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Abstract. As wireless networks evolve, the integration of Non-Orthogonal Multiple Access (NOMA), Mas-
sive Multiple Input Multiple Output (mMIMO), and millimeter wave (mmWave) technologies emerges as an
effective approach to drive this advancement. This integration boosts both spectral efficiency (SE) and energy
efficiency (EE), ensuring more reliable, faster, and energy-efficient communication systems for wireless com-
munications, including 5G and beyond. This study aims to examine the performance of this integration in terms
of SE and EE by employing a system model featuring a single base station equipped with multiple antennas
that generate distinct beams serving multiple users using max-min fairness power allocation. We compare
the achieved SE and EE with the Orthogonal Multiple Access (OMA) technologies used in previous genera-
tions. Furthermore, we explore the effect of using hybrid and full digital beamforming architectures on energy
consumption. Through this analysis, we aim to demonstrate how employing NOMA-mMIMO and mmWave

integration with a hybrid structure can achieve high SE and low energy consumption.

1 Introduction

Wireless networks have continuously evolved, with each
decade bringing more advanced generations [1]. The core
goals of these developments have been to increase data
rates and reduce latency [2, 3]. A pivotal element in this
evolution is the progression of multiple access technolo-
gies. This began with Frequency Division Multiple Access
(FDMA) in the first generation (1G), which allocated dif-
ferent frequency bands to different users. The second gen-
eration (2G) followed with Time Division Multiple Access
(TDMA), dividing each frequency band into time slots
for multiple users. The third generation (3G) introduced
Code Division Multiple Access (CDMA), allowing multi-
ple users to share the same frequency band by assigning
unique codes to each signal. The fourth generation (4G)
brought Orthogonal Frequency Division Multiple Access
(OFDMA), enhancing efficiency by dividing the spectrum
into small frequency bands, known as subcarriers, to min-
imize interference [1].

Despite these remarkable advancements, the increas-
ing demand for mobile services has underscored the lim-
itations of existing technologies, notably their inefficient
spectrum usage. The introduction of NOMA marked a
significant paradigm shift. Unlike traditional methods that
separate users by time, frequency, or code [4, 5], NOMA
allows multiple users to share the same frequencies, dis-
tinguishing them through power levels and employing so-
phisticated signal processing techniques. This innovation
promises to dramatically optimize spectrum usage, accom-
modate more users, and facilitate higher data rates [6]. On
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the transmission side, NOMA employs the superposition
coding technique, wherein the base station (BS) overlays
user signals at varying power levels within the same fre-
quency band. This power allocation is tailored to users’
channel conditions, assigning more power to users with
weaker channel conditions and less to those with stronger
ones. On the receiving side, users utilize successive inter-
ference cancellation (SIC) to eliminate interference, effec-
tively decoding their own signal from the combined ones

[7].

Furthermore, mmWave refers to electromagnetic
waves with frequencies between 30 to 300 GHz, match-
ing to wavelengths of 1-10 mm, however, the 24. 25-29.5
GHz band is widely used for 5G New Radio [8]. This of-
fers a broad bandwidth capable of delivering data at speeds
of several gigabits per second. The higher frequencies
lead to shorter wavelengths, which allows for the use of
smaller antennas. Consequently, this increases the possi-
bility of using a BS equipped with hundreds of antenna
elements. mmWave is poised to become a crucial compo-
nent in the evolution of wireless networks [9]. However, it
suffers from high path loss; thus, the use of beamforming
to focus the signal on the intended user becomes a high-
performance solution to overcome this issue [10].

Additionally, mMIMO technology employs multiple
antennas at both the transmitter and receiver ends to sig-
nificantly enhance communication effectiveness. By aug-
menting the number of antennas, mMIMO is capable of
substantially improving signal strength, reducing interfer-
ence, and increasing the capacity of wireless networks
[11,12].
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The integration of these three technologies is crucial
for advancing the next generation of wireless networks,
opening up new possibilities in mobile communication
[13, 14].

