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Abstract: The potential of the Non-Orthogonal Multiple Access (NOMA) approach for wireless
communications in the fifth generation (5G) and beyond can not be underestimated. This is because
users with favorable channel conditions can serve as relays to improve system performance by
employing Successive Interference Cancellation (SIC). Lately, the combination of NOMA and the
cooperative relay has attracted the interest of researchers. The analysis of cooperative relay NOMA
(CR-NOMA) with a massive multiple-input multiple-output (mMIMO) system is mainly based on
theoretical channel models such as the correlated-based stochastic channel model (CBSM) even
though the geometric-based stochastic channel model (GBSM) has been found to provide better,
practical and realistic channel properties. This, in our view, is due to computational challenges.
Again, the performance of CR-NOMA systems using the GBSM channel model with large antenna
transmitters and network coding schemes has attracted little attention in academia. Therefore, the
need to study mMIMO CR-NOMA that considers channel properties such as path-loss, delay profile
and tilt angle has become vital. Furthermore, the co-existing of large antenna transmitters with coding
schemes needs further investigation. In this paper, we study the performance of a two-stage mMIMO
CR-NOMA network where the transmitter is represented as a uniform rectangular array (URA) or
cylindrical array (CA). The communication channel from the transmitter (TX) to the user equipment
(UE) through a relay station (RS) is modeled with a 3GPP’s three-dimensional (3D) GBSM mMIMO
channel model. To improve the analytical tractability of 3D GBSM, we defined the antenna element
location vectors using the physical dimension of the antenna array and incorporated them into the
3D channel model. Bit-error rates, achievable rates and outage probabilities (OP) are examined using
amplify-and-forward (AF) and decode-and-forward (DF) coding schemes. Results obtained show
with fixed power allocation and SNR of 20 dB, far or weak users can attain a high achievable rate
using DF and URA. Again, from the results, the combination of AF and CA presents better outage
probabilities. Finally, the results indicate that the performance difference between CBSM and GBSM
is marginal, even though the proposed 3D GBSM channel model has a higher degree of random
parameters and computational complexities.

Keywords: geometric-based stochastic model (GBSM); correlated-based stochastic model (CBSM);
cooperative relay-noma (CR-NOMA); massive MIMO (mMIMO); network coding schemes

1. Introduction

The design of 5G is to fundamentally fulfil the emerging requirements of wireless
communication, such as high spectral and energy efficiency, low latency, massive device
connectivity, high data rate and ultrahigh reliability [1-3]. Therefore, this requires a multiple
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access technology that meets the network capacity within the limited radio spectrum [4—-6].
NOMA technique is considered for 5G networks to improve system performance, high
reliability, increased system capacity and coverage area [7-9]. NOMA, unlike orthogonal
multiple access (OMA), uses the same time, code and or radio frequency resources to pro-
vide services to multiple users. This is done by introducing controlled interference through
non-orthogonal resource allocation [10]. Most importantly, it supports large numbers of
connections and high-congestion transmission [11]. The basic operation of NOMA is to su-
perimpose multiple signals at the transmitter in the power domain. As shown in Figure 1, at
the Base Station (BS), data from various users are superimposed on top of one another over
the same time/frequency/code resource block. The BS uses a power allocation generator to
assign different power levels to each user within resource block. The superimposed signal,
s(t), is transmitted through a fading channel with additive white Gaussian noise (AGWN)
to the receiving user equipment (UE). The Gaussian channel’s output is the sum of the input
signal and an independent identically distributed noise signal from a Gaussian distribution
of variance N, that may be produced by the receiver electronics [12]. In addition, at the UE,
NOMA employs interference cancellation (SIC) method to improve network performance,
to minimize interference and separate multiplexed users [13]. In NOMA, the weak user
treats a strong user’s signals as noise and directly decodes its signal [14]. The strong user
on the other hand uses SIC to detect and decode their signals [7]. Additionally, weak users
receive more power than strong users due to interference and poorer channel gains [15].
This is intended to maximize weak user transmission rate, experience and fairness [14].
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s1(t), s2(t), ..., sp(t) = Original signal of individual users

s(t) = p1s1(t) + p2s2(t) + ... + ppsn(t) is the superimposed signals
Figure 1. NOMA system architecture for downlink communication.

The concept of CR-NOMA was established in [16] to increase the performance of cell
edge users. In CR-NOMA several network coding schemes are introduced to secure the
quality of service to weak users in the communication network [15]. This is to minimize
interference and enhance performance. These schemes are decode-and-forward, compress-
and-forward, amplify-and-forward, and compute-and-forward.

1.1. Review of Existing Works and Motivation
1.1.1. 5G Massive MIMO Channel Models

To assess the performance of 5G wireless communication systems, two types of channel
models are commonly used; correlation-based stochastic models (CBSMs) and geometry-
based stochastic models (GBSMs) [17,18]. The former has a lesser level of complexity and
is mostly used to analyze the theoretical performance of MIMO systems [17,19].

However, the accuracy of a realistic MIMO system is restricted, and modeling wireless
channels with nonstationary phenomena and spherical wave effects is challenging [17,19,20].
In contrast, GBSM has increased processing complexity, however, it can correctly represent
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true channel parameters and is better appropriate for mMIMO channel models [17]. GBSM
incorporates channel properties such as path-loss, delay profile, tilt angle, angle of arrivals,
etc into the channel modeling for better performance evaluation [20-22].

