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Abstract

This paper investigates the integration of massive multiple input multiple output (MIMO) architecture with non-orthogonal
multiple access (NOMA) technology. The primary objective is to address the growing demand for higher data rates by extending
communication frequencies into the millimeter wave (mmWave) band while simultaneously enhancing system spectral efficiency
in the uplink (UL). The uplink (UL) operation of massive MIMO-NOMA was considered, where the base station (BS) is
equipped with massive antenna array that uses hybrid precoding of Zero Forcing (ZF), Maximum Ratio Transmit (MRT) and
Minimum Mean Square Error (MMSE) to reduce the number of required radio-frequency (RF) chains without performance loss,
less hardware cost and Signal Interference Cancellation to mitigate against far and near problem. A comprehensive system model
and mathematical framework for massive MIMO-NOMA are developed and implemented using MATLAB software. The power
coefficient and fading factor was generated using Monte Carlo simulation. It was observed that at the UL, the issue of user
performance relative to their proximity to the base station is effectively addressed. However, the weakest user (userl)
outperforms the strongest user (user10) at transmitting power of 20dBm by 18%. Other findings reveal that User6 and user8
outperform user10 by 45% in terms of best capacity, even when user10 is physically closer to the base station. These results were
obtained using QPSK modulation. In summary, combining massive MIMO and NOMA holds great potential for improving
uplink (UL) performance, particularly in millimeter-wave (mmWave) communication scenarios.

Keywords: Massive Multiple Input Multiple Output, Non-orthogonal Multiple Access, Zero Forcing, Maximum Ratio Transmit,
Minimum Mean Square Error

1. Introduction

To meet the ever increasing demand in data rate, Non-Orthogonal multiple access (NOMA) technology has been
adopted and Integrating with Massive Multiple Input Multiple Output (MIMO) architecture, (Shiguo et.al., 2021).
Massive MIMO-NOMA is a hybrid technology that overcomes a myriad of problems in the 5G cellular system and
beyond, including massive connectivity, low latency, and high dependability, (Mohamed et.al., 2022). This paper
aims to enhance the spectral efficiency of fifth-generation (5G) networks using Massive MIMO-NOMA techniques.
Massive MIMO-NOMA combines the spatial multiplexing capabilities of massive MIMO with the power domain
sharing of NOMA. According to (Hieu, 2020), the rapid growth in massive connectivity, driven by billions of
devices connected to dense networks such as the Internet of Things (IoT), underscores the need for innovative
technologies to ensure Quality-of-Experience (QoE). Recently, many novel approaches have been introduced as
potential solutions for future wireless networks, (Antonio et.al., 2024). In massive MIMO systems, tens or hundreds
of Base Station (BS) antennas transmit data to hundreds or thousands of users, each equipped with a single or
multiple antennas (David et.al., 2022). The technology is seen to scale-up the data rate by instantaneously
transferring the data within a limited bandwidth. The technology is characterized by important features such as huge
degrees of freedom, lower consumption of transmission power, higher spectral efficiency, and reliability, (Tasher
et.al., 2019). Notably, Massive MIMO-NOMA has been shown to support Multiple Access (MA) efficiently,
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especially when the number of antennas at the BS exceeds the number of User Equipment (UEs) (Senel et.al., 2019).
Two main technologies have been considered to improve the spectral efficiency of 5G networks: Non-orthogonal
Multiple Access (NOMA) and massive Multiple-Input Multiple-Output (mMIMO).

Non-Orthogonal Multiple Access (NOMA) allows multiple UEs to efficiently share the same time-frequency
resources. This approach enhances throughput and rate fairness, even when the ratio of antennas to UEs is limited
(Linglong et.al,, 2018). This paper studied the performance of NOMA, for both conventional and cooperative
NOMA, associated to mMIMO. Advances in technologies and the rise of new applications, such as unmanned
vehicles, smart homes, smart grid, and massive sensor networks, are triggering an accelerated growth in the number
of devices connected to communication systems. In response to the rapid growth in wireless communication
demands, the development of the fifth generation (5G) of networks is well underway. These 5G systems have
already been deployed globally, marking a significant milestone. As we look beyond 5G, networks are expected to
meet a diverse set of requirements, ranging from massive connectivity and ultra-low latency to enhanced user
fairness. The evolution of wireless technology continues to shape our connected world. MIMO is being credited as
one of the key enabling components of 5G, (Arthur, et.al., 2020). Specifically, by deploying an extensive array of
antennas and leveraging spatial multiplexing, massive MIMO technology holds the promise of reducing system
latency and delivering significant connectivity improvements., (Albreem et.al., 2021), (Elhefnawy et.al., 2022).

