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Abstract

In the next generation of mobile communication networks, unprecedented chal-
lenges are required to be met, such as much higher data rates and spectrum efficiency,
lower latency, and massive connectivity. Non-orthogonal multiple access (NOMA) has
recently been proposed as a promising technology to achieve much superior spectral
efficiency compared to conventional orthogonal multiple access techniques employed
in present communication systems. A salient feature of NOMA is its use of successive
interference cancellation (SIC) to decode users'information when multiple users are
allowed to transmit in same time/frequency/code domain. In this paper, we aim to
exploit an aspect of SIC, namely the availability of other users'data to realize a coopera-
tive NOMA system. EXtrinsic information transfer (EXIT) charts are utilized to examine
the performance of proposed system in terms of user fairness while employing IRregu-
lar convolutional codes (IRCC)s. The EXIT chart using IRCC evaluates the convergence
analysis for the proposed system. Further, to evaluate the system performances in
cooperative NOMA system, we have derived the expressions for the achievable rates
which are obtained independently and utilized them in evaluating the experimental
data for the proposed NOMA model.

Keywords: Extrinsic information transfer (EXIT), IRregular convolutional code (IRCQ),
Non-orthogonal multiple access (NOMA), Multi-user detector (MUD), Successive
interference cancellation (SIC)

1 Introduction
The extraordinary growth of wireless connectivity in recent years has led to a number of
challenging needs for the development of next-generation wireless networks (NGWNs),
which are indicated by the anticipation of nearly a thousand-fold increase in data traf-
fic, much higher spectral efficiency, lower latency and massive connectivity [1-4]. A
possible solution is to utilize the non-orthogonal multiple access (NOMA) techniques.
NOMA has gathered significant attraction in recent years and is considered as a promis-
ing multiple access technique for the NGWNs [5-11].

Traditionally, radio resources are exploited by multiple access schemes such as time,
frequency, code, and space division which are orthogonally allocated between different
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users [6, 11, 12]. Thus, using the concept of orthogonality, the receiver design prevents
interuser interference (IUI), thereby limiting the maximum number of available users
[13]. To fulfill the diverse requirements of the NGWNs, several new multiple access
techniques have been designed during the last few decades [6, 14]. Consequently,
NOMA is the one which can satisfy the aforementioned demands more expediently. It is
noted that NOMA can operate in combination with upcoming and existing communica-
tion technologies to fulfill the desired capacity for wireless networks, such as Massive
Multiple Input Multiple Output (MIMO) [15], cooperative communications [16], cogni-
tive radios [17], millimeter wave [18, 19], and visible light communication [20]. It has
been observed that NOMA improves on the number of users supported as well as the
performance of the system in various aspects.

There exist two categories of NOMA solutions: code domain NOMA (CD-NOMA) [8,
21, 22] and power domain NOMA (PD-NOMA) (7, 9]. CD-NOMA achieves the mul-
tiple access by assigning users unique spreading codes with which the signal is spread
and each user can be identified [8, 22]. The code words are sparse in design to allow for
a higher number of unique codes to avoid IUI [8, 21]. PD-NOMA operates by allow-
ing users to share transmission resources in a way that allows for improved spectral
efficiency. In this scheme, power levels are designated according to the NOMA prin-
ciple [7, 9, 22]. Therefore, the user with worse channel gain is allocated higher power
as compared to the user with higher channel gain. The direct result of such a system is
an increased receiver complexity, while signal detection is required [6]. The complexity
of the reception process is mainly due to the implementation of successive interference
cancellation (SIC). The SIC process is an integral part of signal reception in a NOMA
system as it allows users with lower power levels to receive their messages. SIC oper-
ates by first detecting the signal of the higher power user, by treating the other users in
the signal as noise, then subtracting that signal from the received, superposed, signal,
thereby extracting the signal of the low power user [6, 8].