1.1.2. Performance of CR-NOMA with CBSM Channel Model

The review of performance of CR-NOMA using AF/DF coding schemes is presented
in this section. As previously stated, the performance of CR-NOMA has been extensively
studied utilizing various network coding schemes and channel characteristics [23-27]. The
use of a relay in NOMA system is to improve system performance and extend the network
coverage [28]. The effect of various network coding schemes on the performance of CR-
NOMA has been studied in [21,29]. In order to improve reliability, enhance the spectrum,
power effectiveness and network connectivity, certain network terminals interact and aid
one another by using the broadcast aspect of the wireless connections [30]. In CR-NOMA,
users or devices with poor channel conditions, who often suffer from power losses at the cell
edge, can be assisted by other users or devices with strong channel conditions by serving
as transmission relays. This can greatly improve the reliability of the weak user’s reception.
There are two well-known network coding schemes: amplify-and-forward (AF) and decode-
and-forward (DF) coding schemes [31,32]. The AF coding scheme relay simply amplifies
and forwards a scaled version of its observation to the destination [23,33-36]. A CSl-assisted
AF relay exploits instantaneous CSI of source-to-relay link to adjust its gain which has
superior performance over the fixed gain AF relay has been studied in [37—42]. DF coding
scheme relay, on the other hand, decodes the received signal first before re-transmitting
the decoded signal to the destination [23]. Others such as compress-and-forward (CF) and
computer-and-forward(CpF) have been studied in [15,40,43—-49] respectively. With the CF
approach, the signal is compressed and sent to the target location(s), whereas with the CpF
however does not requires CSI and exploits signal couplings produced by the channel to
remove noise noise and mitigate interference at the relays thereby reducing the number
of relays required. Resource allocation optimization has been analyzed using the above
coding schemes in [45,50-60] in order to improve CR-NOMA performance. Majority of the
CR-NOMA performance evaluations (OP, achievable rate, BER, etc.) stated above have been
limited to CBSM channel models. Table 1, presents a summary of CR-NOMA performance
using CBSMs with AF/DF coding schemes. Figure 2 presents the CR-NOMA model that
used and studied in the above studies, where the channel between the transmitter, relay and
the users is modeled as CBSM. To improve system spectral efficiency and reduce challenges
in channel state information (CSI) acquisition, CR-NOMA with MIMO and mMIMO have
been studied in [47,61]. In [47], the authors considered the Saleh-Valenzuela millimeter-
wave channel model for beamforming analysis, and no network coding schemes were
considered. Again the analysis focused on user relay and not dedicated relay. The authors
in [61], studied the application of relay to mMIMO NOMA. However, the analysis was
based on CBSM. They proposed a general framework for a multiple-relay aided massive
NOMA system. At the TX, the authors considered circular array for the analysis which is
not a typical antenna array typologies for massive MIMO systems according to [17].

1.2. Motivation

From the above literature, the techniques and analysis that have been used to im-
prove system performance of CR-NOMA have predominantly been restricted to only
CBSM [62-76].
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Figure 2. Downlink cooperative relay aided NOMA network with CBSM channel.

Table 1. Performance of AF/DF based CR-NOMA with CBSM channel model

Coding  Channel Model Transmission .
Ref Scheme & AntennaType Mode Performance Metrics Outcome
[47] DFrelay CBSM (Saleh- Downlink Achievable sum rate The spectrum and energy efficiency of beamspace
Valenzuela), MIMO are higher than those of conventional
multiple antenna beamspace systems.

[61] AFrelay CBSM (Rayleigh), Downlink Spectral efficiency The number of BS antennas enhances system

multiple antenna spectral efficiency.

[77] DFrelay CBSM (Rayleigh), Downlink Diversity gain, outage A two-stage relay with DF achieves maximum

single antenna probability diversity gain while reducing outage probability.

[78] AFrelay CBSM (Rayleigh), Downlink Outage probability MIMO improves outage probabilities, but that de-

multiple antenna pends on the relay location.

[79] AF CBSM (Rayleigh), Downlink Outage probability, Improve outage probability with increase buffer
buffer- single antenna throughput and size. Incorporating channel-to-packet matching
aided diversity gain enhances system performance. Optimal selection
relay of buffer size provides a significant delay.

[80] DFrelay CBSM (Rician), Downlink Achievable rate Gauss-Chebyshev interpolation is efficient to

single antenna approximate achievable rate.

[81] DFrelay CBSM (Rayleigh), Downlink Achievable sum rate Configurable decoding achieves high sum rate

single antenna even under strong inter-user interference and SNR.

[82] DFrelay CBSM (Rayleigh), Multi-relay  Outage probability and In comparison to typical NOMA and OMA

single antenna Downlink ergodic sum-rate systems, the ergodic sum rate and outage
probability are enhanced.

[83] DFrelay CBSM (Rayleigh), Downlink Outage probability and A combination of antenna-and-relay selection

multiple antenna diversity order strategies can provide optimal outage performance
and diversity order that outperforms conventional
systems.

[84] DFrelay CBSM (Rayleigh), Downlink Secrecy outage There is better outage performance of the system

multiple antenna probability even in the presence of a jamming signal.