Power-domain NOMA is another promising technology for the future-generation wireless systems that allow
multiple users to be served in parallel within the same frequency and time slot, (Mohamed et.al., 2023). The relying
concept of NOMA consists of superposing the data symbols of different users in the power domain at the BS and
employing Successive Interference Cancellation (SIC) at the receivers, (Robin et.al., 2020), (Albreem et.al., 2020),
with such features, NOMA can also provide massive connectivity capabilities and a reduction in latency to the
network. If the NOMA technique is applied to massive MIMO, the achievable spectral and connectivity
improvements are shown to be even greater. Two main technologies have been considered to improve the spectral
efficiency of 5G networks: non-orthogonal multiple access (NOMA) and massive multiple-input multiple output
(mMIMO). A system that combines m-MIMO with NOMA, results in an efficient use of the available spectrum,
while keeping the interferences at a low level, and therefore, improving the performance of the system, (Mario et.al.,
2021), (Samarendra et.al., 2022).

To meet the ever-increasing high demand in data rate, massive MIMO-NOMA transceiver are considered for 5G and
beyond wireless communications systems. To decrease hardware cost and power consumption without rendering
significant spectral efficiency loss, hybrid precoding were used in massive MIMO systems (Shiguo et.al, 2021), in
this paper Zero Forcing (ZF), Maximum Ratio Transmission (MRT) and Minimum Mean Square Error (MMSE)
precoding was combined to achieve a hybrid precoding for massive MIMO. On the other hand, to improve system
spectral efficiency through the spectrum sharing concept, NOMA technology has been adopted, and the proposed
system model showing power domain superposition at the transmitter side and implementation of Successive
Interference Cancellation (SIC) for different distances for the ten users at the receiver side. The two technologies
(massive MIMO and NOMA) were combined to improve the data rate and spectral efficiency of 5G network to meet
the high demand for data rate for Internet of Things (IoT), Device to Device connection (D2D), Machine to Machine
(M2M) and vehicle to everything (V2X) connection etc, without altering the available bandwidth or increasing the
transmit power of the network.

In this paper, the system model for massive MIMO-NOMA network and mathematical model for the uplink of the
massive MIMO-NOMA network was developed. The models demonstrated the massive connectivity ability of
massive MIMO-NOMA with ten users while previous authors like (Chen et al, 2018), (Hieu V et al, 2020), (Dang et
al., 2022) (Ridho et al, 2023), (Linglong et al, 2018) only used two users, showing just the near user and far user
except (Mohamed et.al., 2023) that used four users only and failed to show how the problem of far and near can be
totally eliminated by deployment of massive MIMO-NOMA scheme without increasing the bandwidth and the
transmitting power of the already existing 5G network and equally failed to state the hybrid precoding technique
used or show the performance of the network in terms of spectrum efficiency at the UL. (Mohamed et.al., 2023) also
achieved optimal result with 200MHz bandwidth while the testbed bandwidth used in this work to achieved optimal
result is I00MHz.

2.0 Material and methods

2.1 System Model for Massive MIMO-NOMA

The system model assumes a downlink Time division Duplex (TDD) mode based massive MIMO cellular network,
as shown in Figure 1
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Figure 1: Massive MIMO and Hybrid Precoding

The purpose of beamforming as shown in figure 1 is to amplify transmitted/received signals more in some directions
than others to achieve high beamforming gain in the direction of the device of interest to improve link quality in
terms of Signal-to-Interference-plus-Noise-Ratio (SINR) and this translates into higher spectral efficiency and/or
better coverage for a single link, which in turn results in better network coverage, capacity and user throughput,
(David et.al., 2022), (Zelalem et.al., 2022). Figure 1 depicts the implementation of Massive MIMO and Hybrid
precoding which is the combination of ZF, MRT and MMSE. The channel is assumed slowly fading and be in the
same over the block lengths of the information bearing signals in downlink massive MIMO network, where M-
antenna in the BS serve N-single antenna users as shown in Figure 1. The magnitude of M is very large in massive
MIMO cellular network for simultaneous data transmission in TDD mode in each coherence time slot. The channel
are characterized by both Small Scale Fading (SSF) and Large Scale Fading (LSF) (Tasher et.al., 2019), the k™"
user’s downlink received signal is given as equation 1