One drawback of PD-NOMA is its favoring of users with worse channel conditions by
providing them with nearly all the available transmission power or as much as possible,
leaving users with better channel conditions with almost no power to serve their needs
in some extreme cases, thereby resulting in a decrease in individual user performance
[6, 8, 23]. Combining cooperative relaying with NOMA promises to alleviate many of
NOMAs issues while maintaining the same level of performance. The main point to note
is exploiting the properties of SIC process, namely the availability of other users’ data at
one user, while combining it with cooperative relaying to achieve the expected perfor-
mance [7, 22].

In cooperative NOMA, near users with stronger channel conditions to the base station
(BS) decode information for others and act as relays for far users with poor channels to
the BS who are at the cell edge to improve reception reliability for them. Several cooper-
ative NOMA schemes have been proposed in the literature from different perspectives.
For example, in [24] the impact of relay selection (RS) on the performance of cooperative
non-orthogonal multiple access (NOMA) is studied. A two-stage RS strategy was used
to achieve the minimal outage probability among all possible relay selection schemes
while realizing the maximal diversity gain. In [25], three typical structures of coopera-
tive relaying-based NOMA, e.g., uplink, downlink and composite structure, have been
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investigated. A hybrid power allocation strategy was proposed that has lower computa-
tional complexity and reduced signaling overhead at the expense of marginal sum rate
degradation.

In [26], a dual-hop cooperative relaying scheme using NOMA has been proposed
where two sources communicate with their destinations in parallel over the same fre-
quency band via a common relay. After receiving symbols transmitted in parallel by both
sources with different allocated powers, the relay in this scheme forwards a superposi-
tion coded composite signal using NOMA to the destinations. The proposed protocol is
demonstrated to be effective in terms of ergodic sum capacity by considering perfect and
imperfect successive interference cancellation.

In this paper, we consider a cooperative PD-NOMA system where a base station
serves multiple near users and a far user at the same time and frequency resources. The
aim of this paper is to examine the performance of users by exploiting the concept of
EXIT chart in the proposed cooperative NOMA system. In contrast to our related work
[27], we use the concept of IRregular Convolutional Code (IRCC) in EXIT chart analy-
sis. Further, the multi-user detector (MUD) is evaluated using joint alphabet algorithms
in the EXIT chart analysis when deploying in single/multi-user case in the context of
NOMA systems. Moreover, the throughput analysis is also carried out. To the best of
our knowledge, the performance and evaluation of convergence in cooperative NOMA
has not been examined before using EXIT chart by adopting IRCC. Following are the
novel contributions in this paper:

+ We have evaluated the achievable rate and throughput for cooperative relaying-based
NOMA scheme, which is investigated by deploying more users in the system by
comparing the system with/without cooperation in the NOMA model.

+ We have evaluated multi-user detector (MUD) in NOMA system through EXIT
chart by exploiting the IRCC.

+ It is shown that joint alphabet MUD achieves higher capacity than the single user in
the case of single- as well as multi-carrier scenarios.

The paper consists of the following sections: Section 2 discusses the suggested system
model. In Sect. 3 the data rates are derived initially for each user while considering the
IUI and the independent fading which occurs in NOMA model independently. After
that the throughput analysis is conducted in NOMA model and finally the introduction
of EXIT charts is carried out, where we have discussed about the diversity gains, nor-
malization throughput and complexity evolved in MUD decoder. Furthermore, simula-
tion results are discussed in detail in Sect. 4 and the conclusions are provided in Sect. 5.