[85] AFand  CBSM (Rayleigh), Downlink Average sum-rate and  The position of the relay is crucial for maximum
DF relay multiple antenna secrecy rate performance. To maximize the secrecy rate, the EH

with energy
harvesting (EH)
capabilities

time duration must be carefully considered.
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Table 1. Cont.

Coding

Channel Model Transmission

Ref Scheme & AntennaType Mode Performance Metrics Outcome
[86] DFrelay CBSM (Rayleigh), Downlink Average throughput There is a significant improvement in system
single antenna and outage probability  throughput at both low and high SNR bands, as
with buffer well as diversity order with an increased number
capabilities of relays.
[87] DFrelay CBSM (Rayleigh), Uplink Weighted sum-rate The proposed cooperative NOMA approach
single antenna maximization outperforms both the non-cooperative NOMA
benchmark and the traditional OMA in terms of
attainable rate and throughput.
[88] DFrelay CBSM (Rayleigh), downlink Ergodic sum-rateand  The proposed system provides better outage

single antenna outage probability probability and superior ergodic sum rate over

equivalent conventional systems.

CBSM is basically used for theoretical analysis and has less accuracy for real-world
mMIMO systems due to the nonstationary phenomenon and spherical effects [17,89]. The
best we can tell is that authors in [47] have analyzed CR-NOMA performance using GBSM
based on Saleh-Valenzuela channel model. For mMIMO systems, there are several typical
antenna array configurations. These include linear antenna array, rectangular antenna
array, spherical antenna array, distributed antenna array and cylindrical antenna array [17].
With CR-NOMA, only linear antenna array has been examined so far in [61].

Based on the above, the motivation of this work is to address the missing gap in the
literature on CR-NOMA concerning the adoption of 3GPP 3D GBSM channel model with
large antenna transmitters such as URA and CA. Our research aims to provide solutions
to the following research challenges to fulfill future demands of wireless communication
systems: (1) What effect will the large antenna transmitters (CA or URA) modeling have on
CR-NOMA system’s performance? (2) How will mMIMO CR-NOMA work when the user,
the dedicated relay, and transmitter all use the 3D GBSM channel model? (3) How will the
coexistence of large antenna transmitters, 3D GBSM channel models, and coding schemes
affect performance of CR-NOMA? (4) what coding scheme and large antenna combination
will provide the superior performance when using the GBSM channel model for mMIMO
CR-NOMA regarding outage probability, achievable rate, and bit-error-rate (BER)?

1.3. Contribution of the Work

We consider a two-stage downlink network system model with a dedicated relay.
We use the 3GPP and WINNER+ models that follow the GBSM approach in [90-92] and
provide a 3D GBSM channel model [93,94] when the transmitter is either URA or CA. We
use the channel model in a CR-NOMA system where the transmitter’s antenna is a massive
antenna array system. We analyse the performance of the proposed system when the RS
uses either AF or DF network coding scheme. The reason is that research in [21,95] shows
that a significant component of energy is emitted in the elevation of the WINNER+ and
3GPP models. As a result, specifying propagation pathways in azimuth alone does not
improve performance [95]. Furthermore, the WINNER+ and 3GPP models include the
antenna boresight’s elevation angle in the channel equation. We use URA and CA because
their radiated MIMO signals can be adjusted in 3D space to boost system capacity [21].
Again, a massive antenna array can reduce clutter by using scanning acceleration and
a space-time signal. Furthermore, it permits the creation of concentrated beams in any
horizontal direction [21]. To reduce the computational complexity of the 3D GBSM channel
model, we define the antenna element location vector using the physical dimension of
the antenna array and incorporate it into the 3D channel model [21,96,97]. To enhance
the performance of the proposed mMIMO CR-NOMA system, two coding schemes, AF
and DF, are used with the channel model. The results present the performances of the
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combination of coding schemes and large antenna transmitters regarding achievable rate,
outage probability and Bit-error rate (BER).

Again, to fill the gap in the above literature on the CR-NOMA system concerning the
adoption of 3GPP’s 3D GBSM channel model with large antenna transmitters, this paper
aims to assess the system usage performances using the proposed channel model. For
clarity, the major contributions and objectives of the paper are:

i We examine a two-stage downlink mMIMO CR-NOMA GBSM system and in-
troduce a new channel model when the transmitter is URA or CA. To reduce the
computational complexity of the 3D GBSM channel, we define the antenna elements’
location vector based on the physical dimension of the antenna array. We illustrate
the transmitter with a massive antenna system following the models discussed
in [17]. Here, the relay and user equipment only has a single antenna.

ii. Two coding schemes, AF and DF, are incorporated into the channel model to
improve the channel performance.

iii. For performance analysis, evaluation and comparison, we present outage probabil-
ity and achievable rate for the two-stage mMIMO CR-NOMA system.

iv. Final findings show that the joint contribution between large antenna transmitters

and coding schemes with 3D GBSM CR-NOMA presents possible advantages for
future communications systems concerning achievable rate, outage probability and
Bit-error rate (BER).

The paper is organized as follows. Section 2 presents the proposed system model for
the 3D GBSM URA /CA channels for mMIMO CR-NOMA network. In Sections 3 and 4
respectively, we present the performance analysis, and simulation and numerical results of
the system. We conclude the paper and provide future scope in Section 5.