Vi = G X + ny 1)
Where k = 1, 2, ..., N, G, € C”X'is the channel gain matrix from M-BS antenna to k™ users, the downlink
transmitted signal is given in equation 2

X = Zi“=1PkPk5k 2

Where P, is the k™ active user transmitting power scaling factor, p, is the weighed column vector of the
beamforming, S, is the information bearing symbols and n,, € CV * 1is the Additive White Gaussian Noise (AWGN)
having identical and independent distribution with zero mean and unit covariance. y, is the received signal vector by
user k.

The channel is assumed to have a known perfect Channel State Information (CSI), linear precoding schemes like ZF,
MMSE and MRT are employed in the downlink massive MIMO system to mitigate Inter-User-Interference (1UI)
and Inter-Signal-Interference (ISI), with linear precoding, the k' user receiver signal is rewritten in equation 3.

Yk = /PkGrPiSk + /P Lkeagi #k \/CdI:[GkPiSi + wy (3)

Where ¢ is LSF factor, d is the distance from k™ user to BS antenna, and £ is path loss exponent. The respective
weighted column vectors of the beamforming codes are shown in equation 4, 5 and 6.

Pzr = G"(GGM)™ 4
G = H(H"H)™1, H is denoted by the channel matrix containing all users channel

[hy, Ay ...hi], HY is the Hermitian matrix of H. G is the channel matrix with the dimension of MXK. (Peerapong
et.al., 2018)

Pymse = GT(GG™ + Wy I,)™" 5)
PMRT = GF (6)

Where ¥, = w?/p, denotes the ratio of total noise to transmitting power, I, € C*** is the identity matrix of k™
column. For equal distribution of power among the users, total transmitting power is given in equation 7
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Protar = Xaiea, Pdl (7
The k™ user received signal as shown in equation 8 — 10 below:
Yi,zF = mpk,ngksk + Mchasiik cdi ' Py zr giesi + Wi 8
Yizr = \/ﬁpk,Zngsk + \/EZkCASi:tk cdic Piymse 9iSi + Wi )
Yizr = mpk,Zngsk + \/EchASi;tk cdic* Piyrr giSi + Wi (10)

Where Pyzr, Py mmuse and Px yrr are the kth column matrixes of the respective precoding matrix. Optimal
distribution of total transmitting power among the users using water-filling algorithm are shown in equation 11
(Shruti et.al., 2022)

Pps= (6—m"* (11)
Where n = 1/|grP|?, and (2)* is the max (0, 2) and & is water level measured by the equation 11 (Zhe et.al., 2021)
Ptotal = Zm(CM ZkEN PAS (12)
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Fig. 2: Example of SIC (Mahmoud et.al., 2019)

As a part of the NOMA transmission protocol, BS utilized superposition coding for the successful transmission of
multiple users information simultaneously. It is worth noting that the total power P is distributed equally over all the
K UEs. Successive interference cancellation (SIC) is used at the receiver side to extract the information,
(Samarendra et.al., 2022). To achieve the system model one need to follow the system algorithm stated in this
section.

A wireless cellular network with 10 user equipment is represented as UE (user equipment) in figure 3 and figure 1.
Also, figure 3 shows the transmitter side, the channel and the receiver side and explained with equations 14 to 26.
The UL NOMA Users, figure 3, at every location of any UE SIC treats detects signals meant for other UE as error
through the help of CSI and 128 X 128 massive MIMO systems. In figure 3, U1, U2, U3, U4, U5, U6, U7, U8, U9
and U10 are the ten users with bandwidths 100MHz and d,, d, d3 d, ds de d; dg do and d,, represent the various
BS distances from the respective ten users, d, > d, >d; >d, >ds >dg >d; >dg >dy > dy,.

