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ABSTRACT The millimeter-wave (mmWave) large-scale antenna arrays (LSAAs) systems play a vital
role in increasing the beamforming (BF) gain and acquiring highly directional propagation. Recently,
non-orthogonal multiple access (NOMA) has been integrated into these systems to manage massive
connectivity and achieve spectral-efficient communications. This paper focuses on angle-domain (AD)
hybrid beamforming (BF) for mmWave LSAAs and NOMA systems, thanks to the low complexity, power
consumption, and channel estimation overhead. However, with limited radio-frequency chains, the hybrid
BF-based single-beam (SB)-NOMA scheme generating a single beam to serve the NOMA users fails to
exploit the multi-user diversity due to narrow beams with LSAAs. To tackle this limitation, we design
schemes offering additional degrees of freedom. More importantly, they require only the knowledge of
angular information and are suitable for either linear or rectangular antenna arrays, unlike those proposed
in the literature. The first scheme exploits the time-domain resources to schedule groups having high
spatial interference within distinct time slots. To minimize the need for fast and precise synchronization
when applying time division multiple access (TDMA) with mmWave NOMA, we leverage the multi-beam
(MB)-NOMA framework. And we propose a joint SB- and MB-NOMA scheme to benefit from NOMA
multi-user diversity, whatever the cell load and the users’ positions. Using the New York University
channel simulator (NYUSIM), we further validate the performance of the proposed schemes compared
to the solution proposed in the literature and others using fully digital BF. Specifically, the proposed
TDMA-based scheme achieves a sum-rate gain of up to 83% over the TDMA-based one existing in the
literature. Moreover, we verify the superiority of applying both SB- and MB-NOMA instead of only
MB-NOMA.

INDEX TERMS Millimeter-wave communications, massive multiple-input multiple-output, hybrid beam-
forming, non-orthogonal multiple access, angle-domain information.

. INTRODUCTION
A. MOTIVATIONS

corresponding tiny wavelength facilitates the implementation
of large-scale antenna arrays (LSAAS) in a small form fac-

OVING to the millimeter-wave (mmWave) band is
a promising solution offering a vast amount of
unused spectrum and enabling high data rates for future
network systems [1], [2]. Channel measurements reveal that
mmWave signals suffer significant propagation losses and
are best suited for small cell coverage [1]. Fortunately, the

tor. And the massive multiple-input multiple-output (MIMO)
technology combats the severe path loss and blockage with a
high beamforming (BF) gain. However, using fully digital BF
(DBF), the number of required radio-frequency (RF) chains
is equal to that of antennas, which is unrealistic with massive
MIMO (mMIMO), especially in the context of mmWaves,
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due to its high energy consumption and unaffordable hard-
ware complexity and cost [3], [4]. Alternatively, hybrid BF
(HBF), with both sub- and full-connected structures, is con-
sidered an effective solution for the possible implementation
of mmWave mMIMO systems [4], [5]. This technique sep-
arates the signal processing into a low-dimensional digital
precoder (addressing a small number of RF chains) and a
high-dimensional analog precoder in the RF band to increase
the array gain. On the other hand, mMIMO requires a
massive channel state information (CSI) overhead, which
generates a long training sequence and causes delays in sig-
naling. Exploiting the main features of mmWave channels,
i.e., high directionality and significant blockage, the user’s
angle-of-departure (AoD), w.r.t. the base station (BS), is
considered a promising partial CSI for mmWave mMIMO
systems [6]. Indeed, it only depends on the direction of the
line of sight (LoS), so it varies slowly over time and is
not proportional to the antennas number. This information
has been the subject of much attention from the research
community in various communication scenarios, leading to
several proposed angle-domain channel estimation and track-
ing techniques like [7] for high-speed railways, [8] for indoor
60 GHz mMIMO systems, [9] for mmWave hybrid mMIMO
systems, etc.

Massive connectivity is a critical requirement in future cel-
lular networks. However, conventional orthogonal multiple
access (OMA) techniques, such as space division multiple
access (SDMA), time division multiple access (TDMA),
frequency division multiple access (FDMA), etc., support a
single user in the same space-time-frequency-code resource
block (RB). Recently, non-OMA (NOMA) has emerged to
improve network capacity and accommodate massive con-
nectivity by exploiting additional non-orthogonal resources
(e.g., power domain resources). Using superposition coding
on the transmitter and successive interference cancellation
(SIC) at the receiver, the BS can serve multiple users with
different channel conditions at the same orthogonal RB.

Motivated by these observations, we focus on angle-
domain (AD) mmWave HBF-based mMIMO-NOMA
systems to take the benefits of three essential technolo-
gies, namely mmWave, mMIMO, and NOMA, with only
the knowledge of angular information and low-complex
BF technique. Next, we review the various HBF-based
MIMO-NOMA systems presented in the literature.

B. RELATED WORKS

HBF-based mMIMO-NOMA systems are extensively studied
in the literature to reduce energy consumption and hard-
ware complexity [10], [11], [12], [13], [14], [15], [16],
[17], [18]. In [10], the authors design a new HBF-based
mmWave beamspace MIMO-NOMA scheme to support
more users than the RF chains. And an iterative algo-
rithm that solves the power allocation optimization problem
is designed to maximize the system sum-rate. In addition,
the authors in [11] apply NOMA with the fully-connected
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HBF and develop a new HBF technique by modifying the
conventional block diagonalization scheme. This was done
to improve the achievable spectral efficiency by reducing
the co-channel interference. The authors in [12] propose a
user clustering algorithm according to the users’ channel
correlation and then formulate a joint HBF and power allo-
cation problem for maximizing the system sum-rate under a
minimum rate constraint. Yet, this problem is non-convex.
To this end, they first apply an arbitrary fixed HBF and
find the power allocation solution. Then, they set the ana-
log precoder technique and create a digital precoder that
reduces inter-group interference by applying the approx-
imate zero-forcing (ZF) method. Finally, they solve the
analog precoder problem using the constant-modulus con-
straint with a proposed boundary-compressed particle swarm
optimization algorithm. In [13], the authors consider the sub-
and fully-connected structures in the RF stage and ZF in the
digital baseband. And they propose an iterative low-complex
power allocation algorithm to maximize energy efficiency.
To improve spectrum- and energy-efficiencies, the authors
n [14], [15] integrate HBF-based MIMO-NOMA with simul-
taneous wireless information and power transfer (SWIPT).
The authors in [16] propose an optimal analog precoder with
the aid of ZF in the baseband to maximize both the sum-
rate and the energy efficiency. This was done for the two
hybrid structures operating under LoS and non-LoS (NLoS)
mmWave environments. In [17], the authors use the signal-
to-leakage ratio (SLNR) for the first time as the performance
index to tackle the issues of resource optimization in HBF-
based mMIMO-NOMA. Specifically, they formulate a joint
optimization problem concerning power allocation and HBF
in order to maximize the minimum user SLNR, thus ensuring
fairness between users.

However, previous works of HBF-based MIMO-NOMA
adopt very complex digital precoders and require complete
knowledge of CSI. To reduce the complexity of signal pro-
cessing in baseband and the overhead of channel estimation
with LSAAs, we consider AD MIMO-NOMA. Most exist-
ing works on AD MIMO-NOMA using analog BF (ABF),
DBF, or HBF partition the users into groups according to
their angle difference and form a single beam toward each
group [6], [19], [20], [21], [22]. These schemes are referred
to here as single-beam (SB)-NOMA. Unlike these works, we
defined in [23], [24] a spatial interference metric, denoted
as B, built based on the array factor definition. And we
developed B-based 2-user and multi-user clustering algo-
rithms to schedule the users with high spatial interference
in the same SB-NOMA group. In these works, we con-
sidered the AD-DBF technique, while in this paper, we
focus on implementing the AD-HBF technique with LSAAs.
However, the beams are very narrow in such systems,
so using SB-NOMA, only users with similar AoDs are
served simultaneously in the same group. This means that in
mmWave hybrid systems, due to the limited number of RF
chains, SB-NOMA with LSAAs cannot provide connectivity
to all users, especially in congested cells.
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To exploit more degrees of freedom (DoFs) and accom-
modate more users using limited RF chains, Hu et al. in [19]
suggest a joint SB-NOMA and TDMA scheme, denoted here
as SB-NOMA-TDMA. Specifically, they cluster the users
within single-user (SU) and SB-NOMA groups with angles
belonging to a predefined set. Subsequently, a group cluster-
ing algorithm is used in the time domain to limit interference
in each time slot while considering that increasing spa-
tial direction distance can significantly reduce inter-group
interference. To take advantage of the decreased complex-
ity and cost from HBF-based SB-NOMA-TDMA, fast and
accurate synchronization in time between users is essential
since mmWave communication generally offers a high sym-
bol rate. Moreover, there is more synchronization complexity
on both sides of the BS and receiver.