2. System Model

This section describe a two-stage downlink (DL) communication system, where the
transmitter (TX) sends messages to user equipment (UE) through a dedicated relay, as
indicated in Figure 3. The TX has a large-scale antenna array (URA or CA) for high spectral-
efficient massive access, whereas the UEs and relay station (RS) each have a single antenna.
Unlike the CR-NOMA model in Figure 2, where the channel from TX to UEs through RS
are theoretical channel models (CBSM), the proposed model replaces the CBSM channel in
Figure 2 with GBSM channel model, as shown Figure 3. The strong user equipment (UE;)
in the proposed system of Figure 3 is near the RS, whereas the weak user equipment (UE;)
is farther away from the RS.

Relay station (RS)

GBSM >(((I))
with DF and AF

hTX
Transmitter coding schemes @
(TX)
=—pp3D GBSM downlink communication link

hrx = 3D channel model between TX and RS
hr; and hgr, = 3D channel model between RS and UEs

UE; = Strong / Near user equipment
UE; = Weak / Far user equipment

Figure 3. Proposed model of the downlink cooperative relay NOMA network with mMIMO.
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The communication link from TX to UEs through RS is modeled using a 3D GBSM
channel model with a single bounce and single cluster. In this context, URA and CA is
considered as the transmitters. The proposed system uses two-time slots to achieve a
seamless transmission from the TX to UEs through the RS. During the initial time slot, the
TX sends signals to the relays using superposition coding. The combined signal (x) of the
two UEs with superposition coding is given by

X = i v/ @; Pss; 1
i=1

where the i user transmits power allocation factor, and the source signal is a; and s;,
respectively. Noticeably, Y'X  a; = 1 < Py and E||x;|| < Ps, where K = 2 user equipment
and total transmit power is given as Ps.

Using NOMA concepts implies that power allocation factors are arranged according
to users” proximity to the RS, that is a7 < ay where a; and a; are the power allotment
coefficient of the strong or near user equipment (UE;) and the weak or far user equipment
(UE,) respectively. Hence, without loss of generality, the channel gains of the two UEs
are arranged as |hpg ; >>|h R,2|2 . We exploit channel reciprocity through a conventional
time division duplex mode [98]. We presume that MIMO downlink (DL) pilots with an N;
transmitting antenna allow the TX to estimate the DL channel. Generally, for a single-hop
communication involving a transmitter and two users, the received signal (y) by the it
user at the destination with DL data transmission can be expressed as,

yi = Hx+n; ()

where x is an Ny x 1 data signal, i = 1,2, H is the communication channel matrix such as
the 3D channel realization matrix presented in (12) and (15), n; is the additive Gaussian
noise with zero mean and variance, 2.

The following subsection present the 3D GBSM channel models for CA and URA

transmitters.

Proposed 3D GBSM Models

We consider the 3GPP’s standard, based on the GBSM method [90,93,99], to provide
a new 3D channel model in which the TX antenna is modeled as URA or CA. The main
parameters of importance in the 3D channel model are; delay spread (DS), angle of ar-
rival (AoA), azimuth of departure (AoD), elevation angle of arrival (EoA) and departure
(EoD) [17,100,101]. In addition, the 3GPP standard under consideration presents the eleva-
tion angle of the antenna boresight into the channel and allows for dynamic adaption of
the antenna’s downtilt angles 6;;;;. This provides various advantages for 3D beamforming
leading to significant improvement in system performance [95]. The 3D channel model is
illustrated in Figure 4.

From Figure 4 and the 3GPP’s model, the effective channel between the s TX antenna
port with M subpath and the uth receiver antenna port, as stated in [21,92], is

[Hglﬂ — Puose % Ky \/G%)( (QbﬁqODf 911140Dr Orirt) \/G?Qg((PrI?OAI 191114014) (3)
, M = % [aRX((P;;loA’ﬁ;?oA)]u I:aTX(¢;?OD79;140D):|5

where x;, is the complex random amplitude of the nth pathands =1,.., Nrx,u =1,.., Ngs,
(p7oP, 074°D) are the azimuth and elevation angles-of-departure (AoD), respectively.

(oA, 94104) are the azimuth and elevation angles-of-arrival (AoA) of the n™ path,
respectively. The gain of antenna array at the TX is

Gy ( oD Aol Gtﬂt) ~ GTx,H (47714 DGrx v (820D, 9tizt)) 4)
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The responses of the antenna array are; (agx (974, 97°P)) and (arx (¢4°P, 07°P)).

Following the approach in [90], the precise 3D antenna radiation pattern in both the
horizontal (Grx g) and vertical (Grx v) planes is provided by [21],

2

¢AOD
Grx,u(¢?P) = 12( ) 5)
¢34
and
04" — Byt \*
Grx,v (047, ) = —12 —— (6)
’ 634

where $A°P is the horizontal azimuth angle between the user and the array’s boresight,
04°D is the vertical elevation angle between the user and the array’s boresight, and ¢35
and 03,p are the horizontal and vertical half-power beamwidths, respectively.

-
€z

/\ Azin?)uth plane

911’][

Antenna boresight

=7
ey

0:;1: = Elevation angle of the boresight
0,,, ¥, = Elevation AoD & AoA of the n'" path respectively
bn, on = Azimuth AoD & AoA of the n'" path respectively

Figure 4. 3D channel model.

