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ABSTRACT Thanks to the high directionality of millimeter-wave (mmWave) channels, angle-domain
beamforming is an appealing technique for multi-user multiple-input multiple-output (MU-MIMO) in terms
of sum-throughput performance and limited feedback. By utilizing only the angular information of users at
the transmitter, we propose an angle-domain non-orthogonal multiple access (NOMA) scheme to enhance
the sum-throughput of the mmWave MU-MIMO system, especially in congested cells. We first derive a set
of angular-based performance metrics, such as the inter-user spatial interference, the user channel quality,
and the sum-throughput, by exploiting the specific features of the mmWave propagation. Then, a multi-user
clustering algorithm is developed based on the spatial interference metric, and a new user ordering strategy is
proposed using the angular-based channel quality metric. Additionally, we design a power allocation method
that maximizes the angular-based sum-throughput. Extensive numerical results show that the proposed
scheme significantly improves the performance of the mmWave MU-MIMO system by achieving up to
39% increase in the spectral efficiency when the number of users is closed to the number of antennas.
Moreover, we find that the proposed user ordering strategy outperforms other limited feedback strategies,
and the angular-based power allocation allows for efficient successive interference cancellation.

INDEX TERMS Millimeter-wave networks, multiple-input multiple-output, beamforming, non-orthogonal
multiple access.

I. INTRODUCTION
A. MOTIVATION AND RELATED WORK

Millimeter-wave (mmWave) communication has been recog-
nized as an emerging solution to meet the high data rate re-
quirements in future cellular networks [1]. Indeed, mmWave
systems can provide large blocks of contiguous spectrum.
Additionally, the short mmWave wavelengths facilitate the
practical deployment of the multiple-input multiple-output
(MIMO) technology, which subsequently overcomes the se-
vere propagation loss. To further enhance the network capac-
ity, the non-orthogonal multiple access (NOMA) technique
can be adopted. Using superposition coding (SC) at the base
station (BS) and successive interference cancellation (SIC)
at the receiver side, NOMA efficiently improves the con-
nection density by multiplexing users in the power domain
[2]. Moreover, NOMA achieves a significant gain over the
conventional orthogonal multiple access (OMA) in terms of
sum-rate and user fairness for 2-user and multi-user scenarios

[3]–[5].

NOMA-based multi-user MIMO systems have been ex-
tensively studied in the literature for ergodic channels. Most
of the existing works on MIMO-NOMA design the beam-
forming weight vector, user clustering and power allocation
techniques based on the assumption of perfect and imperfect
full instantaneous channel state information (CSI) at the
transmitter [6]–[11]. However, acquiring full CSI (FCSI) is
challenging due to user mobility, and on the other hand, be-
cause of the overall system overhead. One possible solution
is to use statistical CSI (SCSI), such as the spatial correlation
or the channel mean, which can be easily and accurately
obtained at the transmitter [12]. For instance, the authors
in [3] formulate an ergodic capacity maximization problem
under SCSI to design the power allocation for a Rayleigh
fading 2-user MIMO-NOMA system. In [13], an optimal
statistical precoder for a MIMO-NOMA system is designed
to maximize the ergodic capacity. In [14], a joint rate and
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power allocation scheme is proposed for downlink NOMA to
minimize the total transmission power under SCSI.