Recently, the authors in [25] discuss the concept of the
multi-beam (MB) NOMA framework in mmWave hybrid
systems, and the authors in [26] offer its implementation
details. Specifically, they propose a beam-splitting technique
(BST) that divides the entire transmit array into various
sub-arrays. Accordingly, within the same RF chain, the BS
can generate multiple analog beams toward multiple NOMA
users with arbitrary AoDs. The authors in [26] show that MB-
NOMA efficiently exploits the multi-user diversity, unlike
SB-NOMA, by performing NOMA transmission even when
the users have separated AoDs, especially with LSAAs.
In [27], they designed a suboptimal two-stage resource allo-
cation that maximizes the system sum-rate based on a full
CSI. Considering only ABF in the first stage, they sug-
gest a joint user grouping and antenna allocation algorithm
that maximizes the conditional system sum-rate by lever-
aging the coalition formation game theory. In the second
stage, they adopt ZF in the digital baseband. Subsequently,
they formulate a non-convex power allocation optimization
problem to maximize the system sum-rate subject to the QoS
constraints. A suboptimal solution is devised to solve this
problem. However, the scheme in [26], [27] requires com-
plete knowledge of CSI, and both [19] and [26], [27] are
designed only for uniform linear array (ULA) architectures.

C. CONTRIBUTIONS

In this paper, we focus on AD HBF-based mMIMO-NOMA
systems where only the users’ angles are known at the
BS. Due to the narrowness of beams with LSAAs and the
limited number of RF chains, SB-NOMA fails to provide
full connectivity to all users in overloaded scenarios. To
address this issue, we propose two schemes offering addi-
tional DoFs for the SB-NOMA scheme. While the former
leverages the time-domain resources using TDMA, the lat-
ter only adopts NOMA. More importantly, the proposed
schemes only require the knowledge of angular information
and use either ULA or uniform rectangular array (URA).
The main contributions of our work are as follows

« We propose two-phase schemes, namely, joint 8-based
SB-NOMA and TDMA and joint AD SB- and
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MB-NOMA schemes addressing the limitation of SB-
NOMA with hybrid LSAAs to provide more DoFs in
overloaded scenarios.

o The joint B-based SB-NOMA and TDMA scheme
proposed in this work was inspired by the one intro-
duced in [19]. In contrast, we utilize the S-based spatial
interference metric derived in [24], which is based
on the array factor to accurately calculate inter-group
interference for any uniform array architecture, such as
ULA, URA, or uniform circular array (UCA), rather
than using only the angular distance as done in [19].

o Unlike previous work on AD HBF-based mMIMO-
NOMA, the proposed joint AD SB- and MB-NOMA
scheme leverages the potential of SB-NOMA when
users are close to each other and the ability of MB-
NOMA to accommodate several users with distinct
AoDs. This extends our prior work in [28], which
focused solely on ULA.

D. ORGANIZATION

The rest of this paper is organized as follows. The
system model of HBF-based MIMO-NOMA is presented
in Section II. The performance analysis in terms of the
sum-rate of SDMA, SB-NOMA, and MB-NOMA is studied
in Section III. The proposed joint S-based SB-NOMA and
TDMA, and joint AD-MB-SB-NOMA schemes are presented
in Sections IV and III, respectively. The performance of
the proposed schemes is evaluated in Section VI. Finally, a
summary is given in Section VII.

E. NOTATIONS

Throughout this paper, A, a and a denote matrix, vector
and scalar, respectively. ()7, () and Tr(-) represent the
transpose, the Hermitian transpose and the trace, respectively.
N (v, 02) is a Gaussian random variable with mean v and
variance o2. IP(.) is the probability of an event. And 6=
(6, ¢) denotes a couple of azimuth and elevation angles.

Il. HBF-BASED SB-NOMA SYSTEM MODEL

The downlink HBF-based mMIMO-NOMA system consists
of a BS equipped with M = MM, > 1 antennas and
Nrr < M RF chains to serve K < M single-antenna UEs.
The BS adopts a hybrid fully-connected structure. Denote by
M, and M the number of antennas along the x— and z—axis,
respectively. In this work, we consider both 1D and 2D
antenna arrays at the BS by adopting a ULA array along the
x-axis and a URA array in the xoz plane, respectively. In the
classical AD MIMO-NOMA scheme, the users are regrouped
within SU and multi-user SB-NOMA groups, according to
their AoDs, see Fig. 1.

A. MMWAVE CHANNEL MODEL
The mmWave channel vector hy € C¥*! between the BS
and user k can be expressed as follows

h; = Zan,kei%l’kaH (én,k» M,, Mz>, (D

n=1
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FIGURE 1. HBF-based SB-NOMA system model.

where Ny is the number of paths, o, x and ¢, ; are the ampli-
tude and the phase of the n-th path, and @n,k = Bn.k» Dn.k)
is the couple of azimuth and elevation AoD of the n-th
path. a((:),Mx,MZ) e CMx1 g Ehe transmit array steer-
ing vector corresponding to the ® direction and is given
by (2), shown at the bottom of the page for both ULA
and URA. For a ULA array along the x-axis, M, = 1
and ¢ = 0, thus, M = M, and O = (6, 0). For simplic-
ity, we will use, in the rest of this paper, a,\ instead of
a(®y k, My, M;). This work considers that the LoS path exists
in each user’s channel and has the highest power, labeled
by n = 1. Thus, él,k = (01,k, $1,k) represents the spa-
tial direction of user k. Throughout this paper, we adopt
the realistic and statistical channel simulator developed by
New York University, called NYUSIM [29]. This simulator
applies the time-cluster and spatial-lobe approach to gener-
ate different channel coefficients and is specified only for
mmWave frequencies.

B. HYBRID BEAMFORMING DESIGN

Using HBF, the total number of groups G served simultane-
ously by the BS is restricted by the number of RF chains,
i.e., G < Ngfr. The overall downlink HBF precoding matrix
F € CM*0 is constructed in two stages as follows

F = WD, 3)

where D = [d; - - -dg] € C¢*C is the baseband digital com-
ponent and W = [wy---wg] € CMxG is the RF analog
component. Specifically, d, and w, denote respectively the
digital and analog beamformers for the group g assigned to
the g-th RF chain. A pure analog mmWave system is con-
sidered in this work to reduce the complexity of the signal

processing in the baseband, i.e., D = Is. Thus, the normal-
ization BF factor n given by n = ﬁ can be rewritten

by n = m The scenario with low-complex digital
precoders is left for future extension.

C. HBF-BASED MIMO-NOMA SYSTEM MODEL

In the AD DBF-based MIMO-NOMA scheme as in [24], the
K users are clustered into Gsy SU groups and Gsp multi-
user SB-NOMA groups according to their AoDs. Denote
Sg, g =1,..., G, as the set of users scheduled on the group
gsuchthatU g_lCandS NSy =0, Vg #¢g'. The
user scheduhng Varlable uk is defined as follows

i
Note that each user will be served within one group, i.e.,
Yo uf=1 Vkek.

In contrast to the angle-based clustering algorithms
proposed in the literature [19], [21], we design 2-user and
multi-user B-UC algorithms that can be applied with any
antenna array architectures [24]. This was done using the
spatial interference By, metric which is defined as follows

user k belongs to group g,
otherwise.