In this study, we consider URA or CA at the TX serving a single antenna RS with
half-duplex connection in the model. The path between TX and RS has a single bounce
cluster giving us N paths.

For the URA configuration indicated in Figure 5a, the location vector of the antenna
element is as follows. As given in [102], the steering vector of the n'" propagation path
using the URA antenna topology shown in Figure 5a is

a(0°7, 93P = Zsin (0P sin(B+ ¢7/°")) @)

where B = tan"'(Z./Z,), Z, Z. and Z, can be determined from Figure 5a. The figure
shows the scalar z and y axes, where Z is defined [21] as,

Z=\|72+272 8)

where,
Z, =2mdz(n —m)/A,
Zy =2mdy(p—9q)/A  and ©)
Qs = cos™! (Z:/2y)
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are obtained. (m,p) and (n,q) are the coordinates of the elements shown in Figure 5a.
The position of the URA antenna element at the TX can be determined by ZZB. d, is the
distance between the receiving ports of the RX antennas. The location vector of s transmit
element of the URA is expressed as v; - xs = cos(¢ — ¢s) sin® where ¢; = 27t(n —1)/N.
The array response of the s™ of TX antenna port of URA considering (3) is given by

larx (P, 02°P)] = exp (ikZ cos(¢2°P — ) sin Q,fDD) (10)
Similarly, the response of 1" UE antenna port with regard to the 3D channel model is
larx (@aoA, 904)], = exp (z’k(u — 1)d, sin ¢4 sin 19,‘?0‘4> (11)

Thus, the 3D GBSM channel model of the URA transmitter configuration of the
proposed mMIMO CR-NOMA model in Figure 3 is

HURA _ Puosr % . G (oD, 610D 6,;1,) exp (ikZ cos( AoD ) sin 9,’,40’3)
' M = X \/G%[S)((p;?OA, 0404 exp (ik(u — 1)d, sin @714 sin 9/104)

(12)

where P, denotes power of the n'! path, osr is lognormal shadow fading of the n'! path.
N is the number of propagation path, M is the number of subpath per path, d, is the
separation between the receiving antenna ports, k is the wave number and G?g is the gain
of the RS antenna.

0 = Elevation angle

¢ = Azimuth angle
p = Radius of the cylinder
d, = Antenna element spacing in the z axis

dy = Antenna element arc spacing

Figure 5. Geometric structure of (a) rectangular array (URA) and (b) cylindrical array (CA).

In the case of CA, Figure 5b, considering the array dimension of CA as | = 4A with
radius given by p = 4A/I, if d, = 4A/M is the wavelength distance in meters between
antenna elements on the first and second position in the z direction. Then 4A(m —1)/M
wavelengths may be used to estimate the placement of the third and following antenna
components, where m = 1,..., M is the number of antenna elements on a ring in the z-axis,
and A is the wavelength in meters. The angular position of the n'" element of the m' of CA
on the x-y plane is expressed as ¢; = 271(n — 1) /N. Consequently, the location vector of
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the elements is v - x; = cos(¢ — ¢;) sin 6. Furthermore, the array response of sth transmit
antenna port of the CA is given by

. 4A(m—1 .
[aTX( AoD GSOD)} = exp <1kp(M) cos (PP — @) sin GV?OD) (13)
Similarly, the response of the " UE antenna port using the 3D channel model is
[ﬂRx((p;?OA, 19,?"’4} = exp <ik(u —1)d, sin ¢/ sin 19,?"“‘) (14)
u

The final 3D GBSM channel model of the proposed model in Figure 3 between a single
antenna receiving port #" and a CA transmitter’s transmit antenna port s is given by [21]

\/G%?(((p;;\ol), 01, Bri1¢)
Kkn | x exp(ikp(4A(m — 1) /M) cos(¢;°P — ;) sin 6°D)
=1 X \/G?g(q);?‘““, 8404 exp (ik(u — 1)d, sin 714 sin 9/104)

PnJSF N
M

CA _
Hs,u -

(15)

3. Achievable Rates, Outage Probabilities and Bit-Error-Rates Analysis
3.1. Transmission between TX and RS

Here, we consider a two-hop downlink communication between a TX and two UEs
through a dedicated RS and apply the 3D GBSM channel to the TX—RS and RS—UEs
communication links.

We analyze the transmission between TX and RS in the proposed 3D GBSM mMIMO
CR-NOMA system model [103-105] with large antenna transmitters such as URA or CA
in Figure 5, and as illustrated in Figure 3. Two key assumptions are taken into account
in the system model. Firstly, there is no direct communication link between TX and UEs.
Secondly, users are close to each other in a half-duplex communication mode and have
a single antenna each for reception. The communication between TX and UEs takes two
stages. During the first stage, the TX transmit a superposition of two distinct signals (x) to
the relay, from which the relay re-transmits to all UEs. The received signal (ygs) at the relay
can be expressed as

Yrs = Varhrxx+ g (16)

where hry is the proposed 3D GBSM [103-106] channel coefficient between the TX and
RS, 7R is the additive white Gaussian noise (AWGN) with unit variance. agr = d;l‘g is the
distance-dependent path loss, where dgp is the distance between TX and RS, and § is the
path loss exponent. Again, using the concept of NOMA, users are arranged in ascending
order according to the power allocation factors such that a; < ap, where the superimposed
signal (x) is given in (1).