However, in the context of mmWave transmissions, the
FCSI challenge can be mitigated thanks to the specific
properties of mmWave channels [15], [16]: i) the highly
directional propagation of mmWave wireless links and ii) the
sensitivity of the mmWave signals to blockages. Thus, the
non-line-of-sight (NLoS) components are severely attenuated
compared to the line-of-sight (LoS) link. As a result, the
spatial location of the user, i.e., the angle and the distance
with respect to (w.r.t..) the BS, can efficiently characterize
the mmWave channels [17]. Motivated by these properties,
several works design NOMA systems with limited feedback
for the mmWave networks. To reduce the system overhead,
the authors in [18] propose a NOMA scheme with random
analog beamforming, where only the users’ distance infor-
mation is fed back to the BS instead of FCSI. Specifically,
the BS randomly generates a single beam, and users falling
in this beam are served using NOMA with a fixed power allo-
cation strategy. Meanwhile, the users are ordered according
to their distance information instead of their effective channel
gain. In [19], a joint user selection and analog beamforming
scheme based on the user position is proposed for mmWave
NOMA systems. First, the authors define the users’ pairing
angle based on the angle difference between the two users.
Thereby, they develop a user selection method that assigns a
near user with a far one w.r.t.. the BS, which are expected
to be within the specified beamwidth and have the mini-
mum pairing angle. In [17], a location-based low-complexity
user pairing algorithm is proposed for the mmWave MIMO-
NOMA transmission by applying the maximum ration trans-
mission technique. The authors consider the Rician fading
channels and derive the switching boundary between NOMA
and spatial division multiple access in the angle-distance
plane for the 2-user scenario. They found that NOMA is
preferable when the angle difference between the two users is
smaller than a threshold, or their distance difference is larger
than a threshold. By applying these results in the multi-user
scenario, they design a low-complexity location-based user
pairing algorithm. In [20], the authors propose a user pairing
strategy based on both angle and distance. The BS pairs
the nearest user with another having the minimum relative
angle distance, such that the latter is located within a distance
threshold from the BS.

B. CONTRIBUTION

Consequently, both user angle and distance information
w.r.t.. the BS has significant potential in the field of mmWave
MIMO-NOMA systems with limited feedback. In the light
of these articles, we consider a downlink MIMO-NOMA
scheme with limited feedback that exploits only the angle-

domain information (ADI), i.e., the user’s spatial angle1 that
are collected at the BS, to provide: 1) user clustering, 2) user
ordering, 3) power allocation, 4) fully digital beamforming
performing simultaneous addressing of users, named angle-
domain digital beamforming (AD-DBF). In the rest of the
paper, ADI is assumed to be perfectly estimated and known
at the transmitter. Figure 1 illustrates our proposed MIMO-
NOMA scheme: thanks to the definition of an inter-user
spatial interference metric, users are grouped within clusters,
themselves addressed simultaneously by the beams of the
digital beamformer. NOMA is used in each cluster to manage
multiple access interference. This paper extends the results
of our work [23]2 to the more general multi-user scenario
instead of 2 users. Moreover, we consider a multi-path
propagation environment. Coupling digital beamforming and
NOMA helps to manage high user density in a congested
cell by offering spatial and non-orthogonal multiple access
degrees of freedom.

The main contributions of this paper can be summarized
as follows
• The sum-throughput expression of the proposed MIMO-

NOMA system with ADI feedback is derived for the
general multi-user scenario. It is built based on a newly
defined user channel quality metric that considers the
inter-cluster spatial interference and only uses ADI.
Thanks to the defined metric, we propose a new user
ordering strategy for the NOMA protocol, with only the
ADI feedback.

• A multi-user clustering algorithm is developed so that
users with high spatial interference are grouped within
the same cluster themselves served using NOMA. For
that, we derive an inter-user spatial interference metric
based on ADI by assuming the predominance of the
LOS link. Unlike prior works on angular-based NOMA
systems that only use the spatial angular distance be-
tween users (a.k.a. azimuth angle difference), this metric
includes the beam-width information of each main lobe
and does not require additional feedback. The beam-
width is very dependent on the antennasâĂŹ number
and the steering angle of the beam.

• A power optimization problem that maximizes the sys-
tem sum-throughput is formulated with either FCSI or
ADI feedbacks and under total power and efficient SIC
constraints. The obtained problem is simplified to a
convex problem, thanks to a fixed inter-cluster power
allocation strategy. Then, this simplification allows for
the derivation of the closed-form intra-cluster power

1The user’s spatial angle w.r.t. the BS represents the angle-of-departure
(AoD) of the LoS path and is a slowly time-varying CSI compared to the
other CSI components. This information can be estimated and tracked with
standard AoDs estimation algorithms such as [21], [22] at the BS or the
receiver side. If the users estimate this information, then they send it back to
the BS.