“4)

1
&f IH  kuek, )

ﬂku = M a])kal,u

As demonstrated in [24], Bk, for ULA can be rewritten by

Biu = ‘AF@M) (él,k)

where AF @1, (é) is the array factor of the beam directed at

(6)

@1 u Slmllarly, for any uniformly excited array architecture,
e.g., URA, UCA, (5) leads to (6).

For both SU and multi-user SB-NOMA groups, the BS
generates a single beam in the spatial direction of each group.
This work focuses on AD HBF-based MIMO-NOMA, where
Ngr < M. Thereby, the analog beamformer of group g is
given by the array steering vector corresponding to ©,

Wg = a(ég5M)C7MZ)7 (7)

where @g = (bg, @) is the spatial direction of group g
and is given by (8), shown at the bottom of the page.
Following [24], for SB-NOMA groups, we take C:)g as the
mean value between the minimum and maximum of all users’
spatial direction in the group g. It’s worth noting that accord-
ing to [24], B and ®, should be selected so that the main

(6.1, 1) = [1,e Pt O

—j{(M—1)27r 4 cos(8) cos(p)+(M,—1)27 ¢ sin(¢)}]T. )

(014 d1.&).

g i ot

k@g{‘ﬁl,k}JF;Q%’;{(ﬁl.k}

if SU with S, = {k},
3)

by = 2 » Vg =
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beam covers all users to avoid severe beam misalignment.
Thus, they should satisfy the following conditions

Bru = BTSE,
Igélg;{&,k} <6 < gggg‘{@l,k}v )

min{ori} < d < max{di).

with BFSL is the first side lobe level and is equal to 0.217
(or —13.26 dB) for both ULA and URA [30]. Note that the
value of BF5L does not depend on the beam’s direction and
the antennas number.

In short, we apply the multi-user S-UC algorithm to
partition the K users within Gsy SU and Ggsp multi-user
SB-NOMA groups. After that, we classify the users in
each SB-NOMA group according to the angular-based user
ordering strategy [24]." This uses the angular-based chan-
nel quality E metric. Denote Z‘,f as the angular-based channel
quality of user k belonging to group g. Without loss of gener-
ality, we assume that the users are indexed in the descending
order of their Z, ie., E,f > Ekg, Y k < k'. Therefore, the SIC
decoding realizes the signal separation at the users side in
the increasing order of . Assuming a successful SIC decod-
ing, the user k from group g receives the following signal

i

k—1
W = TVaPgheWesk + ) i /T gPehkWesk
S——
k'=1

desired signal

intra-group interference

G K
+ YD Ve g P WSk +2,

g=1 k=1

§#g

(10)

inter-group interference

where s; is the modulated signal relative to user k, pg is
the power allocated to group g such that Zg:1l7g = P,
with P, the total transmission power, yi ¢ is the intra-group
power allocation coefficient assigned to user k belonging to
group g such that Z,’f:] ufyk, ¢ = 1 according to the NOMA
principles, and zi ~ N0, o,%) is the additive white Gaussian
noise experienced at user k. Thereby, user k belonging to
group g, has the SINRf given in (11), shown at the bottom
of the page, while decoding his own message.

1. In [24], we propose user ordering and power allocation techniques
with only the knowledge of users’ AoDs. We find that the proposed user
ordering strategy outperforms other limited feedback strategies and that the
AD power allocation technique provides an efficient SIC. For these reasons,
and since we are interested in the feedback of angular information, we adopt
them throughout this work.

In (11), the first term in the denominator is the residual
intra-group interference after SIC, and the second one is
the inter-group interference. Assuming a successful decod-
ing and no propagation error, user k belonging to group g
achieves the following data rate Rf

R{ =log, (1 + SINRY). (12)
And the total sum-rate can be expressed as follows
G K
Rr=) "> uiRf. (13)

g=1 k=1

D. PROBLEM STATEMENT

In hybrid systems, up to Ngr groups can only be connected to
the BS in the same orthogonal RB. However, when utilizing
LSAAs with SB-NOMA, the narrowness of beams limits
the capability of handling massive connectivity and adding
more DoFs. As the number of antennas, M, increases, the
beamwidth narrows, and the number of users served in the
same NOMA groups gets smaller. Thus, in an overloaded
scenario where K > Ngp, the probability that the cell is still
overloaded using SB-NOMA, P,s = P(Gsy + Gsg > Ngr),
increases with increasing M. As M grows large but finite,

M>1 M>1 . .
Gsg = 0 and thus Gsy = K. This means that in the

asymptotic limits when K > Ngp, the number of groups,

Gy, served by the BS is approximately equal to Gy M—% !

Ngr, and Py M—% ! 1. Consequently, K — Ngr users will not
be able to connect to the BS, making SB-NOMA insufficient
for managing the connectivity of all users with LSAAs in
an overloaded scenario.

This paper aims to overcome the limitation of SB-NOMA
in an overloaded scenario, i.e., Gsy + Gsp > Ngp, to exploit
the multi-user diversity with LSAAs. To do so, we design
two schemes providing different types of additional DoFs
to handle the connectivity of all users so that the Gy total
groups served at the same orthogonal RB satisfy Gy < Ngr.
Fig. 2 illustrates the flowchart of the proposed schemes.
The first one, i.e., joint B-based SB-NOMA and TDMA,
leverages the time-domain resources and is inspired by [19].
The other scheme, i.e., joint SB- and MB-NOMA, leverages
the MB-NOMA framework [26], in which users with any
AoDs can be served in the same group, i.e., by the same RF
chain. Both schemes allow the connectivity of all users in
an overloaded scenario and require only the knowledge of
the user’s spatial direction. Our analysis is restricted to cases
with 2 < K < 2NgF due to the assumption that each MB-
NOMA group supports only two users. Going beyond this
and allowing the BS to serve more than 2Ngfr users through
multi-user MB-NOMA groups is left as a future work.

NYk,gPg |hkwg |2

8 _
SINR! =

688

k=1 g G K g ’
Zk/zl uk/nyk/,gpg|hkwg|2 + Zg’:l ZI(:I uk/nyk’,g’pg/|hkwg’|2 + Unz

§'#sg

1)
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FIGURE 2. Flowchart of the proposed schemes.

lll. PERFORMANCE ANALYSIS OF SPATIAL AND
NON-ORTHOGONAL MULTIPLE ACCESS TECHNIQUES
In this section, we derive the sum-rate expressed in (12)
using SDMA, SB-NOMA, and MB-NOMA for a two-user
scenario and analyze their performance to see how we can
exploit them in our proposed scheme. Before that, we first
introduce the concept of MB-NOMA and how we extend it
to address URA.

A. MULTIPLE ANALOG BEAMS USING BEAM SPLITTING
The authors in [26], [27] propose an MB-NOMA framework
for mmWave hybrid systems to serve multiple users having
arbitrary AoDs within the same RF chain. Specifically, they
design a BST that divides the antenna array into various
sub-arrays to generate multiple analog beams. Interestingly,
MB-NOMA allows for more exploitation of multi-user diver-
sity than SB-NOMA in mmWave hybrid systems. Indeed,
with MB-NOMA, the number of users served simultane-
ously in the same NOMA cluster is not restricted by the
users’ AoD distribution as it is with SB-NOMA. In [27],
their proposed BST can only be applied to the ULA archi-
tecture. However, since URA is more feasible with mMIMO
in practice [31], we extend this technique to also deal with
URA. In this work, we consider a 2-user MB-NOMA frame-
work, where only two users belong to the same MB-NOMA
group. So, we divide the antenna array connected by an RF
chain into two sub-arrays to form two analog beams. And
we assume that both sub-arrays have the same size, i.e., the
same number of antennas M;* and M;“ along the x-axis and
z-axis, respectively, i.e., M;“Mg“ = M /2. Next, we separately
present the BSTs with either ULA or URA. To facilitate the
understanding of the principle of this technique, we first
rewrite the corresponding array steering vector in (2). Then,
we consider user k and user kK’ belonging to the MB-NOMA
group g, and we reformulate the RF analog beamformer w,
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assigned to the RF chain g performing beam splitting to
generate two different beams toward each user.