3.2. Transmission between RS and UE
3.2.1. Application of AF Coding Scheme

The relay amplifies the incoming signal in the second stage using an AF coding scheme
and an amplification factor of (18). Thus, the received signal (y,‘?F) at the kM user (UEy) is

vt = yrshrey/BrG + ni

(17)
= hp v/ BrGvarhrxx + hg  G/Binr + i
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where 1y is the complex additive Gaussian noise at kth user with CN(0,¢2), h Rk isa 3D
channel model following (3) and the By is path loss between the RS and k" UE. G is the

amplifying factor [107] given by
2
G = 18
Ps|h%~X‘ + 0'12{ ( )

where océzg = 0(1 — d)~¥ is a non-fading variable path gain, ¢ = 1 is the reference distance’s
path-loss exponent, dy is the reference distance, d = d./dy is the normalized relay distance
from the source, and k is the path-loss exponent of the TX—RS channel. The effective
distance d, is the actual distance of TX—RS in meters, where the cell radius is dy. To reduce
the impact of inter-user interference on each user, SIC at the destination’s receiver [108].
The effective users’ channel gains determine SIC decoding order in ascending order, that is
lhg 1> > |hg,|*. The signal-to-interference noise ratio (745
decode x, by applying SIC processing is given in [109] as ’

) for the strong user (UE;) to

2

AF _ a7 |hrx|? bR
’)/1,2 - 5 2 2 2
Y hrx|“[hR 1| 2 +’Y<\hTX| + |hRr1

(19)

2)+1

After decoding the message of UE; and subtracting it, UE; decodes its signal with the
following SINR ('yﬁﬁ) between the RS and UE; [109].

ar _ a7 hrx g 20
TrR1 = 5 5 (20)
7(Ihrx* + [hgal*) +1

’

The SINR (’yﬁg) between the RS and the UE; to detect its own message is expressed

in [109] as
2

4372 |hrx|?hR 2
v2|hrx|? bR ey + ’Y(|hrx|2 + |hR,2|2) +1

TRH = (21)

where 7y gives the average signal-to-noise ratio (SNR).

3.2.2. Application of DF Coding Scheme

During the first time slot, the TX transmits a superimposed signal according to NOMA
principles to the relay. The achievable rates (jolS and REZS) for the relay to decode x; and x;
are given [109] by

2
RES — Blog, (1 4 farlhrx” ) (22)
Déz’)/|th| +1
and
RES = Blog, (1+ a7|hrx[?) (23)

where a1 and «; are power allocation factors associated with x; and x;, respectively. UE;’s
signal x; and UE;’s signal x; are the vector elements of x.

Given that the relay can decode the signal from TX of the two NOMA users, the observable
signal (y}?F) at UE; and UE, in the second slot may be stated as

yP' = hpy/Brx + 1k (24)

where k = UE, B > 0 denotes the power allocation factor of the k™ UE. Here, 81 + 2 = 1.
Following the principle of NOMA scheme, the decoding order at the relay is x; — x2. The
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relay first detects x; by treating x, as noise. It then subtracts x; from the yrs in (16) to
identify x,. By employing SIC, the SINR (’y?f ) at UE; to detect x; is given [109] by

2
DF _ Pav|hg,|

M2~ - o (25)
Biylhgal* +1
The SINR (’y%ﬁ) for UE; to detect its own signal is
7RY = B1v|hra [ (26)
Similarly, the SINR (%) at UE; is given [109] by
DF B2v|hr, §
TYR2= 7 v 2 o (27)
B1ylhga|”+1

3.3. Achievable Rates Analysis

The maximum rate in the channel where the BER tends to zero [110] describes the
achievable rate of the system. When the CSI is unknown at the transmitter, if separate equi-
powered transmissions are assumed, the achievable rates of the UEs can be determined
using SINR values. From (19)—(21), the achievable rates of the UEs using AF coding scheme
are respectively given by

R{E, = Blogz(1+ 1Y) and R{E, = Blogy(1+ 1%5) (28)
For DF coding scheme, the achievable rates at the destination nodes from (25)-(27) are

RBEI = min[REls, Blogy(1 + ’y%ﬁ)] and

RRS

. (29)
RBEZ = min[Rg), Bloga(1 + 722)]

The relay transmits the decoded signals to all UES in the second time slot.

3.4. Outage Probabilities Analysis

To determine the likelihood that a data stream may have an outage event where the
achievable rate is lower than the encoded data rate [15], we examine the outage probability
where the UE; can detect x, and x7. Given the previous definition, the outage probability
(P1) of UE; with the threshold SNRs of CR-NOMA users UE; and UE, (denoting ()3, (),
respectively) may be described in [109] as

P = [1 — Pr(8rs > &'y, Crs > 5/01)} % [1 — PG5 20, 3 2 ’:/01)] (30)

where {' = 22%1 — 1 and & 0, = 22R2 — 1 are the decoding threshold with R and R,
being the target rate of UE; and UE,, respectively. ¢rs is the SINR between TX and RS,
Crs is the decoding threshold of the direct transmission to the RS. é{( and {3( are the SINR
defined at (20), (21), (26) and (27), where X in the equation denotes AF or DF coding scheme.
Similarly, the outage probability (P») of UE; is