Considering the distance, Ul is the weak/far user while U10 is the strong/near user from BS. Let
hr,, h,, hry, by, by, h, hr, By, hy, and he o identify which selective Rayleigh fading coefficients they
correspond to |hy, |? < |hr, |? < |hp, |? < |y, | < |hyg|? < |h|? < |hp,|? < |hp|? < |hp,|? < |hp, |

2.1.1 For the UL we have
However, in the uplink transmission of NOMA, the signal received at the BS can be expressed as

y=2éha Px, +n (13)

Where P and x, are the transmit power and transmit symbols from the a™ user, respectively, n refers to AWGN with
variance 62, and the number of users sharing the same resource block is A (Rinkoo et.al., 2018). The user’s transmit
power is limited only by their battery capacity in the uplink, that is all the users can transmit at full strength.
Changes in the users’ channel gains result to variation in the power domain at the receiver side of BS. Let
X1, X2, X3, X4, X5, Xg, X7, Xg, X9 and x,, represent the messages that will be sent by ten UL NOMA users U1, U2, U3,
U4, U5, U6, U7, U8, U9 and U10 accordingly since a=1, 2, 3,4, 5, 6,7, 8,9 and 10. Assuming the users’ signals
have the same strength and the network is 128 X 128 massive MIMO system.
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Considering the distance, Ul is the weak/far user while U10 is the strong/near user from BS. Let
hr,, h,, hry, by, By, hp, hr, by, hy, and he, o identify which selective Rayleigh fading coefficients they
correspond to |z, |2 < hr, |2 < [y, |2 < Ay, |2 < Ry |2 < |hg, |2 < [hr |2 < [hpy |2 < |hgy |2 < [hg, |2

—
.
‘_
4—
4—
SIC for Uy, BS
S,
Uso (BASE
STATION)

Figure 4: Uplink of Massive MIMO-NOMA system model
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The uplink of the system model is represented in figure 4 while Massive the MIMO-NOMA System Model is shown
in figure 5

hyr = X hyr (14)
Where j = 1,2,3,4,5,6,7,8,9,10 (h, = hjr) is the number of users as shown in figure 3, and figure 4, M = 128 is
the number of channels. a,, a,, as, a4, as, ag, a;, ag, ag and a,, Show their respective power coefficients.

According to the NOMA (power domain) principles, the lower user must have more power (Do et.al., 2020),
(Mujtaba et.al., 2022). As a result, the power coefficients must be modified as a; > a, > a3 > a, > ag > ag >
a; > ag > a9 > aqg let xq, xy, X3, X4, X5, X6, X7, Xg, X and x;, be the QPSK- formed messages to send to BS U1,
U2, U3, U4, U5, U6, U7, U8, U9 and U10. The BS’s encoded overlay signal is then given by as in Do D. T. et al,
(2020).

Yy = \/leth + \/PthZT + \/Px3h3T + \/Px4—h4—T + \/PxShST + \/PxéhéT + \/Px7h7T + \/PthBT + \/Px9h9T +
Pyiohyor +w (15)
Where the noise power is w. Rates Achievable of ten users UL NOMA

The signal from the close user is decoded first, with the signal from the distant users being treated as interference.
Therefore, the rate at which the BS can decode the data of a nearby user is given for each user as shown in equations
16 — 25:

PlhqoT|?
Ruio = loga(1 + P|hlr|2+P|h2T|2+P|hm2+P|hm2+Pl";rllgTJrPthT|2+P|h7r|2+P|hsr|2+P|h9T|2+az) (16)
Plh
Ryg = log,(1 + P|h1T|2+P|h2T|2+P|h3T|2+P|h4T|2‘:‘2P9|:1LT|2+P|h6T|2+P|h7T|2+P|h8T|2+ 0’2) n
Plhgrl

Rus = logo(1 + P|h1T|2+P|h2T|2+P|hn|2+P|h4€|82T+P|h5T|2+P|h6T|2+P|h7T|2+az) 18)
Plh

Ry7 = log2(1 + P|h1T|2+P|h2T|2+P|h3T|2'LP7|Z|42T|2+P|h5T|2+P|h6T|2+‘72) (19)
Plherl