1) BEAM SPLITTING WITH ULA

We start with a ULA array having M = M, antennas along
the x-axis, for which the array steering vector a(®, My, 1)
corresponding to the angle ® = (0, 0) is given by

, \N7T
a((:),Mx, 1) = [1, ...,eﬂ”(M‘““’X(@)} ,

- [aT<@,MX/2, 1), e’Z”(M”/z"”*(é)aT(é,Mx/z, 1)][.

(14b)

(14a)

From (14), it is clear that the a((:),Mx, 1) vector can be
constructed as a set of the steering vectors of two sub-
arrays with M,/2 antennas separated by a phase shift, i.e.,
/2T M:/2D0x(©) This construction facilitates the understand-
ing of the BST in [27] with ULA. Now assume that the BS
adopts the BST to simultaneously serve user k and user &’
belonging to group g. Recall that the ULA array is split into
two sub-arrays with M} = M, /2 and M} = 1. Therefore,
the RF analog beamformer w, assigned to the RF chain g
performing beam splitting with two beams is given by [27]

P sa o) N T
Wg = [aT((:)k,Mfca, Mi“), S )wx(@k)aT(@ku M, Mg“):| .
(15)

From (15), each sub-array generates a beam in the spatial
direction of one user.

2) BEAM SPLITTING WITH URA

Similarly, using URA with M, and M, antennas along
the x- and the z-axis, respectively, the array steering vec-
tor a((:),Mx,MZ) e CMMx1 corresponding to the angle
0= (6, @) can be rewritten by

aT((Z), M, MZ/Z)
eﬂﬂ@@/bw%é)aT(é,ﬂﬂnﬂﬁ/z)

We now extend the BST to handle URA arrays as well.
We vertically divide the antenna array into two sub-arrays,
each with M3* = M, and M;* = M_/2 antennas along the x-
and the z—axis, respectively, as shown in Fig. 3. According
to (16), the RF analog beamformer w, performing the BST
can be constructed as follows

a((:),Mx,MZ) - (16)

A7)

al (&, M, m22)
We =

D (Mo (D -
J2 (Mo OA)aT<®k/, M, Mg“)

From (17), it’s clear that the first sub-array can success-
fully form a beam toward user k. Furthermore, the steering
vector of the second sub-array is multiplied by a constant
phase shift, i.e., 2T MD0:(00) n other words, we add the
same phase shift to all antennas in this sub-array, which have
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FIGURE 3. Vertically array splitting technique with URA.
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FIGURE 4. 32 x 6 URA with ®, = (50°, —20°), ©,, = (80°, —=30°), and ©~ = (60°, 10°).

different phase weights to direct a beam to ék’- Thus, it can
also successfully form a beam toward user k.

Once the number of sub-arrays and the amount of hor-
izontal and vertical antennas in each are defined, we can
rewrite the expression of a(C:)k, M,, M;) as we did in (17).
Knowing that the construction of w, performing the BST is
mainly determined by a(ék, M., M), this allows us to easily
extend the BST to support multiple users per RF chain by
considering the same or different sub-array configurations.

3) ILLUSTRATIVE REPRESENTATIONS

To illustrate the generation of two analog beams via the BST,
Fig. 4 depicts the normalized array pattern responses for wg
in (17) at user k and user k' and of a single beam pointed
at user k" using URA. Compared to the single beam for
user k”, the maximum magnitude of the array response for
W, is halved due to two sub-arrays of equal size with M/2
antennas each. Moreover, the width of the beams pointed
at users k and k” increases. In the following, we will show
that generating multiple analog beams via the BST manages
the connectivity of all users in HBF-based mMIMO-NOMA
systems. Indeed, MB-NOMA serves more users on each
RF chain, while SB-NOMA only considers users with close
directions.
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B. SYSTEM SUM-RATE OF SDMA, SB-NOMA, AND
MB-NOMA IN A 2-USER SCENARIO

Previous work on mmWave MB-NOMA [26], [27] requires
full CSI to perform user clustering and does not exploit
the potential benefits of SB-NOMA when users are close
together. As discussed earlier, angular information is a
promising partial CSI for mmWave channels. Therefore,
throughout this subsection, we investigate the spatial behav-
ior of SDMA, SB-NOMA, and MB-NOMA, and answer
the following question: how can we benefit from both SB-
NOMA and MB-NOMA in the angle domain? Here, we
consider a special case scenario where the BS serves only
two users in a mono-path environment. Thereby, K = 2
and only one SB-NOMA or MB-NOMA group exists, i.e.,
G = 1. Denote by user 1 the strong user, i.e., Y14 > V2
when NOMA is applied. For SDMA, we consider two RF
chains at the BS to serve the two users with one beam each.

SYSTEM SUM-RATE
1) SPACE DIVISION MULTIPLE ACCESS (SDMA)

We start by considering that the BS applies the SDMA tech-
nique. Thus, a single beam is pointed to serve each user.
The SINR?D at user 1 is then given by (SINR;D can be
obtained by symmetry)

nPelya(®1,1.M: M, ) 2

SINR;P = - ’ (18a)
1P lhya (@15, Mo M; ) 2+
@ 771[’e|011,1IZIEIH((:DIJJVI)cJVIz)a(C:)l,lJVI)cJVIz)|2
nPelal,l |2|3H(é1,11Mx1Mz)a(él,21Mx,Mz)|2+Crn2 ’
(18b)
®) pnle 1 |*M?
= - - —.
P'llal,l|2'aH(®1,1,Mx,Mz)a<®1,2,Mx,Mz) +1
(18¢)

(a) follows from the mono-path channel assumption, i.e.,
hy = a1 4al’ (O1,1, My, M2). And (b) by setting p = P,/o?
and since |a”(©, M., M,)a(®, M, M,)| = M.

We set f1.2(My, M;) as the normalized spatial interference
between the two users

‘aH (él,l aMx;Mz)a<é1,ZaMx,Mz>
MM,

Br2 (M, M)= (19)

And since n = ﬁ = ﬁ with SDMA, the sum-rate R;D
can be expressed as

SD _ K plos M
Ry” = Zk:11°g2<1 + P|0l1,k|2/312,2(Mx’MZ)M+K)' )

2) SINGLE-BEAM NOMA (SB-NOMA)

The BS now applies the SB-NOMA technique. So, it forms a
single beam between the two users, with an angle calculated
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as in (8). Thus, SINR?B and SINRg’B of users belonging to
group g (= 1) are respectively given by

2
SB ny1,¢Pg 1 Wyl
SINR}” = —
On

2 i glanPla (61,1, M)a(S,, M), 21b)

where (a) is obtained since G =1, i.e., pg = P,.

(21a)

Il

(1 = y1,0)pelhawgl|?
Vl,gpg|h2wg|2 + 0,12 '

pﬂ(l_yl,g)lal,ﬂz‘ah’ (él,ZsM»Mz)a(épMXst)

SINRSE =

(22a)

2

N - 2 .
pnyl,g|a1,2|2‘aH<®1,2,MXst>a<®gstMz) +1

(22b)
|af! (O 4. My.M2)a(© g My M,)| .

We set B q(My, M;) = Lk S —————, and since

= MLG = Al/[ with SB-NOMA, the sum-rate R;B can be
expressed as follows

RSP = log, (14 py glen 11287 (M MoM)

p(1=y1g)le1 2?3 (M. MM
lo 1 < 2
! gZ( * pylyg|“1,2|2ﬂ§,g(Mx,MZ)M+1 (23)

3) MULTIPLE-BEAM NOMA (MB-NOMA)

The BS now applies the MB-NOMA technique via the BST.
So, it generates two beams at the same RF chain; each
is directed in the AoD of each user. The analog beam-
former w, (g = 1) is given by (15) and (17) with ULA and
URA, respectively. Denote by w((:)k,M;”,Mga) the addi-
tional phase shift experienced at the second sub-array using
either ULA or URA and given by

) 2 (M9 (ék) if ULA,
w(@k’M;a’M?Z) — ( X ) X N
jor (M)o(Ox) if URA.
Thus, using either ULA or URA, SINR)E and SINR}™®
can be expressed respectively as follows

NY1,gPe N1 |?