2In our previous work [23], we investigate the angle-domain (AD) MIMO-
NOMA scheme with only two users within the NOMA cluster in a mono-
path environment. A 2-user clustering algorithm is developed, and a fixed
power allocation method is applied for the two NOMA users.
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allocation solution, obtained via Karush-Kuhn-Tucker
(KKT) conditions.

• Extensive simulations are conducted in mmWave multi-
path rural environments to verify the performance of the
proposed schemes, using the stochastic mmWave chan-
nel model, called NYUSIM [24]. We compare the per-
formance of the proposed ordering strategy with other
limited feedback-based ordering strategies. We show the
effectiveness of SIC when applying the angular-based
power allocation. Moreover, we compare the proposed
multi-user AD MIMO-NOMA schemes with the con-
ventional AD-DBF (C-AD-DBF) [25], the 2-user AD
MIMO-NOMA [23] and the OMA scheme.

C. ORGANIZATION
The rest of this paper is organized as follows: Section II
presents the model of the proposed multi-user AD MIMO-
NOMA scheme that integrates AD-DBF with the NOMA
transmission. In Section III, we derive the ADI-based perfor-
mance metrics: the user channel quality, the sum-throughput
and the inter-user spatial interference. Section IV discusses
the multi-user clustering algorithm. In Section V, we for-
mulate the power allocation problem, which will be solved
using KKT conditions, thanks to a fixed inter-cluster power
allocation. Section VI numerically evaluates the performance
of the proposed schemes, and Section VII concludes the
paper.

D. NOTATIONS
Throughout this paper, A, a and a denote matrix, vector
and scalar, respectively. (.)T , (.)H and Tr(·) represent the
transpose, the Hermitian transpose and the trace, respectively.
N (ν, σ2) is a Gaussian random variable with mean ν and
variance σ2.

II. DESCRIPTION OF MULTI-USER ANGLE-DOMAIN
MIMO-NOMA SCHEME
We consider a mmWave AD MIMO-NOMA system in the
downlink, as depicted in Fig. 1, with one BS and K single-
antenna user equipments (UEs). At the BS, a uniform linear
array (ULA) with M antenna elements are stacked hori-
zontally along the x-axis. All UEs are represented by the
ID set K = {1, · · · ,K}. According to the user clustering
algorithm described in Section IV, the K UEs are grouped
into C ≤ K spatial clusters with Kc UEs in the c-th cluster,
c ∈ C = {1, · · · , C}. NOMA is adopted within the c-th
cluster where multiple UEs exist. By utilizing digital phase
shifters and the knowledge of ADI, i.e., the user’s spatial
direction, AD-DBF [25] forms beams towards each cluster.

Consequently, two different types of clusters exist, namely
single-user (SU) and NOMA clusters, as shown in Fig. 1.
In the former, only one UE is served thanks to a beam
generated by AD-DBF. However, in the latter, multiple UEs
share the same spatial and time-frequency resource blocks
using NOMA. Cn = {1, · · · , Cn} and Cs = {Cn+1, · · · , C}

x

z

y
...

UE1,1
Decoding of s1,1

cluster 1 
SU cluster

UE3,2

UE2,2
SIC of s3,2 Decoding of s2,2

Decoding of s3,2

cluster 2
NOMA cluster 

UE1,2
SIC of s3,2 Decoding of s1,2

SIC of s2,2

FIGURE 1. Multi-user MIMO-NOMA system.

are the ID sets of NOMA and SU clusters, respectively, with
Cn and Cs being respectively the number of NOMA and SU
clusters. Besides, Kc = {1, · · · ,Kc} is the newly defined
ID set of UEs in the c-th cluster, with Kc being the number
of UEs in the c-th cluster. Hence, Kc = 1, ∀c ∈ Cs and
C = Cn ∪ Cs. In this work, we extend the study of [23]
to allow for multi-user communication per NOMA cluster,
i.e., Kc ≥ 2 3 , ∀c ∈ Cn, and we consider a multi-path
environment.