P, = Py(Crs < 86, &3 < E0,) (31)

3.5. Bit-Error-Rates (BER) Analysis

We give the Bit-error analysis for the proposed CR-NOMA system in accordance

with the guidelines in [111,112]. The average error probability (PgU El) of the UE; when its
symbols are identified properly and erroneously via SIC processing is shown in [111] as
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VB, 1
1-— + =
( 2+’)’Bl> 8

(32)

LN B 7 - 7>
2+ 93, 2+, 2+ g, 2+ 95

where ¢1 and ¢, are the UE; and UE2 signal energies, respectively. The SNRs of different
constellation points of x; and x; are given by

= St
2
VB, = WEWE{IMJIZ] (33)
YB; = (\/ZTN\F) {| R1 2}
and
VB, = (2\/2Tz+\/a)2E[hR1|2}
4 ' (34)
7y = 222 \m EJhes ]

Equation (33) represents the condition that UE; is able to detect its signals correctly,
whereas (34) represents the condition that the signals are incorrectly detected.

Similarly, the total average BER (P2 performance of UE; from [111] is

1 YA YA
UE, _ 1 _ 1 _ 2
p _4[(1 2+m>+(1 Hm)] @)

where 7y 4, and 1 4, are the SNRs of different signal constellation points expressed as

2
2ey + (/¢
va = WNOW Ephm

N R,2

(36)

YA, =

4. Numerical Results and Analyses

In this section, we validate the proposed 3D channel model for an mMIMO CR-NOMA
system through simulation using the MatLab numeric computing platform for evaluation
purposes. We compared the results to a system using CBSM channel model such as
Rayleigh fading channel [17,19]. The major application of CBSM is for assessing theoretical
performance because it is imprecise at simulating channel characteristics for real large
MIMO systems.

We evaluate the proposed 3D GBSM models by setting the AoA cluster (¢,6) to 0.7,
and AoA offset standard deviations, (UM,, oag) to —0.3 at 2.6 GHz carrier frequency [113].
The proposed system model uses 5G network operating bandwidth of 200 MHz [114]. We
consider the entire physical space of URA antenna components at the TX as [ = 4A on both
the y and z axes.

Similarly, for the CA, adjacent antenna element are spaced by | = 4A on the z axis and
are located at a maximum radius of p = 277/! from the cylinder center to x, y plane. The
CA has a 2 x N; number of components, and in the azimuth domain, there are two circular
arrays with N; = 4 elements each. We studied a N; x N; array element in the case of the
URA, where N; is the number of antenna elements in a row or column.

For each TX antenna topology, we calculated the channel coefficient as the distance
between the s transmit antenna port and the u'" receive antenna port. In order to validate
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the proposed model, we considered 0;;;; = 95°, 0355 = 15° and ¢35, = 70° at the TX for the
3D channel modeling between the TX, RS and UEs in Figure 3. Table 2 gives the summary
of simulation parameters.

Additionally, the power of azimuth spectrum (PAS) arriving at the RS, multipath
components for each AoA, and the multipath delay associated with AoD are all represented
as Laplacian distributions with specified 3GPP specifications. For the cooperative commu-
nication at the relay, we considered DF and AF with the proposed 3D GBSM between the
TX, RS and UEs. The OP, achievable rate and BER are determined for each relaying scheme
and compared with the results of a system using CBSM, as illustrated in Figure 2.

Table 2. Simulation Parameters.

Parameter Value
Frequency 2.6 GHz
Operating bandwidth 200 MHz
Orirt 95°
034p 15°
$3dB 70°
Antenna conﬁguration URA, CA
Number of clusters 1
Number of users 2
Channel model 3D GBSM
Path-loss exponent 4
Environment Urban Macrocell

UE power allocations

a1 =020, =0.8

4.1. Achievable Rate Performance

For achievable rate analysis, (28) and (29) were used to determine the achievable rates
of AF and DF. In Figure 6, the UE; achievable rate obtained using DF coding scheme is
higher than that of the AF coding scheme across the entire SNR, irrespective of the TX type
used in the proposed 3D GBSM channel model. It can also be seen from the comparison of
the results of DF and AF for CA channel model that the capacities of UE; and UE; have
similarities with higher capacity values of AF coding scheme at higher SNR values.

4.2. BER Performance

For BER performance evaluation, we use (12) and (15) that are based on the channel
coefficients between the TX, RS and UEs. The transmissions between TX and UEs through
were further examined using (20) and (21). The BER of UE; and UE, was estimated using
(32) and (35), respectively. Figures 7 and 8 show the BER for various SNR values in dB
for AF and DF coding schemes. The number of TX antenna elements in the proposed 3D
GBSM channel model is sixty-eight (68) for both URA and CA. The performance of the 3D
model using CA at the transmitter achieves better at low SNR values as compared with the
URA in Figures 7 and 8. In both cases of Figures 7 and 8, the performance of UE; is better
than UE,. This is because the received power at UE; is higher than that of UE; since it is
closer to the RS.
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Figure 6. Achievable rates of DF and AF schemes of the proposed 3D channel model with (a) URA

and (b) CA.
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Figure 7. BER of AF and DF schemes of the proposed 3D channel model with (a) 3D URA and
(b) 3D CA.
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The Table 3 lists the BER performance of the CR-NOMA system with the proposed
GBSM channel with URA antenna array configuration at the TX using AF or DF coding
schemes at the RS. The BER of the DF coding scheme at 20 dB shows performance similar
to prior work that uses the theoretical channel model (CBSM channel model). On the other
hand, the AF coding scheme’s BER performance of the proposed model performed worse
than CBSM with AF coding scheme.