77(1 - Vl,g)pg|h2wg|2
Vl,gpg|h2wg|2 + Unz '

SINRY® = (26)

Egs. (25) and (26) can be rewritten by (27) and (28), shown
at the bottom of the page, where Ay = ¥ (®1 1, M}, M) —

(O, M3, M.
We set B (M, M) as follows

afl (é1,1 ’M;a’Mga)a(élvz’M;{Mga)
,3/ (Msa Msa):
1,2 x Mz MiaMga .
(29)

1 1

And since n = wG = u with MB-NOMA, the sum-rate

RI}/IB can be given by (30), shown at the bottom of the page.

PERFORMANCE ANALYSIS

In this subsection, we provide illustrative results to analyze
the spatial behavior of SDMA, SB-NOMA, and MB-NOMA
using ULA. It is worth noting that similar results can be
obtained with URA configurations. For a 128 x 1 ULA,
Fig. 5(a) and Fig. 5(b) plot the sum-rate of the three schemes
as a function of the angular distance A and the spatial inter-
user interference B, calculated in (19), respectively. The
AoD 61 of the first user is set to 10°, and we uniformly
change the AoD 61, of the second user, such that 0° <
AO = 91,2 — 91,1 < 120°. Note that Vig = 0.2, V2g = 0.8,
P, = 30 dBm and 02 = —101 dBm. || = 8.3 x 107°
and |ayo] = 7.4 x 1075,

From (20), we find that R;D is a decreasing function of
B1.2. This also can be seen from Fig. 5(b). In other words,
when users are very close to each other, i.e., AO — 0,0)
and B12 — 1, the system suffers from high inter-user
interference and the SDMA performance degrades. For
instance, for a large but finite number of antennas or in

a high SNR regime, we can obtain this approximation that
R?D(,Bl’z — 1) M—%l K = 2. From Fig. 5, we can see
this equality and that SDMA performs very well when the

users are well separated in space. With a large but finite

MB _ : "
SINR}™ = o2 (25) value of M, [a™(©) 1, M., M)a(®1 2, My, M;)| - 0 when
MB 2 H (& sa pgsa o sa ygsa 2
SINRY® = py glary 1 /2 + 2 (81,1, 37, M2 Y81, M3, M2 )| 27)
. - 2
MB pr](l — yl,g)|a1,2|2’aH<®1,2,M;“,Mg“)a(G)l,l,Mff’, Mg“) +M/26A1//‘
SINRYB — : (28)

N N 2
pnyl,glal,zﬁ\aﬂ(@l,z,M;a,Mga)a((al,l,M;a,Mga) +M/2em/f\ +1

1
Ry = log2<1 + o¥1glott |2‘2(1 + B1 2(My. M./2)
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2
M) +10g2 1+

2
p(1— Vl,g)|a1,2|2‘%(,3;,2(M;a,M‘Zm) + eA‘”>‘ M

2
oyl a5 (81 5 (M, M) + 89 )"0 41
(30)
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FIGURE 5. SB-NOMA versus MB-NOMA versus SDMA: Sum-rate as a function of A¢
and B, , with a 128 x 1 ULA.

A® # (0,0) [32]. R?D can be then approximated by

2
Sp M>1 ,O|0[1,k|2M
R "3 S log, (142X, 31)

k=1 2

From (23), R?B is restricted by the p, term.
From [24, Lemma 2], if user 2 is in the main lobe of the
beam pointed to user 1, i.e., A® < Ez}dB def (2,398, . 30B)2
and B, > BFL = 0217, then both users will be
located in the main lobe of the beam directed at (:)g.
Therefore, SB-NOMA performs well and the system sum-
rate is maximized. More the users are separated, more
SB-NOMA degrades due to the beam misalignment. This
is also observed in Fig. 5(b). With a large but finite value of

2. Q3B = (Qx3dB, Qz3dB) is the 3dB-width vector in azimuth and
elevation axes. With 128 x 1 ULA, the 3dB-width Q?dB of the beam
generated at 0; = 10° is equal to Q{’dB =2.25°.
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M, | (© 4, My, M)a(®1 1, My, M,)| — 0 for A # (0, 0),

thereby, R3P M21.

From (30), RI}’[B is restricted by the ,Bi’z(M;“, M%) term.
When the two users have similar AoD, i.e., AG — 0,0)
and B12 — 1, the analog beamformer w, degenerates to
the single-beam case, thus, RY® — R3®. At this point,
RI}/IB and R?B represents the highest sum-rate obtained with
NOMA as seen in Fig. 5. We can see also that when 0 <
AG < Q?dB, SB-NOMA outperforms MB-NOMA since the
two beams generated by MB-NOMA scheme do not overlap
well. Otherwise, MB-NOMA outperforms SB-NOMA and
has a constant sum-rate, as given in Lemma 1.

Lemma 1: Using LSAAs with a large but finite values of
M, and M,, MB-NOMA has the following constant sum-rate
RMB when A® > Q?dB for the 2-user scenario

Mo>1,M > 1 1,eplar 1 1*M
Rl}dB — logz(l + %
1 —

—Vl’g> — RMB,

Yl.g

Proof: Using LSAAs with a large values of M, and

H Q) sa sa o sa sa M>1LM>1

M, a" (O, M; ’Mz )a(©1 2, M3 ,Mz ) — 0 for
- - Mo>1,M>1
1,1 # Oy 2. Thereby, by setting ] , (M2, M20) =5
0, (30) can be rewritten by

Vl,gpla1,1|2M>

+ log, (1 + 32)

4

1 —y1.)la1 2> M
+log, [ 1+ -y g)2 L33
PY1glo oM + 4

RYB = log2<1 +

The second term in (33) can be approximated to log,(1 +
%) with a large but finite number of antennas. Thus,
Lemma 1 is verified. ]

The corresponding value of nggB in (32) is approximately
equal to 14.7 when using 128 x 1 ULA. From Fig. 5(a), we
find that the simulation results verify Lemma 1.

Remark 1: Based on the above analysis, we conclude
that SB-NOMA is only suitable when users are very close.
Otherwise, MB-NOMA has a significant constant sum-rate
independently of AO, compared to SB-NOMA. These results
allow us to extend to the more general multi-user scenario
by first clustering users with high spatial interference within
SB-NOMA groups and then clustering the remaining users
in MB-NOMA groups.

Remark 2: SDMA exhibits a significant sum-rate
performance with LSAAs when the users are well sep-
arated in the angle domain. However, for HBF-based
mMIMO-NOMA systems, SDMA fails to satisfy all users
in overloaded scenarios, i.e., when K > Ngp. Indeed,
SDMA can accommodate one user at each RF chain. In
contrast, MB-NOMA can serve multiple users with arbitrary
AoDs within one RF chain and has a considerable system
sum-rate.
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Considering these observations, we propose a joint SB-
and MB-NOMA scheme in Section V that requires only user
angles. Additionally, we demonstrate in Section VI-C that
combining the benefits of both SB- and MB-NOMA is more
advantageous than using one of these schemes alone.

IV. JOINT g-BASED SB-NOMA AND TDMA SCHEME

One possible solution to leverage more DoFs is the imple-
mentation of TDMA which may support more than Ngp
groups within different time slots. Inspired by [19], the joint
B-based SB-NOMA and TDMA is a two-phase scheme adopt-
ing TDMA only in an overloaded scenario. In the first phase,
the multi-user B-UC algorithm proposed in [24] partitions the
K users into Ggy SU and Gsp multi-user SB-NOMA groups.
Only in an overloaded scenario, i.e., Gsy +Gsp > NgF, a sec-
ond phase that exploits the time-domain resources is applied.
In fact, during each time slot, at most Ngr groups can be
served concurrently. For this, it is necessary to design a group
clustering algorithm that schedules the Gsy + Gsp > Ngrr
groups in the time domain. In [19], the authors design a
two-stage group clustering algorithm to reduce interference
between groups served simultaneously. Specifically, they use
the spatial angular distance as a metric to measure the corre-
sponding inter-group interference. They found that inter-group
interference can be significantly reduced by increasing the
spatial angular distance. Note that this algorithm is applied
only with ULA, and the cluster angles belong to a predefined
set of azimuth angles with a fixed search step size J = M.
In this section, we have updated this group clustering to
reduce the inter-group interference measured by B in each
time slot. Contrary to this work [19], 8 determines the level
of spatial interference and includes both angular distance and
beamwidth information [24]. Thereby, it is more accurate than
the angular distance for calculating inter-group interference.
Moreover, it is built based on the array factor, and thus our
B-based group clustering algorithm in time-domain can be
applied to any array architecture. Since B, o = By o, We first
define the triangular matrix B € C¢*€ describing the spatial
inter-group interference, with the (g, g’)-element given by

/

N _ ﬂg,g” g§<g,

B(g’ g) - { —o00, otherwise, (34)
where B o is the spatial interference between group g and
|a”(() M M)a(® g M, M)
MM, ’

group ¢, and is given by B, o
as defined in (5).