A. CHANNEL MODEL
Using ULA along the x-axis, the array steering vector a(θ)
corresponding to the spatial angle θ is defined as

a(θ) =
[
1, ej2π

d
λ cos(θ), · · · , ej2π(M−1) dλ cos(θ)

]T
, (1)

where λ is the wavelength and d = λ
2 is the inter-antenna

spacing.
The mmWave channel vector hl,c ∈ C1×M between the

BS and the lth UE in the c-th cluster, denoted as UEl,c, is

hl,c =

Nl,c∑
q=1

αq,l,ca
H(θq,l,c), (2)

where Nl,c is the number of multi-path components in
UEl,c’s channel, αq,l,c and θq,l,c are respectively the complex
gain and the spatial angle associated with the q-th path in
UEl,c’s channel, and aq,l,c = a(θq,l,c) ∈ CM×1 is the
array steering vector corresponding to θq,l,c. In this work, we
assume that the LoS path exists in the channel of each user.
And, the case where the LoS path does not exist for some
users is left as a future work. Denote q = 1 as the index of
the LoS path, i.e., the strongest path. Hence, θ1,l,c represents
the spatial direction of UEl,c.

3In this work, we do not consider the complexity of the SIC decoding,
and hence the NOMA cluster size is not defined. This consideration is left
for future work.
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B. DATA TRANSMISSION
The UEl,c receives the following signal

yl,c =
√
ηhl,cwcsc +

∑
b∈C,b6=c

√
ηhl,cwbsb + nl,c, (3)

where η is the normalization factor that eliminates the beam-
forming effect on the transmission power, wc ∈ CM×1 is
the beamforming weight vector corresponding to the c-th
cluster, sc is the superposed signal of the c-th cluster and
nl,c ∼ N (0, σ2

n) is the additive white Gaussian noise at
UEl,c.

In (3), the first term represents the received superposed
signal corresponding to the c-th cluster, while the second
term is the inter-cluster interference. Denote by W =
[w1 · · ·wC ] ∈ CM×C the transmit beamforming matrix,
then η = 1

Tr(WHW)
. We apply an AD-DBF technique that

uses digital phase shifters to generate and steer a spatial
beam toward each cluster, as shown in Fig. 1. Thereby,
wc = ac, where ac = a(θc) is the array steering vector
corresponding to the spatial direction θc of the c-th cluster,
and then η = 1

MC . The angle θc is calculated based on
the spatial direction θ1,l,c of UEs within the c-th cluster as
follows

θc =

θ1,1,c if Kc = 1,
min
l∈Kc

{θ1,l,c}+max
l∈Kc

{θ1,l,c}

2 if Kc ≥ 2.
(4)

The set Θ = {θ1,l,c, l ∈ Kc, c ∈ C} is called ADI.
The main objective of this work is to design a MIMO-
NOMA scheme with ADI feedback. This implies that the
only channel information to be estimated is the set of spatial
directions of UEs. This information can be estimated and
tracked with standard AoDs estimation algorithms such as
[21], [22] at the BS or the receiver side. In this paper, we

assume a perfect estimation and feedback if needed. And, the
impact of the imperfection of ADI on the proposed scheme is
left for future work.

Using SC at the BS, NOMA superposes in power-domain
the signals of UEs within the same cluster. The superposed
signal sc of the c-th cluster is thereby given by

sc =
∑
l∈Kc

√
γl,cpcsl,c, (5)

where sl,c is the modulated signal relative to UEl,c, pc is
the power allocated to the c-th cluster, and γl,c is the power
allocation coefficient for sl,c such that

∑
l∈Kc γl,c = 1.