2 Methods and problem formulation

The system model of the proposed NOMA system is designed and shown in Fig. 1.
The data of the user are modulated by converting the information bits according to the
quadrature amplitude modulation (QAM) [8, 23]. The signal bits are then transferred
to the signal spreader, where the mapped bits are multiplied by the predesigned code,
which are known to the receiver. The information obtained from the signal spread, is
allocated a power according to the basic principle of power allocation in NOMA mode
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Fig. 1 Overall system model block diagram [27]

as indicated in Fig. 1. After passing through the Rayleigh fading channel, the interference
signal is then received as shown in Fig. 1. On the receiver side of Fig. 1, the interference
due to the channel is catered by utilizing the iteration procedure conducted in MUD
where the optimal order of SIC detection relies on detecting the strongest to the weak-
est user. Based on this optimal SIC-detection order, any user can detect its information
without substantial interference imposed on the other users whose normalized chan-
nel gain is smaller than that of this user. The signal is then despread according to the
predesigned code, and demodulation is carried out at the receiver as shown in Fig. 1.
So that the correct bits can be detected through the maximal ratio combining (MRC)
at the receiver as shown in Fig. 1 [27], as our system model is generic and can be easily
extended to multiple antennas especially for base station [28-31].

It can be observed in Fig. 2 that there are two types of users present in the cell, namely,
one as the far users (FUs) and other as near users (NUs). It can be observed from Fig. 2,
‘N’ number of NU users are located near the BS. Two transmission phases are associated
with NOMA model as indicated in Fig. 2 which are discussed below.

2.1 Direct transmission phase (DTP)

Figure 2 shows direct transmission phase (DTP), the first phase, which broadcasts N
users superimposed signal available at the BS. The superposed signal is comprised of all
the messages of the users superposed together according to the NOMA concept [32].

The signal at the n-th user is expressed as:

Yin =/ Pruhipxr + Wi, (1)

where the power allocation for the nth user allocating in the DTP phase is expressed
as Py ,. xT represents the composite signal containing all users’ messages such that
X7 =%1 + %3 + - +xn +xpy and the Additive White Gaussian Noise (AWGN) is
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expressed as wy , for each channel during the DTP phase. /4, represents the independ-
ent Rayleigh fading experienced by every user channel. d,, represents the nth user’s dis-
tance away from the BS and is the basis for all power-level allocation. It is also the basis
on which each user’s channel condition is defined, with users closer to the BS having
much better channel conditions as opposed to user much farther away from the BS.

dZ
Pl,n (ZN—H d2> (2)

where the total transmitted power available at the given BS is expressed as P;. Further-
more, the channel conditions are expressed by [33] for NOMA model as

"11,1|2 > |h1,2’2 > |h1,N|2 > fhl,Pu‘Z 3)

which are accordingly expressed as

Py <Pip < <PiN=Piru (4)

and

N+1

> PLu=1 (5)
n=1

All non-cell-edge users carry out SIC to decode and isolate each user message to be
exploited later during the CTP phase.

Page 5 of 14
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2.2 Cooperative transmission phase (CTP)
Figure 2 illustrates the CTP. NU(s) utilize the information received at the end of the
DTPD, after applying SIC, to achieve cooperation for all users in the system [27]. Dur-
ing the CTP, NU(s) relay the messages for all users in one superposed signal. Each NU
in the system occupies one time slot to relay the messages across the interuser chan-
nels. The CTP can be divided into (N — 1) time slots, with each NU occupying one
time slot to relay the messages in order to avoid interuser interference (IUI). At the
beginning of the CTD, user relays the messages received at the end of the DTP.

At the beginning of the CTP, NU; broadcasts a superposed signal comprised of the
data to the FU. The received signal at FU is expressed as:

¥22 = \/Pa1haixr—1 4+ wa 1, (6)

where P, 1 represents the power allocation for the NU; user allocating in the CTP phase,
the superimposed signal is x7_1 = %3 + %3+, ... + %N + xFU, h2,1 is the Rayleigh channel
coefficients between the far user and NU; and wy; is the AWGN noise. Finally, the Nth
user will transmit to the far user. The received signal is expressed as:

Y2N+1 = VPonhoNXT_N + WaN, (7)

where P,y represents the power allocation for the NUy user allocating in the CTP
phase, the superimposed signal is x7_n = x2 + x3+, - - - + xn_1 + xfrU, Mo N is the Ray-
leigh channel coefficients between the far and NUy user and wy y is the AWGN noise.