Table 3. Comparison of average BER with prior works.

Ref. Relay Schemes Channel Model & Antenna Type No. of Users SNR (dB) BER
AF 5 10250
Proposed GBSM, multiple antenna TX, ) 20 10-285
model DF single antenna RS and UE 5 10205
20 1 0—2.40
5 107380
CPF 20 1 075.00
CBSM, single antenna TX, RS 5 10280

15 7 7 2
1 AF and UE 20 10-300
5 1 071.80
DF 20 1 072.10
AF 5 10150
[43] CBSM, single antenna TX, RS 1 20 107270
DF and UE 5 10~ 100
20 1 0—2.70
CBSM, single antenna TX, RS 5 10200
(3] AF and UE 2 20 10-270
CBSM, multiple antenna TX, RS 5 10195
[11e] bF and UE 2 20 104%

The reason is due to the high unpredictability of the GBSM parameters and high
computational complexity, which causes a significant amount of noise signal in the channel

and at the RS.

4.3. Outage Probability (OP) Performance

The analysis cannot be complete without examining the outage probability. Employing
3D GBSM URA and CA channel models in (12) and (15), we demonstrate the outage
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probability of mMIMO CR-NOMA as a function of transmitting SNR in Figure 9. The
performance disparity between the two users, UE; and UE,, spreads across the whole range
of SNR. This is demonstrated in the OP outcome of the 3D URA system. It is important to
note that modifying the transmitter array arrangement and expanding the TX’s antenna
elements while keeping a single antenna at the relay node can dramatically increase system
outage performance.

Furthermore, it demonstrates that UE;’s outage performance is poorer than UE;. This
means that using less transmit power at the relays lowers the hop’s outage performance,
which in turn affects the total outage performance. This is because signal x1, which is
regarded as noise, causes interference in the communication link between the RS and UE,.
UE; signal x; is amplified when the UE;’s signal (x7) is amplified by RS with AF coding
scheme. The interference impacts the decoding performance of the RS when using the
AF coding scheme for the connection between RS—UE;. Again, Figure 9 shows outage
probabilities of two users with AF and DF relay coding schemes. It can be seen that under
the 3D URA channel model, the OP of the DF coding scheme achieves higher performances
than the AF coding scheme.

We further perform analysis using the CA channel model. Here, the OP of UE; using
AF coding scheme performs better than that of the DF coding scheme, unlike that of the OP
of the URA channel model. Generally, the performance of the system using the CA is better
than URA for both AF and DF coding schemes. In Table 4, we compare OP performance
at SNR of 15 dB of the proposed 3D GBSM channel models with prior works that use
CBSM models.
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Figure 9. Outage probability comparison of two users using AF and DF schemes of the proposed
channel models with (a) CA and (b) URA.
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Table 4. Comparison of Outage Probability with prior works at SNR of 15 dB.

Ref. Relay Schemes Channel Model & Antenna Type No. of Users No. of Relays orP
Proposed AF GBSM, multiple antenna TX, 2 1 10 1%
model DF single RS and UE 10250
CpF . 107340
[15] AFF CBSM, single ;r[l}le;nna TX, RS P 1 10-2:00
DF an 1071.50
[78] AF CBSM, multiple antenna TX and M 1 10538
RS, single antenna UE
AF CBSM, single antenna TX, RS 10100
[117] DF nd UE 2 M 10080
[118] DF CBSM, multiple antenna TX, 3 1 10245
single antenna RS and UE
[119] DF CBSM, multiple antenna TX and 2 1 107028

UE, single antenna RS

5. Conclusions and Future Scope

In this paper, different from previous works on mMIMO CR-NOMA system, we
have presented a 3D GBSM channel model between TX—RS and RS—UEs communication
links. We examined a two-stage downlink mMIMO CR-NOMA system with the 3D GBSM
channel model where the transmitter is represented by CA or URA. We have undertaken
performance analyses of the proposed system model with simulations and compared
it with the theoretical results of systems using CBSM. Generation of 3D GBSM channel
model is complex, therefore, to minimize the computational complexity of the channel,
we defined the antenna location vector based on the physical dimension of the antenna
configuration. The proposed 3D GBSM channel model incorporates various network coding
schemes such as DF and AF for better channel and system performance. For performance
analysis, we derived the probability of an outage, the achievable rate and the bit-error
rate for the two-stage system. According to the results, the combination of CA and AF
gives a better outage probability. Finally, even though the proposed 3D GBSM channel
model has a higher computational cost in terms of complexity, the results reveal that
the performance difference between the theoretical channel model (CBSM) and GBSM is
minimal. The work can further be extended to cover millimeter-wave CR-NOMA with
multiple antenna at the TX, RS and UEs. Again, the effect of spatial correlation of antenna
array configuration on the performance of 3D GBSM in CR-NOMA systems presents good
future research opportunities.
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