Before detailing the proposed scheme, some notations and
definitions are presented as follows

. NTS is the total number of time slots and is given by
| & v-] with G = Gsy + Ggp and [.] the integer part.

. Q£ , m=1,...,Nts, is the group set including all
groups scheduled in the time slot m and is initialized
by an empty set, i.e., card((];,s) =0, Vm.

e GM is the group set including all groups not yet
assigned to any time slot and is initialized by a set
containing all the G groups, i.e., GM = {S}, ..., Sg}.
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Algorithm 1 8-Based Group Clustering in the Time Domain
Algorithm

Input: ©, = (0, ¢g), Bgg'-
Output: Nts, Grs
Initialization: ¢ = 0, card(G!S) = 0 Vm € {1, ---
GM = (S, .S}, GV = (G5, .-, GI8).
1: Compute B as in (34).
Stage 1: Clustering of groups with high inter-group
spatial interference in different time slots
2: repeat
3:  Locate in B the 2 groups (e.g., groups o and r) having
the largest spatial interference
4 if o € GM then
5: t=t+1, add group o to G'S
o from GM,
end if
if r € G™ and t < Nrs then
t =t+1, add group r to gtTS
from GNA.
9:  end if
10: Set B(o,r) = —
11: until 1 = Ntg
Stage 2: Clustering of groups with low inter-group
spatial interference in the same time slots
12: repeat
13:  Select one arbitrary group g’ from GM
14:  Locate, at each time-slot n, the group in having the
highest spatial interference with the group g/, i.e
B¢ = Max fi g, Vne{l.. ., card(GIS)}
’ ineGrs
15 Find the time-slot 7, in which the maximum
interference with group g obtained in Step 14 is
minimized, i.e., §; {n:1,...r,r01;Ed(g"TS)}ﬁi”’g/
16:  Add group g’ to g}:{s, and remove group g’ from
17: if card(ggs) > Ngr then
18: remove G1° from GAV.
19:  end if
20: until GM = ¢.

, Nts},

, and remove group

, and remove group

gNA .

« G4 is the group set including all the available groups
sets and is initialized by G4 = {GTS, ..., g;ﬁs}.

In hybrid systems, it is possible to simultaneously schedule
at most Nrr groups, i.e., card(ggls) < Ngp. Therefore, if
card(GTS) < Ngr, then GIS € GAV. Thus, GTS is considered
an available group set if we could add at least one more
group in the m-th time slot.

Initially, the first Nts groups with high spatial interference
B are scheduled in different time slots. Then, in the sec-
ond stage, the remaining groups are clustered so that the
inter-group interference is reduced in each time slot. Further
details of the S-based group clustering algorithm in the time
domain are given in Algorithm 1.
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FIGURE 6. The HBF-based joint SB- and MB-NOMA scheme.

In Section VI, we show that the joint B-based SB-NOMA
and TDMA scheme solves the problem of the SB-NOMA
limitation in overloaded scenarios. It works well and offers a
considerable sum-rate performance. However, synchroniza-
tion is a major hurdle for implementing TDMA in mmWave
hybrid systems, as quick and precise timing is essential
for attaining high data rates. Since applying TDMA with
NOMA introduces temporal synchronization complexity, a
scheme that grants more DoFs by utilizing just NOMA with-
out using other multiple access (MA) techniques is needed.
To that end, we assess the potential of MB-NOMA in the
following section, allowing users within the same group to
be served, whatever their spatial distribution.

V. JOINT SB- AND MB-NOMA SCHEME

To provide more DoFs for the SB-NOMA in an overloaded
scenario without relying on any extra MA techniques, we
suggest a scheme based solely on NOMA. Recall from
Remark 1 that SB-NOMA is suitable only for nearby users
in space, whereas MB-NOMA offers a significant sum-rate
regardless of the spatial distribution of users. Taking inspi-
ration from our findings, we combine the benefits of SB-
and MB-NOMA to tackle the limitation of SB-NOMA in
overloaded scenarios. As a first step, as seen in joint SB-
NOMA and TDMA, users with high spatial interference are
clustered into the same SB-NOMA group according to the
multi-user B-UC algorithm from [24]. If Gsy + Gsp > Ngr,
then the remaining users are partitioned between two-by-two
MB-NOMA groups and SU groups such that the total num-
ber of groups Gy = Gsp + G’SU + Guyp is equal to Ngp.
Since Gy needs to be less than or equal to Ngr to serve
all users, the highest possible value, Ngr, was selected as
it generally yields a higher overall rate. This is because
more users served by SDMA with its high BF gain leads to
reduced interference and an enhanced system sum-rate.

Azimuth angle

FIGURE 7. Three different 2-by-2 selection strategies. The users having the same
color are selected to be in the same MB-NOMA group.

In the proposed joint SB- and MB-NOMA scheme, the
transmit RF beamformer w, related to group g depends on
its type and is given by (35) at the bottom of the page. In
Fig. 6, we present the system model of the proposed scheme.

To the best of our knowledge, this is the first work that
jointly leverages the potentiality of SB- and MB-NOMA.
And this scheme is applicable for both linear and rect-
angular antenna arrays with only the knowledge of users’
AoDs. We develop a low-complex MB-NOMA UC technique
to reduce their complexity using only angular information.
From Section III-B, once users with high spatial interference
are all grouped in SB-NOMA groups, the manner in select-
ing two users into MB-NOMA groups based on their AoD
is not critical regarding the sum-rate. To this end, we first
sort the Gsy users in an array in the ascending order of
their azimuth AoD 6 with either ULA or URA. Then, we
adopt three different selection strategies as shown in Fig. 7,
denoted as UCI1, UC2, and UC3, to select 2-by-2 the users
from the sorted array and cluster them in MB-NOMA groups
until all the Gyyg MB-NOMA groups are defined.

We now carry out a comparison in terms of the sum-rate
to corroborate the best selection strategy. In Fig. 8, we plot
the sum-rate of the different MB-NOMA UC strategies and
that of the random MB-NOMA UC, where the users are
selected randomly to belong within the MB-NOMA groups.
We assume a ULA array with Nps = 128 antennas. As
expected for K < Ngf, the K users are spatially separated
thanks to the high BF gain with LSAAs. So, there is no
need to exploit MB-NOMA, and the impact of the selection
strategy does not appear here. Otherwise, we adopt MB-
NOMA to offer more DoFs. We find that UC1 outperforms
other strategies. This superiority is due to lower inter-group
interference achieved when using UC1 compared to UC2 and
UC3. In Section VI, UCI1 is considered as the reference.

Both SB- and MB-NOMA employ the same power allo-
cation and user ordering techniques at the BS and the

a((:)g,Mx, Mz> with ®, calculated as in (8) if SB-NOMA with card(S,)

W, = | W, is calculated as in (15) and (17)

a<é1,k»anMz>
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> 2,
if MB-NOMA with S, = {k, k'},
if SU with S, = {k}.

(35)

VOLUME 4, 2023



‘IEEES IEEE Open Journal of the
Com3oc  communications Society

140 - 7

120 4

o
S
T

@
S
T

- === random UC
uc1

ucz d
uc3

Average sum-rate

[}
=}
T

20 L . I I .
0 5 10 15 20 25 30 35 40

Number of users, K

FIGURE 8. The sum-rate performance of different MB-NOMA UC algorithms versus
the number of users for the joint SB- and MB-NOMA scheme. The sum-rate is
averaged over 5,000 trials.