3 Performance analysis

The performance of the proposed system is measured in accordance with: the achiev-
able rate at each user and the overall system throughput. The achievable rate of every
user is in accordance with the SIC chain. The user fairness is measured according to
the EXIT chart analysis.

3.1 Achievable rate analysis
Generally, the achievable rate is measured in bits/s/Hz. It can be observed from Fig. 2
that at the end of DTP phase, the achievable rate of the FU is evaluated as:

2
Prru|hru

Rl,FU = IOg 1+ N ’ ) | (8)

Zj:l Py }h1,1'| + Noy ry

Thus, the NUj achievable rate after DTP can be expressed as:
2

P1jh,; ,

Rl,NU,=10g 1+M ,j=12,---,N. 9)
NOI,NU/-

It can be observed from Fig. 2 that the final FU achievable rate after the CTP is expressed
as:
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Py ru|hru |2 N Pyj|hyj 2

N 2 No,
i1 Prjlh|” + Noyey i Nojeu

Rry=log [ 1+

3.2 System throughput analysis

For the sake of simulations, the system throughput is defined as the additive sum of
the data rates experienced at each user. This is a key performance metric and is used
to measure the overall efficiency of the proposed system. The system throughput is
expressed as:

N

S= ZRI,NU,- + Rry (11)
j=1

3.3 EXIT chart analysis

EXIT charts have progressed as a tool to observe the convergence behavior of mod-
els by utilizing iterative decoding [34—36]. The signal to noise ratio (SNR) at which an
extremely low bit error rate (BER) can be achieved for near-capacity performance is pre-
dicted by the use of EXIT charts without the need for Monte Carlo simulations [34, 35].
Their ultimate benefit is that they allow us to accurately estimate the above-mentioned
performance metrics without requiring excessive complex Monte Carlo simulations. We
utilize the implementation of EXIT charts by exchanging the information between the
input/output module of MUD in NOMA system. The EXIT chart comprises of three
main parts such as outer, inner curves and the stair like shape known as trajectory.

The inner and outer curves are simulated using interleavers to predict the values of the
stair-shaped trajectory. When the stair-shaped trajectory matches to the inner and outer
curves and moreover the open tunnel exists between the inner and outer curve, this
means that the system has reached the maximum convergences that is point [1 1] which
exist on the right corner of Fig. 8. The performances of matching the inner and outer
curves depend upon the stair-shaped trajectory which is associated with the length of
the interleaver which is always finite; therefore, the trajectory may not match perfectly to
the inner and outer curves of the EXIT chart [34, 36, 37].

The signal mapper is used on encoded bit stream to transmit the information to the
receiver, where the information is corrupted by noise. Thus, when receiving the N paral-
lel decoder chains the MUD [34, 36], is used to perform log likelihood ratio (LLR) on the
concerned bits. On receiving the mth sub-carrier, the extrinsic LLR of the nth user’s zth
bit output from the MUD is evaluated as:

ZYev(m,z,O) P(Zq|Y)(P(Y)
ZYEU(WI,Z,I) P(Zq|Y)(P(Y)

LyMuD,ex (il(n)) =In - LMUD,apr(i;n)): (12)
where z of nth user’s is obtained, having v € {0,1} and n € {1,2,...,log, b }. Hence,
the a priori LLR of the n' user’s zth bit is denoted by LMUD,apr(i;”)), Please note that in
MUD scenario, the initial probability of zero’s and one’s bits is equiprobable; thus, the
initial values in the soft registers are set to zeros as indicated in [34, 38, 39], while the a
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priori symbol is denoted by P(Y) which represents the multi-user probability and thus
the code word is expressed as ¥ = [Y(l), LYW )] T Furthermore, the channel prob-
ability with respect to the a priori Yis expressed as P(Z,|Y) and the cost function (CF) is
given as [34, 40].