The paper is structured as follows: Section II discusses
the system model employed. Section III presents the sim-
ulation results, and Section IV offers conclusions.

2 System model
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Figure 1. NOMA-mMIMO and mmWave System Model.

In this paper, we examine a system model depicted in
Figure 1. This model features a single BS in the downlink
process, equipped with N transmit antennas. The BS uses
these antennas to generate M distinct beams in the spatial
domain to serve L users (L > M), each equipped with a
single antenna. The user set of the m-th group is denoted
as Uy, where UyNnU; = 0 fori # jand ng:l |Unl = L,
with |U,,| indicating the number of users in U,,.

The symbol transmitted to the /-th user within the m-th
beam is represented by x;,, and is adjusted by the power
coefficient p;,,. Thus, by combining the signals from all
beams, the downlink signal vector transmitted by the BS
is effectively assembled:

Ui

M
s = Zwiz \PjiXji (1)

i=1 Jj=

The beamforming vector for the m-th beam is denoted
by w,,. The received signal from the /-th user in the m-th
beam is created as follows:

M |U;

Yim = Z Z wih! \PTixji + Vim 2

i=1 j=1

In this framework, h;,, € CN*! describes the chan-
nel matrix that characterizes the link between the BS and
the [-th user in the m-th beam. Meanwhile, v;, represents
the Additive White Gaussian Noise (AWGN) with a zero
mean and a variance of 2.

To model the channel response vector #;,, of the /-th
user in the m-th beam within mmWave communications,

we utilize the widely adopted Saleh-Valenzuela model [15,
16]:

C
him =" gd@}) (3)
c=1

where g;,, denotes the complex gain of the /-th user
in the m-th beam, C represents the total number of multi-
path components, including both Line-of-Sight (LOS) and
Non-Line-of-Sight (NLOS) components which result from
reflection and scattering, and 6;,, denotes the normalized
Angle of Departure (AoD) for each beam, which is char-
acterized as follows:

d(gl,m) =[l, e_jeLm’ 6—2_/'«91<m’ e e—.i(N—l)9Lm]T 4)

where:

O = 2% sin(@,) 5)

A represents the signal wavelength, d indicates the dis-
tance between antenna elements at BS, and ¢;,, € [0, 2n]
is the physical angle of departure.

To simplify our analysis, and without losing generality,
we assume that:

H H H
1A wmlle = 1Ay wnllz = - 2 Ny Wl (6)

1,m

form=1,2,...,Mand j = 1,2,...,|U,|. By adopt-
ing SIC in the m-th beam, the j-th user can detect and
eliminate the i-th user’s signals from its received signal
for 1 < j <i < |U,|. Consequently, after SIC, the detailed
signal received y;,, by the /-th user in the m-th beam can
be expressed as:

M Uil
H
Yim = Wil \[PjiXji + Vi
J
=1 j=1 (N

= ds + IInter + IIntra + Uim

where:

ds = /’llI:Imwm VPimXim (8)

d, represents the desired signal.

-1
H
Itnira = hl’mwm Z VP jmXjm 9)
J=1

I« denotes intra-beam interference.

|Ui|

Tiner = hif, > " wipyixs (10)

i#m j=1

Ijner indicates inter-beam interference and v, cap-
tures the noise effect.
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2.1 SE and EE of NOMA-mMIMO and mmWave
system

Based on the assumption (6) above and the expression in
equation (7), the Signal-to-Interference-plus-Noise Ratio
(SINR) for the [-th user in the m-th cluster is expressed as
follows:

|hH w |2Pl,1
SINR, = -2+~ —" (11)
Yim

where:

-1
H
Yim = hl,mwm Z VP jmXjm
—

J

u ' (12)
D wiypx + 07
i#m j=1

For the /-th user in the m-th beam, the SE is expressed
as follows:
SEm =logy(1 +SINR;,,) (13)
The total SE is defined as:

M |Un|

SE:ZZSE,,,, (14)

(b)

Figure 2. Beamforming Architecture: (a) Hybrid Structure. (b)
Full digital structure.