TABLE 1. Simulation parameters.

Parameters Value
Number of transmit antennas, M € {128,256}
Number of RF chains, Nrp 20
Carrier frequency 28 GHz
Channel bandwidth 20 MHz
Cell radius 100 m
Total transmission power, Pe 30 dBm
Noise power, ai —101 dBm

Minimum SIC power difference, Ppin 1 mW
Number of paths per time cluster in a rural environment € {1,2}

same SIC decoding strategy at the receivers, where the pri-
mary distinction lies in their analog beamforming design.
Whereas SB-NOMA generates a single beam for NOMA
users, MB-NOMA creates multiple beams for each user.
Adding MB-NOMA to SB-NOMA allows the BS to serve
more users using NOMA while introducing additional com-
plexity such as SIC decoding at the receiver. Nonetheless,
this system enables users to use the same time-frequency
resources without the trouble and need for fast and accurate
synchronization.

VI. ILLUSTRATIVE RESULTS AND DISCUSSIONS

In this section, we numerically evaluate the performance
of the proposed schemes for mmWave hybrid systems.
Specifically, we consider a rural environment using the sta-
tistical mmWave channel model and simulator NYUSIM. In
Table 1, we summarize the specific values of the adopted
simulation parameters.

To illustrate the effectiveness of our proposed schemes,
we adopt three baseline schemes; two apply fully DBF (thus
requiring NILQ)F = M RF chains) and the other one uses HBF
with NIIQIF < M. The following acronyms will be used to
refer to the different schemes.

VOLUME 4, 2023

« DBF: denotes the scheme considered in [33], where the
BS generates K directive beams, each one is steered in
the AoD of the intended user.

« DBF-SB-NOMA: denotes the scheme proposed in [24],
where the 8-UC algorithm clusters the users within SU
and multi-user SB-NOMA groups.

« HBF-SB-NOMA-TDMA: denotes the scheme proposed
in [19].3

« B-HBF-SB-NOMA-TDMA:
proposed in Section IV.

« HBF-SMB-NOMA: denotes the scheme proposed in
Section V.

« HBF-SB-NOMA: denotes the scheme applying HBF
that solely employs SB-NOMA. For Gsy + Gsp < Ngr,
HBF-SB-NOMA, HBF-SMB-NOMA, and S-HBF-SB-
NOMA-TDMA are all equivalent. Otherwise, HBF-SB-
NOMA is unable to manage connectivity for all users.
For that, we select NgF groups and prioritize the SB-
NOMA groups to fulfill the requirements of maximum
user handling.

denotes the scheme

For a fair comparison, the different schemes apply our
angle-domain user ordering and power allocation strategies
designed in [24]. Therefore, all of them only require the
users’ AoDs.

A. 2D HBF-BASED MIMO-NOMA PERFORMANCE
The BS adopts a ULA array with M = 128 transmit antennas
to serve the 2 < K < 2N11{F users. While the fully DBF
involves NI[{,)F = M = 128 RF chains, we assume N}?F =20
RF chains for HBF. Fig. 9 plots the sum-rate and the number
of active RF chains, Nl”éF, per time slot versus the number of
users for the different aforementioned schemes. And Fig. 10
plots the probability Pos = P(Gsy+Gsp > NII{F) that the cell
is overloaded using SB-NOMA in hybrid LSAAs systems.
Obviously, for a sparse cell with K < NgF, the
hybrid schemes are the optimal MIMO-NOMA solution,
as they provide the same performance as DBF-SB-NOMA
with much lower complexity, cost, and power consump-
tion. This is evident from Fig. 9a, where the HBF-
SB-NOMA, HBF-SMB-NOMA, B-HBF-SB-NOMA-TDMA
curves merge with the DBF-SB-NOMA curve, implying that
the cell is not yet overloaded, as also illustrated in Fig. 10,
where Pos = 0 for K < 20. Otherwise, when the number
of users exceeds the RF chains available, the cell begins
to experience an overloaded scenario due to very narrow
beams with LSAAs, as seen in Fig. 10. However, in this
scenario, HBF-SB-NOMA fails to provide full connectivity,
even if it outperforms other HBF schemes in terms of sum-
rate performance. To fulfill the requirements of maximum

3. In [19], the authors propose a simple AD UC strategy, in which UEs
with the same estimated angle belong to the same group. To offer new DoFs,
the authors developed a group clustering algorithm in the time domain by
scheduling the groups with small angular distances in distinct time slots.
Note that the estimated angles belong to a predefined azimuth angle set
with a fixed search step size J = M [19].
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FIGURE 9. (a) The sum-rate and (b) the number of active RF chains per time slot
versus the number of users with a 128 x 1 ULA array and 20 RF chains at the BS.

user handling, HBF-SB-NOMA selects NII{F groups and pri-
oritize the SB-NOMA groups. From Fig. 9(a), we can see
that its system sum-rate slightly degrades for K > NgF.
Indeed, as more users are present in the cell, they are more
likely to be clustered into the same NOMA groups. This
is also illustrated in Fig. 11, which shows the percentage
distribution of groups when the BS adopts HBF-SB-NOMA
for different values of K. We can see that with increasing K,
the number of NOMA groups increases, as well as the num-
ber of users per NOMA group. However, up to NgF groups
can only be connected simultaneously in hybrid schemes.
Therefore, as K grows, the number of groups remains at
NgF, but the number of served users in each group increases,
leading to increased interference. This can be observed in the
slight degradation of the system sum-rate when comparing
HBF-SB-NOMA for K = 25 and K = 40.

To ensure full connectivity for all users and maintain
fairness among them, we apply other approaches, such as
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FIGURE 11. Group’s percentage distribution per type versus the number of users,
when the BS adopts HBF-SB-NOMA to serve K € {5, 10, 20, 30, 40} users.

TDMA and MB-NOMA, which compensate for the limited
RF chains. As seen in Fig. 9, they offer a good sum-rate
performance compared to DBF with 6.4 < M/Ng, < 64
times fewer active RF chains. In the following, we will sep-
arately analyze the evolution of their sum-rate curves for
N <K <2NH.

1) PERFORMANCE OF g-HBF-SB-NOMA-TDMA

As seen from Fig. 9(a), for N&. < K < 2N, the sum-rate
of B-HBF-SB-NOMA-TDMA first decreases, then increases
with the number of users, K. Indeed, for cells where
NgF < K < 2N£IF, TDMA is used to serve the SU and
SB-NOMA groups within different time slots and get the
full connectivity. Scheduling the users in separate time slots
reduces the system sum-rate per slot and the need for more
active RF chains, as seen in Fig. 9(b). Then, in the second
step by continuing to connect more users to the BS, the
sum-rate increases again as well as the number of active RF
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chains. For that reason, the evolution of the sum-rate matches
that of the number of active RF chains in Fig. 9(b).

Furthermore, Fig. 9(a) shows that B-HBF-SB-NOMA-
TDMA scheme outperforms the one proposed in [19].
For example, when K = 2NgF = 40 users, B-HBF-SB-
NOMA-TDMA achieves a sum-rate gain up to 83% over
HBF-SB-NOMA-TDMA [19]. This significant gain reveals
the performance of our proposed user and group clustering
algorithms in SB-NOMA groups and time slots, respectively,
against those proposed in [19]. Moreover, while the latter is
proposed only for ULA, our proposed S-HBF-SB-NOMA-
TDMA scheme uses B that can be applied to any array
architecture. The performance evaluation with URA will be
illustrated in Section VI-B.

2) PERFORMANCE OF HBF-SMB-NOMA

HBF-SMB-NOMA, is proposed to provide more DoFs using
only NOMA. As seen in Fig. 9, it has superior performance
compared to DBF for K < 28 with 6.4 < M/Ng, < 64
times fewer active RF chains. Otherwise, DBF (with or w/o
NOMA) has a greater sum-rate at the expense of higher
cost and complex processing. Indeed, Ny is smaller than
or equal to NgF = 20 for HBF-SMB-NOMA however, it
always equals to M = 128 for DBF (with or w/o NOMA).