Fcp(Y) = P(Z4|Y)(P(Y)) = exp(—||Z, — PH,WY||*) x P(Y). (13)

where H,, is the channel states of all user present in the model and W is the number
of transmitter and receiver antennas, both being equal. Before feeding to the channel
decoder the despreading is performed on a priori LLRs, so that the extrinsic LLRs of
each user are calculated by the deinterleaving which is performed on the input sequence
of the user. The bit-based a posteriori LLRs are generated by channel decoder, and the
data are fed to the signal spreading, where more iterations are performed among the
interleavers and the MUD. After performing certain iterations ‘I' among the DECod-
ing (DEC) and MUD-Despreading/Spreading, a hard decision is accomplished by the
decoder.

4 Results and discussion
The BER performance versus SNR of the NU and the FU is depicted in Fig. 3. As
expected, due to the higher power level (approximately 90% of P;) as it is far away from
the BS (i.e., at a distance of 10 m), the FU attains a better BER compared to the NU which
is assigned very less power (approximately 1% of P;) based on the distance between the
FU from the BS (which is 1 m away from BS). Data rate of every user is evaluated in
Fig. 4. It is observed that at higher SNR values the FU data rate stagnates; as a result,
the NU data rate exceeds it. This is because of the IUI generated by the NU onto the FU,
which directly increases with channel SNR. From the results of Figs. 3 and 4, the impact
of cooperative NOMA can be observed. By employing cooperative relaying, FU data rate
and BER improve significantly as compared to the NOMA system without relaying.
Figure 5 shows the combined system throughput for the proposed model for both
the cooperative and non-cooperative systems. The system throughput is comprised of
the combined data rates of the NU and FU. It can be observed from Fig. 5, the use of
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Fig. 3 BER performance comparison between near and far users
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cooperative relaying significantly boosts the throughput of the system by a remarkable
margin as the cooperative relaying result outperforms its non-cooperative counter-
part. From Fig. 5 it can be seen that at 0 dBs, the system throughput for the cooperative
system, starts off significantly higher than that of its non-cooperative counterpart and
remains this way until 40 dBs. The difference in the performance decreases as the SNR
value for the channel increases and the system approaches its capacity limit. The per-
formance, however, reaches a point of stagnation at around 40 dBs in accordance with
Shannon’s capacity law [34, 40].

Figure 6 presents the EXIT chart analysis, where the inner decoder utilizes the mutual
information (MI) of the MUD and the outer decoder exploits the despreading/channel
decoding information. The only additional computation in the MUD is to calculate the
joint alphabet probability, which is carried out in an offline mode at the user’s and at
the BS’s receiver. This is done by utilizing the fair selection of the codewords in parallel
with the predetermined values of the interleavers of our system. To elaborate a little fur-
ther the MUD decoder generates the bit-based a posteriori LLRs for their code words,



Elsaraf et al. J Wireless Com Network

(2021) 2021:79

o o o
£ (o)} oo
\
\ \
\
\
\
\ \
\
\
\
\

Inup.ee/IDES/DEC,apr
\
\

o
N
TRYY

-7 k- —+—outer
--" - - —inner

0 0.2 0.4 0.6 0.8 1

Ivup.apr/IDES/DEC,ex
Fig. 6 EXIT chart of a NOMA system, where the outer decoder operates with RSC code having SF = 2 when
the inner decoder for various values of SNR is used in MUD model

