0)de | (s)
0

From (7), we can calculate f.,, . (z) as (16):

0
f’YUl,zz (CL‘) :%F'\/Ul,:zz (CL‘)

__a 1
e Xta1p (a:)\L1+/\1a1+)\1a1p/\L1) (16)
p()\lal + l‘)\LI.)z
By substituting (16) into (15) and replacing the variable x = \jaqpt, EC, Ry, is given by:
1 et (MarpApt + Aas + Aaiph
(Ara1 + ArarpAprt)” (14 Aaipt)

0
The (17) can be further approximated using integral expressions through the Gauss-Laguerre quadrature method
[24]]. This method involves approximating the integral using a weighted sum of function evaluations at specific
points known as the Gauss-Laguerre quadrature points. By utilizing this method, we can obtain a more efficient
and accurate approximation in (17).

P

1 A ALrty + A A A

Ru, ~ —~log, )\10127{;7 (Ara1pAprty + 1a;+ 1a1p LI)@ : (18)
O ()\1@1 + Alalp)\utp) (1 + )xlalptp)

p=1

In the Gauss-Laguerre quadrature method, ¢, represents the abscissas (quadrature points), while H,, represents

the weights associated with each point. ¢, is the p-th zero of the Laguerre polynomial £,, (¢,), and H,, can be
(P)*t,

. L) . .

complexity and accuracy, allowing for a balance between the two. By selecting appropriate values for P, we

can achieve the desired level of accuracy in the approximation.

4.2. EC of the U,
If we assume that U; successfully decodes both ss and sy, then EC for Us decoding s2 can be given

formulated as H,, = Here, The parameter P plays a crucial role in balancing the trade-off between

by:
1 i _e
RUZ == 610g2 (1 + t) f'YUz,xg (t> dt
o (19)
1 1 e __t_
= — 610g2 @/(1+t) e p/\th
0
With [25] (3.382.3) and [25] (9.220.2), the expression in (19) can be evaluated as (20):
1 1 1 1
Ry, =— 6log2 ( e 7% W_o a-e (A))
(PAo) Ak (20)

1 1 1
—— Zog, (—U(1,2—0:—)),
0" (W\z ( pPA2 > )

where W, (2) is the whittaker function defined as Wy, (2) = e 32¢73U (u— A+ 3,1+ 2u;2) and
U (u, k; z) is the confluent hypergeometric function, defined as U (u, k; 2) = ﬁ fooo e FhhT1(1 + t)k_“_ldt,
where p > 0.
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5. RESULT AND DISCUSSION

In this section, we will evaluate the performance of the derived theoretical expression and validate
it through numerical results. In the following figures, we denote Ana.’ and ’Sim.” to represent analytical
computation and Monte Carlo calculation-based simulations, respectively. To provide specific values for the
parameters, we make the following assumptions:

— The distance between BS and U, is normalized, with \; = d~%, where d is set to 0.3 and « is the path loss
exponent, which is set to o = 2.

— The distance between BS and Us is Ay = (1 —d) ™ .

— The power allocation coefficients for U; and Us in NOMA are a; = 0.2 and ao = 0.8, respectively.

— The target rates for U; and U, are Ry = 2 and Ry = 0.5 bits per channel use (BPCU), respectively.

— For the Gauss-Laguerre quadrature, we select the parameter P = 100 to achieve a close approximation [26].

— The value of LI is assumed to be Ay = 0.01.

Additionally, one of the technological contributions of our code is that we employ symbolic calcula-
tions in MATLAB to obtain highly accurate results. This ensures precise evaluation of the derived expressions.
Figure [2]illustrates the outage performance with respect to Ry and R,. The analytical findings are depicted
in Figure [2] utilizing (7) and (10) from section 3. The markers in the figure correspond to the results of the
Monte Carlo simulations (6) and (9). It is demonstrated that there exist error floors in FD-Cooperative NOMA,
confirming the conclusions drawn in (8) and (11). However, in order to ensure reliable communication, it is
important to choose a conservative target rate and ensure a sufficiently high SNR. Setting higher target rates
may appear to constrain the outage performance. It is worth noting that NOMA networks encompass different
power allocation factors, resulting in performance variations between distant NOMA users.