Rys = logo(1 + P|h1T|2+P|h2T|2+P|h32T|2+PG|7;l4T|2+P|h5T|2+P|h6T|2+ GZ) (20)

Plh
Rys = log2(1 + P|th|2+P|h2T|2+|2PT:3!T|2+P|h4T|2+0'2) (21)
P|hatl
Rys = logo(1 + P|h1T|2+P|h2€TZ+P|h3T|2+ 02) 22)
Rys = log, (1 + Plthlfy;;lZT|z+ 0.2) (23)
2
Rur = log,(1+ 21y (25)

These equations define the intrinsic features of the Massive MIMO-NOMA concept in this work and the
mathematical analysis obtained with the system model, was used in obtaining a better result as shown figure 5.

5G and Beyond needs massive MIMO-NOMA in order to offer reliable QoS, massive connectivity, very high
spectrum efficiency and lower latency. MATLAB codes was used to develop a massive MIMO-NOMA wireless
network whose internal subsystems were analyzed, MATLAB codes were also used to validate the influence of
massive MIMO-NOMA in 5G wireless network. The achieved a very high spectrum efficiency at the uplink as
shown in figure 6. Figure 7, massive MIMO-NOMA system model was implemented using MATLAB codes and
simulation parameters in table 1.

2.1.2 Massive MIMO-NOMA Simulation Parameters

The parameters specified in Table 1 were used for running and deriving simulation results from 100 simulations
seed templates.

In the simulation scripts for Massive MIMO-NOMA, via the simulation model template, The model based on Table
1, allows for the investigation of network reliability with Massive MIMO-NOMA system by plotting graphs of
spectral efficiency against transmit power and other selected metrics to show an enhance optimal Massive MIMO-
NOMA network with massive connectivity.
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Essentially, to enhance spectral efficiency of 5G network, Massive MIMO-NOMA was employed. In the simulation
scenario, massive MIMO antenna was used by implementing beamforming, precoding, user scheduling, channel
estimation and signal detection.

2.2 System Algorithm

The system algorithm was developed in order to establish the step by step structural organization of the Massive
MIMO-NOMA, considering the attenuation and fading of the network from 10m to 100m.

Table 1: Implementation Parameters (Source: Testbed field parameters (MTN Nigeria), MATLAB, 2022)

Parameter Specifications
Number of users 10

Frequency band N78 (3.5GHz)
Max. Transmission power 240mW (23.8dBm)
Cell Radius 5000

Bs-2-Bs Distance 7500

Massive MIMO 128 X 128

Path loss Exponent 4

Antenna Height 22m

Modulation QPSK

Bandwidth (BW) 100MHz

Number of Simulations 1000

Power Coefficient Monte Carlo simulation

Fading Coefficient Monte Carlo simulation
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3.0 Results and Discussions

The goal of this paper is to improve and reassess the spectrum efficiency (SE) of the uplink (UL), best capacity rate
in a 5G network using Massive MIMO-NOMA. The proposed model utilizes QPSK modulation, 10 users with
different power location coefficients, SNR, transmit power, and bandwidths 100 MHz under selective frequency
Rayleigh fading channels

Each figure should have a caption as shown in figure 1. The caption should be concise and typed separately, not on
the figure area. Figures should be self-explanatory. Information presented in the figure should not be repeated in the
table. All symbols and abbreviations used in the illustrations should be defined clearly. Figure legends should be
given below the figures
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Figure 6: Spectrum Efficiency against Transmitting Power

Figure 6: shows the result from UL of massive MIMO-NOMA of Spectrum Efficiency against Transmitting Power.
At Transmitting power of 10dBm all the users appeared to be one and had spectrum efficiency of 4021.48bps. At
Transmitting power of 20dBm the users with the least spectrum efficiency are user4 and user8 with spectrum
efficiency of 33905.4bps while the best performing user is userl (the weakest user) with spectrum efficiency of
47090.3bps, showing 27.99% better than user4 and user8 which are 40m and 80m away from the base station
respectively while userl is 100m away from the base station. The result shows that far-near problem is completely
eliminated by massive MIMO-NOMA scheme while observing the spectrum efficiency increase as Transmitting
power increases.