which is later fed to the DS spreading, then to the interleavers and, finally, to the MUD
for more iterations. Thus, for the joint spreading, the coding rate is calculated as R/SF,
which in our case is 0.25. This is linked with the Spreading Factor (SF = 2) and R = 1/2.
From Fig. 6 it can be concluded that the minimum required SNR is equal to — 12 dB for
MUD to achieve a desired output. Thus, by using the concept of recursive systematic
convolutional (RSC) code, along with a repetition SF=2, the minimum SNR can achieve
error-free transmission, such that suitable number of iterations are performed between
the MUDpgs and MUDpgc. The loss occurred by the MUD is pertaining to the fact
that initial MI for Ipup,apr = 0, as the probability of zero’s and one’s are the same at the
beginning. Therefore, higher SNR is required for generating the open tunnel between
the inner and outer curves. It can be observed that when outer code is combined with
the MUD model it reaches to the Ipgs/pEc,ex = 1 line at relatively low Ipgs/pEc,apr Values
as indicated in Fig. 6

From Fig. 7, it can be inferred that the proposed NOMA model attains user fairness
as inner/outer curves reaches to the [1 1] point without crossover at any given point.
Figure 7 illustrates that there is a high inclination in the inner curve as compared to the
outer curve when deployed in MUD model. Moreover, the decoding trajectory depends
on the iteration among the MUD and the despreader of our proposed system. Further-
more, at an SNR=3 dB the open EXIT tunnel exists between the inner and outer curves
by performing 1000 iterations in MUDpgs,pec, where the inner and outer curves meet
at IMup,ex = 0.89 and Ipgs/pEc,ex = 1as shown in Fig. 7.

Finally, Fig. 8 is generated to calculate the normalized throughput of a single-carrier
and multi-user carrier model when number of users are &/ = 1 and U = 2, deployed in
non-dispersive Rayleigh channels. Figure 8 depicts that at the same instant, both the
multi-user and single carrier user obtain better throughput gain, when deployed in the
decoding model. Moreover, in the single carrier system, the throughput gain is higher
as compared to the multi-user model, which illustrates that more transmitting anten-
nas combinations are utilized in the single carrier system. In single carrier system 10

transmitting antennas are used, whereas in multi-user model 2 transmitting antennas

Page 10 of 14
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are utilized. This result reveals that using more antenna array combination in single user
decreases the correlation between the code word which is utilized in decoding the mes-
sage, hence allowing fair selection of antenna array combination which is uniformly dis-
tributed over the single-user model.

When employing cooperative communications, reliability and security of the system
get impacted. A number of authors [41-45] have addressed this issue, and the readers
are encouraged to review these papers and references in them on security of cooperative
NOMA.

5 Conclusion

In this paper, cooperative relaying was shown to achieve significantly improved perfor-
mance for the proposed NOMA system. User fairness was also shown to be at near-
optimal performance through our utilization of EXIT charts. This is due to the inner and
outer curves of the EXIT charts converging toward unity gain without any intersection

Page 11 of 14
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at any point beforehand. Furthermore, our MUD approach with the implementation of
IRCC coding was illustrated through the use of EXIT charts and was shown to offer a
flexibility in the coding rate which results in an increase in overall throughput efficiency;
thereby, a design methodology for combining SISO MUD with IRCC is presented. The
benefits of embracing cooperative relaying in NOMA system are made clear. As a result,
the proposed NOMA system model can be applied in wireless networks to strike a bal-
ance between user fairness and user data rates. Expanding the proposed cooperative
NOMA system to function in a MIMO scenario while maintaining a practical level of
user fairness is a promising future direction of our proposed research.
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NOMA: Non-orthogonal multiple access; NU: Near user; OFDMA: Orthogonal frequency division multiple access; OMA:
Orthogonal multiple access; PDMA: Pattern division multiple access; PD-NOMA: Power domain NOMA; QAM: Quadrature
amplitude modulation; RSC: Recursive systematic convolutional; SCMA: Sparse code multiple access; SDMA: Spatial divi-
sion multiple access; SIC: Successive interference cancellation; SICAMA: SIC-amenable multiple access; SISO: Single input
single output; SF: Spreading factor; SNR: Signal to noise ratio; UE: User equipment; URC: Unity rate codes.
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