Additionally, the EE performance, defined as the ratio
of spectral efficiency to total power consumption, is de-
scribed as follows:

SE;

EE,, = 15
R NrrPrr + Nps Ppg (15)
The total EE is defined as:
M |U,|
EE =" > EE,, (16)

m=1 [=1

P represents the transmission power, Pgr denotes the
power consumed by each RF (Radio Frequency) chain,
with Ngr and Npg representing the total number of RF
chains and phase shifters, respectively, and Ppg refers to

the power consumption of each phase shifter.

Figure 2 represents both the full digital and hybrid
beamforming structures. In the full digital structure, dig-
ital beamforming processes signals entirely in the digital
domain, applying beamforming weights before convert-
ing them to analog for transmission. This method offers
high flexibility and precise control but requires a separate
RF chain for each antenna element, increasing complexity,
cost, and power consumption.

Meanwhile, hybrid beamforming balances perfor-
mance and complexity by combining digital and analog
processing. Initial digital processing reduces the number
of streams, which are then converted to analog. Further
beamforming is done in the analog domain using phase
shifters and combiners. This approach reduces the num-
ber of required RF chains, lowering cost and power con-
sumption, but it offers less precise beam control and may
involve performance trade-offs.

In the full digital structure, Ngr = N and Npg = 0,
while in the hybrid structure, Ngr = M and Nps = MN
[14].

2.2 Beamforming Technique

To generate the beamforming vectors, employing Zero
Forcing (ZF) can be a low-complexity approach as it effec-
tively cancels the interference between users by applying
the pseudo-inverse of the beamspace channel matrix.

However, ZF is contingent upon the condition that the
number of users does not exceed the number of beams.
In beamspace NOMA-mMIMO systems, where the num-
ber of users typically surpasses the number of beams, this
becomes a limitation. To address this problem, Singu-
lar Value Decomposition (SVD) beamforming is proposed
[15]. For a given matrix H,, that belongs to the complex
space CV¥IUnl_ representing the beamspace channel matrix
for all |U,,| users in the m-th beam, i.e.,

Hm = [hl,rm h2,ma ey hIU,,,\,m] (17)

where 1 < m < M. The matrix H,, can then be ex-
pressed as the product of these three matrices:

H, =U,S, V! (18)

U,, € CNN and V,, € CIU»XUnl are two complex matri-
ces representing the left and right singular vectors of H,,,
respectively. S, € CVIUnl is a diagonal matrix containing
the singular values of the original channel matrix. w,, is
chosen as the first column of U,,.

wy, = UY (19)

U,(nl) represents the initial column of U,,, denoting the
left singular vector associated with the maximum singular
value. In each beam, we select the user with the strongest
connection to serve as the leader or head. This strategy
leverages the head user’s superior channel quality as a ref-
erence for generating the precoding vectors w,,, By using
the head user’s robust connection, the system can simplify
and optimize the precoding process, ensuring that the gen-
erated vectors are highly efficient and effective. This ap-
proach not only streamlines the complex task of vector
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creation but also enhances overall system performance by
minimizing interference and improving signal quality for
all users within the beam.

3 Simulation results

In this section, we aim to evaluate the performance of
NOMA-mMIMO and mmWave. Our analysis is con-
ducted within a single cell, equipped with a BS that fea-
tures N = 64 antennas configured in a ULA. The BS is
designed to generate four beams (M = 4) and serve a total
of L = 32 users. mmWave transmission is highly suscep-
tible to obstructions due to its vulnerability to diffraction
and significant path loss. Therefore, it primarily relies on
LOS paths [17]. Consequently, we assign C = 0 for NLOS
conditions, and consider C = 1 for LOS. For the power
distribution, we selected: Pgrr = 250 mW, Ppg = 1 mW,
and P = 1 W [18]. The propagation loss for the channel
model, with the carrier frequency set at 28 GHz, is de-
scribed by the equation:
PL;,, = 61.4 +20log,y(D;) [19], where Dy, represent
the distance between the BS and the [-th receiver in the
m-th beam. The user distance depends on the cell size
S = 0.3 Km, where D;,, = Say,, with a;, being the
factor that determines the distance between the user and
the BS (0 < a;,, < 1). For generating the beamforming
vectors w,,, we employed the SVD technique mentioned
above, and for power allocation optimization we used the
max-min fairness method described in [20], which ensures
equitable rate distribution among users by maximizing the
minimum achievable throughput. In this paper, we con-
sider that the signal-to-noise ratio (SNR) is given by D%.
The simulation results are obtained using MATLAB 2022.
To compare the achieved throughput, we will consider
an FDMA-mMIMO and mmWave system. Users will be
assigned to M groups, with each group performing fre-
quency division multiple access. Subsequently, the spec-
tral efficiency of the FDMA-mMIMO-mmWave scheme
for the /-th user is [16]:

|y wil* py

1
SEFPMA — o log, |1+ (20)

Hy 2p. 4 02
2j# vy lhj wil*pj + 107

where U’ denotes the group to which the I-th user be-
longs, and |U !| represents the number of users in this
group. For the power allocation, we used a fixed power al-
location scheme, distributing the available power equally
among the users, and the beamforming vector was gen-
erated based on the SVD beamforming method discussed
above.

Figure 3 provides an insightful overview of the spectral
efficiency trends for NOMA and FDMA, both integrated
with mMIMO and mmWave, as SNR increases. The simu-
lation results demonstrate a marked improvement in spec-
tral efficiency when implementing NOMA compared to
FDMA. This efficiency boost showcases the capacity of
NOMA to handle high user density without compromising
the quality of service, thereby enhancing network through-
put and user experience.
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Figure 3. Comparison of Spectral Efficiency: NOMA-mMIMO-

mmWave vs. FDMA-mMIMO-mmWave, using Hybrid Archi-
tecture.
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Figure 4. Energy Efficiency Comparison of NOMA-mMIMO-

mmWave and FDMA-mMIMO-mmWave, using Hybrid Archi-
tecture.

Furthermore, Figure 4 explores the energy efficiency
aspect, presenting a clear advantage of NOMA over
FDMA. By highlighting the ability of NOMA to achieve
higher energy efficiency, this figure emphasizes the tech-
nology’s effectiveness in reducing power consumption
while maintaining or enhancing data transmission capa-
bilities.

Thanks to the hybrid structure, which balances energy
consumption and throughput, the effectiveness of NOMA
in serving a high number of users with a low number of RF
chains is significantly boosted. Figure 5 demonstrates this
by showing that, for high spectral efficiency values, the
hybrid structure makes a noticeable difference in energy
consumption compared to a full digital structure. In a full
digital setup, the number of RF chains required is equal
to the number of antennas, which are major contributors
to energy consumption. In a mMIMO system, this num-
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Figure 5. Performance Comparison of NOMA-mMIMO and
mmWave Using Hybrid and Full Digital Architectures.

ber can be on the order of hundreds, leading to substantial
energy consumption.

The collective findings from these figures emphasize
the superior performance metrics of NOMA, not only in
terms of spectral and energy efficiencies but also in its
capability to revolutionize telecommunications infrastruc-
ture. NOMA stands out as a pivotal technology for 5G de-
ployments and future telecommunications standards, par-
ticularly in densely populated urban areas and scenarios
requiring massive device connectivity.

4 Conclusion

In this study, we investigated the achieved spectral and en-
ergy efficiency of NOMA-mMIMO with mmWave tech-
nology, specifically focusing on the implementation of
beamforming techniques. The analysis demonstrated that
the integration of NOMA with mMIMO and mmWave
technologies can significantly bolster both spectral and en-
ergy efficiencies. The use of mmWave frequencies pro-
vides ample bandwidth, while mMIMO technology en-
hances signal quality and system capacity through the use
of multiple antennas. When combined with NOMA, these
technologies facilitate the accommodation of a higher
number of users and the provision of higher data rates
without the need for additional spectrum resources.
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