The sum-rate of HBF-SMB-NOMA increases up until
K = 26, and then it decreases as shown in Fig. 9(a). This
evolution can be explained by that of the number of active
RF chains, Ngp, in Fig. 9(b). Once the cell reaches K = 26
users, NI%F starts to stabilize at NgF, as seen in Fig. 9. To
meet the requirement of Gy = N}?F in the congested cell, the
number of MB-NOMA groups must be increased and that of
SU groups must be decreased. However, this comes with a
decrease in performance, as seen in Fig. 9 for 26 < K < 40,
as the BF gain at each user within the MB-NOMA group
is halved compared to that of the single beam in an SU
group, as depicted in Fig. 4. Even with a basic antenna
allocation, whereby the array is split into two sub-arrays of
equal size, and a straightforward MB-NOMA user clustering
strategy, HBF-SMB-NOMA achieves a promising sum-rate
performance with few active RF chains when compared to
digital methods. Future works should focus on designing
angle-domain user clustering and antenna allocation meth-
ods that maximize the BF gain of each user about the other
users and minimize inter-group interference to optimize the
system’s sum-rate performance.

For a better comparison between HBF-SB-NOMA and
HBF-SMB-NOMA, we plot in Fig. 12 the cumulative dis-
tribution function (CDF) of the probability P(rate < §) that
the user’s rate is lower than a threshold, §, for K = 25
and K = 40. We can observe that HBF-SB-NOMA fails to
manage all of the users, leaving 4% and 25% unserved for
K =25 and K = 40, respectively, while HBF-SMB-NOMA
offers full connectivity with P(rate = 0) = 0. However,
HBF-SB-NOMA provides higher rates to its served users
than HBF-SMB-NOMA as the latter serves a greater num-
ber of users, leading to increased inter-user interference.
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FIGURE 12. The CDF of the probability that the user’s rate is lower than a threshold,
8, when the BS adopts either HBF-SB-NOMA or HBF-SMB-NOMA to serve K € {25, 40}
users.

Furthermore, the BF gain when using MB-NOMA is halved
against that of SB-NOMA. For example, if K = 40, the
probability of HBF-SMB-NOMA providing a rate greater
than 6 [bps/Hz] is 7%, while it is 18% for HBF-SB-NOMA.
Consequently, even though HBF-SB-NOMA offers a higher
system sum-rate, as also seen in Fig. 9(a), HBF-SMB-
NOMA manages the connectivity of all users and ensures
better fairness among them.

Moreover, it can be seen that HBF-SMB-NOMA brings a
notable sum-rate gain when compared to HBF-SB-NOMA-
TDMA [19]. For instance, with K = 25 and K = 40, the gain
of HBF-SMB-NOMA is nearly 99% and 66.6% respectively.
Additionally, for NIIEIF < K < 35, HBF-SMB-NOMA out-
performs our proposed S-HBF-SB-NOMA-TDMA scheme.
However, for 35 < K < 40, f-HBF-SB-NOMA-TDMA
gains slightly better performance but by requiring fast and
accurate synchronization at the BS and the receiver sides.

B. 3D HBF-BASED MIMO-NOMA PERFORMANCE
Due to the size constraints of mMIMO antennas, URA is
more practical for mMIMO than ULA [31]. In this section,
we consider a 64 x 8 URA at the BS, meaning that there
are NgF = 512 RF chains for DBF. And we consider only
NH. = 20 RF chains for HBF. Fig. 13 plots the sum-rate
for the different schemes versus the number of users. The
TDMA-based scheme in [19] is specifically tailored for ULA
and therefore is not included in this section. Instead, we
consider our proposed TDMA-based scheme for comparison.
It is clear that the sum-rate curves for URA and ULA in
Figs. 13 and 9 have a similar overall shape. However, the
number of users K; at which DBF curves separate from those
of HBF is different. Specifically, K; = 20 (resp. K; = 22)
for 128 x 1 ULA (resp. 64 x 8 URA). This comparison
shows that, with URA, more users can be clustered in SB-
NOMA despite the total number of antennas being four times
greater than what ULA offers. Indeed, the 3D beam-width in
both azimuth and elevation is determined by the number of
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FIGURE 13. The sum-rate per time slot versus the number of users with 64 x 8 URA
and 20 RF chains at the BS.

horizontal and vertical antennas, respectively, that are smaller
than the number of antennas in ULA.

C. JOINT SB- AND MB-NOMA VERSUS ONLY MB-NOMA
Now, we will verify the potentiality of using SB- and MB-
NOMA frameworks w.r.t. those using only MB-NOMA.
Fig. 5 shows that when both users are in each other’s
main lobe, SB-NOMA slightly performs better than MB-
NOMA. Otherwise, MB-NOMA outperforms and has a
constant sum-rate. Note that for a 2-user scenario, there
is no inter-beam interference impact on the system sum-rate
performance. However, SB-NOMA forms a beam using the
whole array, while with the BST, the steered beam of MB-
NOMA is the superposition of two wider beams. Hence,
the beam generated with MB-NOMA when the users are in
each other’s main lobe is larger than that with SB-NOMA.
Therefore, even when the users are in each other’s main lobe,
SB-NOMA outperforms MB-NOMA thanks to its narrow
beams, which increase the BF gain and decrease inter-group
interference.

To illustrate this, we compare HBF-SMB-NOMA with
HBF-MB-NOMA, which applies only MB-NOMA without
SB-NOMA, as in [26]. We assume that the BS adopts a
16 x 8, 32 x 8 or 64 x 8 URA array with 20 RF chains.
For HBF-MB-NOMA, since we only consider 2-user MB-
NOMA groups, we apply the 2-user B-UC algorithm [23]
in the first phase. Fig. 14 plots the average sum-rate for
the two schemes versus the number of users, K. We find
that HBF-SMB-NOMA is superior to HBF-MB-NOMA in
terms of average sum-rate, with the gap between the two
increasing with K. The gap reaches its maximum point
at K,, depending on the antenna array configuration. For
instance, K, = 32, 27, and 25 for 16 x 8, 32 x 8, and 64 x 8
URA, respectively. Indeed, as the number of users in a cell
increases, it is more likely that they are located near each
other, causing the gain gap to rise with K until it reaches
K,, the point at which the NOMA groups in the first phase
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FIGURE 14. Average sum-rate of HBF-SMB-NOMA and HBF-MB-NOMA versus the
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chains.

have saturated. The results verify the potentiality of using
both SB- and MB-NOMA instead of only MB-NOMA to
benefit from the multi-user NOMA diversity.

VIl. SUMMARY

This paper considers HBF-based mMIMO-NOMA systems
at mmWave frequencies. In particular, we address the lim-
itation of SB-NOMA to exploit the multi-user diversity in
mmWave hybrid systems with LSAAs. We have proposed
two schemes offering additional DoFs. Contrary to the work
done in the literature, we leverage the directionality of
mmWave channels, and we use only angular information.
We consider 2D and 3D systems using ULA and URA
architectures, respectively. The first scheme adopts TDMA,
and the other one leverages the potential of MB-NOMA.
Simulation results have shown that they yield significant
performance gains in terms of sum-rate, compared to the
solution proposed in [19] and other schemes based on
fully DBF. For instance, the proposed TDMA-based scheme
achieves a sum-rate gain of up to 83% over the existing one.
Furthermore, the results demonstrate the effectiveness of the
proposed joint SB- and MB-NOMA scheme in providing
more DoFs without applying additional multiple access tech-
niques. Moreover, they verify the superiority of this scheme
over those using only MB-NOMA. However, their spectral
and energy efficiencies are not optimized. An angle-domain
resource allocation method, including antenna selection, user
clustering, and power allocation to achieve a significant gain,
is left as a future work. Besides, it would be interesting to
include more practical HBF structures, such as sub-connected
HBF, which are known to have reduced power consumption
compared to the fully-connected HBF and allow for more
energy-efficient designs. Given the potential of the recon-
figurable intelligent surfaces (RIS) technology to increase
coverage in mmWave communications, which has attracted
a great deal of attention, it is of particular interest to exam-
ine our proposed schemes in the presence of RIS, as done
in [34].
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