C. AD MIMO-NOMA WITH SIC
Without loss of generality, let UEs in the c-th NOMA cluster
be sorted in the descending order of their channel qualities,
i.e., UEl,c is stronger than UEt,c (∀t > l ∈ Kc), where
the user ordering strategy is detailed later in this subsection.
Then, according to the NOMA principle, the PA coefficients
assigned to UEs in the c-th cluster are sorted in the ascending
order of their channel qualities (to be defined later), i.e.,
γ1,c ≤ · · · ≤ γKc,c. Thus, using SIC decoding at the receiver

side, every UEl,c can remove the interference coming from
the weaker UEs before decoding its own signal.

In the case of single-antenna NOMA, the channel quality
of UEl,c is the corresponding channel gain |hl,c|. Then,
|h1,c| ≥ · · · ≥ |hKc,c|. And, SIC works properly if the PA
coefficients satisfy the following condition [26]

γl,cpc|hl−1,c|2

σ2
n

−
l−1∑
m=1

γm,cpc|hl−1,c|2

σ2
n

≥ Pmin, l = 2, · · ·Kc,

(6)
where Pmin is the minimum power difference between UEl,c
and UEs with lower channel quality. Thus, SIC at UEl,c
can decode first the signals of weak UEs with high PA, i.e.,
UEt,c (∀t > l), and then subtract them from the superposed
signal to decode its own signal.

In the case of multi-antenna NOMA with a single beam,
e.g., using analog beamforming, the users are ordered accord-
ing to their effective channel gain |hl,cac|2 or their distance
w.r.t. the BS, both are considered in [18]. However, in the AD
MIMO-NOMA system, UE also suffers from the inter-cluster
interference as seen in (3), unlike the single-antenna NOMA
or the multi-antenna NOMA with a single beam. Therefore,
the ordering strategy of the NOMA users and the constraint
of efficient SIC in (6) must consider this interference. To
this end, we generalize the channel quality ζl,c metric as the
superposed-signal to other-clusters interference plus noise
ratio at UEl,c, as follows

ζl,c =
ηpc|hl,cac|2∑

b∈C,b6=c

ηpb|hl,cab|2 + σ2
n

. (7)

And, we order UEs such that ζ1,c ≥ ζ2,c ≥ · · · ≥ ζKc,c.
Besides, the constraint of efficient SIC in the c-th cluster for
MIMO-NOMA is given by

γl,cζl−1,c −
l−1∑
m=1

γm,cζl−1,c ≥ Pmin, l = 2, · · ·Kc. (8)

This user ordering strategy thereby requires FCSI at the
transmitter, which involves a high link overhead. For that, in
Section III, we propose another ordering strategy with only
ADI feedback.

Assuming a perfect SIC decoding, the received signal yl,c
at UEl,c in (3) can be rewritten as

yl,c =
√
η
√
γl,cpchl,cacsl,c︸ ︷︷ ︸
desired signal

+

l−1∑
m=1

√
η
√
γm,cpchl,cacsm,c︸ ︷︷ ︸

intra-cluster interference

+
∑

b∈C,b6=c

√
η
√
pbhl,cabsb

︸ ︷︷ ︸
inter-cluster interference

+nl,c. (9)
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Accordingly, UEl,c in the c-th NOMA cluster has the fol-
lowing signal-to-interference-plus-noise ratio (SINR), while
decoding its own message

SINRNOMA
l,c

=
ηγl,cpc|hl,cac|2∑

b∈C
b6=c

ηpb|hl,cab|2 +
∑l−1
m=1 ηγm,cpc|hl,cac|2 + σ2

n

,

=
γl,cζl,c

l−1∑
m=1

γm,cζl,c + 1

.

(10)
In (10), the first term in the denominator is the inter-cluster
interference, and the second one is the residual intra-cluster
interference after SIC.