Outage Probability

—0—User 1, Ana.

10° F|—o—User 2, Ana. :
e %

---- Error floor R:=1,R: =05

107 : : : :

-10 0 10 20 30 40
p [dB]

Figure 2. OP at U; and Us versus p

Figure [3] represents a simulation of OP versus power allocation at Us, assuming a certain level of
system defects that can be considered inconsequential. From the graph, we can observe that as the power level
for Us increases, the performance of Us improves, while the performance of U; deteriorates. This is due to
the power allocation requirement in NOMA, which states that a; + a2 = 1. When the power allocation for
both users becomes equal, at a; = as = 0.5, the performance of both users becomes similar, and the curves
converge at that point. Another important factor to consider is the impact of the transmitting SNR. As the
transmitting SNR increases, the quality of signal transmission improves, leading to a lower OP at the users.
This is why we can observe a significant gap between the curves on the graph. As the transmit SNR grows, the
likelihood of outage decreases, resulting in improved performance for the user.
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—O—Usef 1, Ana.
—o—User 2, Ana.

Outage Probability
S

0.5 0.6 0.7 0.8 0.9 1

Figure 3. OP at U; and U, versus as with Ry = Ry =1

Figure E] illustrates OP at both user U; and user Us as the goal rates R = Ry, power allocation
coefficients a; = 0.05, as = 0.95, and p (in dB) vary. This figure provides insight into how different values of
R;1 = R» impact the outage performance. By analyzing the data, we can understand the relationship between
the goal rates and the observed outage probabilities.

Outage Probability

—0—"User 1, Ana.|;
——User 2, Ana.
Sim.

R =R,

Figure 4. OP of Uy and D, versus Ry and Ry

It can be observed that the best outage performance (lowest OP) for both U; and Us is achieved when
R; = Ry = 0.3 bit/s/Hz. Additionally, as the values of R = R, increase significantly, OP at U; reaches a
threshold or ”ceiling” beyond which it does not decrease further. This suggests that higher levels of R; = Rj
can significantly impact OP at U;.

Figure [5] illustrates the impact of the QoS exponent § on EC, considering SNR values of 10 dB and
20 dB. EC curves for the two users are plotted based on (18) and (20). We varied 6 from O to 1, where a
larger 6 indicates stricter delay requirements and consequently lower EC. As expected, we observe that as 6
increases, EC of both U; and U, decrease. This is because a larger 6 imposes more stringent delay constraints,
limiting the maximum constant arrival rate that can be achieved. Furthermore, we can see that EC of U; and
U, exhibit different levels of reduction when 6 is small. This is due to U; having a higher SINR, resulting in a
more pronounced decrease in its EC compared to Us. Moreover, as 6 approaches 1, the change in EC becomes
more gradual. This indicates that when the delay requirements are already stringent, further increasing 6 has
a diminishing effect on EC. Additionally, we observe that an increase in SNR clearly enhances EC. This is
consistent with the findings in Figure [2| where higher SNR values lead to improved performance and lower
OPs.
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Figure 5. Effects of the QoS exponent # and different p on ECs

6. CONCLUSION

In this paper, we have studied OP and EC of NOMA schemes for two users. We have derived nu-
merical results for NOMA protocols in two cases: R1=2R» and R;=R5. Our findings indicate that OP at U;
is consistently higher than that at Us. Furthermore, the results demonstrate that when the value of ay is lower
(0.5 < a2 < 0.83), OP at U, is higher than that at U;. Conversely, when as is higher (0.83 < as < 1), OP
at Uy is lower than that at U;. Additionally, our analytical expressions reveal that both # and p significantly
impact ECs. Specifically, we observe that as 6 increases, EC decreases. Similarly, as p increases, EC also
increases. For future work, we propose the development of a system that employs multiple antennas at a BS,
benefiting both users U; and Uy, to enhance system performance.
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