Also the strongest user (user10), positioned 10m away from the base station has spectrum efficiency of 38575.3bps
when compared with the weakest user, userl at transmitting power 20dBm outperformed the strongest user, (user10)
by 18%. Also when compared with the result of spectrum efficiency against SNR in Shiguo et.al., (2021), 96%
improvement was recorded. Generally, because of the implementation of SIC at the uplink of massive MIMO-
NOMA all the users were the impact of changing the transmission power level on spectral efficiency of the uplink.
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Best Capacity vs. SNR (Antenna Effects Considered)
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Figure 7: Best Capacity against SNR when MRT was selected as the precoding technique of the massive MIMO-
NOMA network.

At lower SNR the MRT is selected over ZF and MMSE, figure 7 showed that the proximity of the user to base
station does not determine the performance of the user in terms best capacity. The best performing users are user6
and user8 with best capacity of 5.83499 bits per channel use, while the strongest user (user10) in terms of proximity
to the base station had best capacity of 3.20801 bits per channel use, showing that user6 and user8 outperformed
user10 by 45% in terms of best capacity.

Best Capacity vs. SNR (Antenna Effects Considered)
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Figure 8: Best Capacity against SNR when MMSE precoding technique was selected in the massive MIMO-NOMA
network.

Figure 8 show result of Best capacity against SNR when MMSE is selected over MRT and ZF. At very high SNR,
MMSE is selected over MRT and ZF. It is observed that due to the effect of MMSE on the network the users did not
perform exactly according to its proximity to the base station, in one instance at 20dB of SNR userl out performed
user6 by 6%. As best capacity was increasing, SNR was also increasing and each time the simulation was run, the
users recorded different result. In some cases, high best capacity was recorded while in some cases low best
capacity was recorded. Figure 9 shows the result of BER against transmitting power for ten users massive MIMO-
NOMA.
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Bit Error Rate vs Transmit Power at 100MHz Bandwidth
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Figure 9: Bit Error Rate against Transmit Power

Figure 9 shows that for weakest user (userl) the optimal massive MIMO-NOMA has BER of 5.02002 X 10 6at
Transmitting power of 38dBm with bandwidth of 100MHz while in Mohamed et al (2022) at transmitting power of
38dBm with bandwidth of 200MHz the strongest users (user4) had a BER of 46 x 10™*, the optimal massive
MIMO-NOMA showed 99% reduction in BER when compared with result of Mohamed et al, (2022). Both the users
were 100m away from the base station. Figure 10 is graph of spectral efficiency against SNR for 10 users massive
MIMO-NOMA with 256-QAM modulation.
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Figure 10 shows that as SNR increases, spectral efficiency also increases. User5 achieved the highest spectral
efficiency of 43.2674bps/Hz while User2 had the least spectral efficiency of 20.3993bps/Hz at 10dB of SNR.
Comparing the result of best performing user, that is user5, with the result from Samarendra et.al., 2022, the
proposed model achieved 85.46% improvement in spectral efficiency.

4.0. Conclusion

This paper meticulously examined and demonstrated the improvement of uplink spectral efficiency of 5G network
using Massive MIMO-NOMA. Ten user Non-orthogonal Multiple Access Power Domain (NOMA PD) was
modelled and developed to achieve optimal result when combined with massive MIMO that utilizes ZF-MRT-
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MMSE hybrid precoder. The results showed that the incorporation of ten users NOMA into massive MIMO network
yielded the best performance in terms of uplink spectral efficiency per users, bit error rate when compared to other
strategies used by previous authors. Among the diverse dimensions of 5G and beyond, the integration of Massive
MIMO and Non-Orthogonal Multiple Access (NOMA) emerges as a remarkable technique. Massive MIMO-NOMA
effectively addresses the need for enhanced spectral efficiency yielding a network with higher data rate, enhanced
Connectivity and coverage and support for diverse applications. By allowing multiple users to share the same
frequency and time resources simultaneously, Massive MIMO-NOMA optimizes network performance.

Conclusively, using massive MIMO-NOMA to improving the uplink spectral efficiency of 5G network is essential
for realization of the full potential of 5G technology and delivering high-performance and reliable wireless
connectivity to users around the world. These are obviously important as the demand for wireless connectivity
continues to grow, and sustainability becomes a key consideration for network operators and regulators.
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