For the UE in the c-th SU cluster, SINRSU
1,c is given by

SINRSU
1,c =

ηpc|h1,cac|2∑
b∈C,b6=c

ηpb|h1,cab|2 + σ2
n

= ζ1,c. (11)

Considering a successful decoding at each UE and no propa-
gation error within the total bandwidth B, UEl,c achieves the
following throughput according to Shannon formula

Rl,c = B log2(1 + SINRl,c). (12)

Therefore, the system sum-throughput R can be expressed as

R =
∑
c∈C

∑
l∈Kc

Rl,c, (13a)

=
∑
c∈Cs

B log2(1 + ζ1,c)

︸ ︷︷ ︸
SU clusters

+
∑
c∈Cn

∑
l∈Kc

B log2

(
1 +

γl,cζl,c
l−1∑
m=1

γm,cζl,c + 1

)

︸ ︷︷ ︸
NOMA clusters

.

(13b)

As seen in (13b), R depends on the PA coefficients γ =
{γl,c, c ∈ Cn, l ∈ Kc} and on the UEs’ channel qualities
ζ = {ζl,c, c ∈ C, l ∈ Kc} built using FCSI hl,c as shown
in (7). Therefore, R can be improved by carefully designing
a user clustering (UC) algorithm and a power allocation (PA)
technique, including inter-cluster PA p = {pc, c ∈ C}
and intra-cluster PA γ strategies. However, since we seek an
AD MIMO-NOMA system only based on ADI, in the next
section, we derive a channel quality metric (for user ordering
strategy), a sum-throughput expression (for PA), and a spatial
interference metric (for UC), all only based on Θ.

III. ADI-BASED PERFORMANCE METRICS
In this section, we derive ADI-based performance metrics:
the user channel quality, the sum-throughput, and the inter-
user spatial interference, only based on ADI. These metrics
will be used in the user ordering strategy in Section III-A
and the design of UC and PA methods in Section IV and V,
respectively.

A. ADI-BASED CHANNEL QUALITY METRIC
The FCSI-based channel quality ζl,c in (7) is based on the
channel vector hl,c, including both LoS and NLoS paths.
However, AD-DBF doesn’t exploit the NLoS paths and gen-
erates a single beam in the LOS path direction. To maintain
low channel feedback, we consider a simplifying assumption
that the NLOS path gains are negligible compared to those
of the LOS path, i.e., αq,l,c

α1,l,c
→ 0, ∀1 < q ≤ Nl,c. It is

reasonable in mmWave channels since the transmission is
highly directional at mmWave frequencies [16]. In addition,
the authors in [27] show that the amplitudes of the NLoS
paths are 20 dB weaker than the LoS path. Thereby, hl,cac
can be simplified as

hl,cac

αq,l,c
α1,l,c

→0

−→ α1,l,ca
H
1,l,cac. (14)

(14) includes the gain α1,l,c and the spatial angle θ1,l,c of the
LoS path. By substituting (14) in (7), we obtain the following
channel quality ζ̆l,c of UEl,c

ζl,c

αq,l,c
α1,l,c

→0

−→ ζ̆l,c =
ηpc|α1,l,ca

H
1,l,cac|2∑

b∈C,b6=c

ηpb|α1,l,caH1,l,cab|2 + σ2
n

. (15)

In high signal-to-noise ratio (SNR) regime, the channel qual-
ity ζ̆l,c can be approximated by

ζ̆l,c ≈
pc|aH1,l,cac|2∑

b∈C,b6=c

pb|aH1,l,cab|2
. (16)

As seen in (16), ζ̆l,c depends on the inter-cluster PA strategy
p, the spatial direction of the considered UE θ1,l,c and the
angular information of each cluster θb (∀b ∈ C).

The prior works on MIMO-NOMA with limited feedback
use the angular distance [28], the distance from the BS [18],
[29], the large-scale fading coefficients [30] or the effective
channel gains |hl,cac|2 [23], [31] as the user channel quality,
to determine the order of SIC decoding. Different from
these works, we leverage the highly directionality of the
transmission properties and we propose a sub-optimal user
ordering strategy that orders the users in the c-th NOMA
cluster according to the following criterion

ζ̆1,c ≥ ζ̆2,c ≥ · · · ≥ ζ̆Kc,c. (17)

Interestingly, unlike prior works and our previous work
[23], this strategy considers the inter-cluster spatial interfer-
ence, represented by the term in the denominator of (16).
However, the distance or the path gain is not needed anymore.
And, we will show in Section VI that it is a winning strategy
in the context of congested cells where the system is in an
interference-limited regime.

B. ADI-BASED SUM-THROUGHPUT METRIC
The objective of this work is to design a PA method that
maximizes the system sum-throughput with ADI feedback.
However, the objective function R in (13) requires FCSI, and
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hence, we obtain an FCSI-based PA. To develop an ADI-
based PA, we replace (16) with (7) in (13) such that the ADI-
based sum-throughput is defined as follows

R̆ =
∑
c∈Cs

B log2(1 + ζ̆1,c) +
∑
c∈Cn

∑
l∈Kc

B log2

(
1 +

γl,cζ̆l,c
l−1∑
m=1

γm,cζ̆l,c + 1

)
.

(18)
We note that R̆ is obtained by considering the simplifying
assumption αq,l,c

α1,l,c
→ 0 in a high SNR regime. These assump-

tions will be verified by simulations in Section VI. R̆ depends
on ADI Θ and the PA technique, including inter-cluster PA p
and intra-cluster PA γ strategies, which will be described in
Section V.

C. ADI-BASED INTER-USER SPATIAL INTERFERENCE
METRIC
In this subsection, we focus on the system before clustering,
and we use the subscript k (∀k ∈ K) as UE ID instead
of (l, c) used after clustering. The objective is to define
an ADI-based inter-user spatial interference metric needed
for UC. Most of the existing works on AD MIMO-NOMA
utilize the angular distance for UC. However, this metric
does not describe the inter-user interference properly when
digital beamforming is adopted. Indeed, the beamwidth is
very dependent on the antennas’ number and the steering
angle of the beam. Interestingly, we propose an inter-user
spatial interference metric that includes the angular distance
in addition to the main-beam width information.

In a mono-path environment [23], we defined an inter-user
spatial interference metric as follows

βk,u =
1

M
|aH1,ka1,u|, k, u ∈ K, (19)

where a1,u is the array steering vector of the beam generated
toward UE u spatial direction, i.e., θ1,u and aH1,k is the array
steering vector of the LoS path in UE k channel. Thus, βk,u
is the normalized spatial interference of the beam generated
toward UE uwith the LoS path in UE k channel. By applying
the simplifying assumption αq,l,c

α1,l,c
→ 0 in the multi-path

environment, we can use the same definition given by (19)
as in [23].

Using (1), the spatial interference βk,u in (19) can be
rewritten as

βk,u =
1

M

∣∣∣∣∣
M∑
m=1

ej2π(m−1) dλ (cos(θ1,k)−cos(θ1,u))

∣∣∣∣∣ (20a)

=

∣∣∣∣∣ sin
(
Mπd
λ (cos(θ1,k)− cos(θ1,u))

)
M sin

(
πd
λ (cos(θ1,k)− cos(θ1,u))

) ∣∣∣∣∣ . (20b)

βk,u only depends on the spatial directions θ1,k and θ1,u. Ac-
cording to (20b), βk,u = βu,k ∈ (0, 1), and βk,u represents
the value of the normalized array factor AF (θ1,u)(θ) of the
beam pointed at the spatial direction θ1,u for θ = θ1,k, such
that [23]

βk,u = |AF (θ1,u)(θ1,k)|. (21)
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FIGURE 2. Illustration of the normalized array factor AF (θ1,u)(θ) of the
beam pointed toward UE u and the value AF (θ1,u)(θ1,k) for the spatial
direction θ1,k corresponding to βk,u of UE k and UE u.

To illustrate (21), we depict the normalized array factor
AF (θ1,u)(θ) (blue curve) of the beam pointed toward UE u
and the corresponding value of βk,u in Fig. 2.

Remark 1. Based on (20), we can see that if the angular
distance ∆θ = |θ1,k − θ1,u| → 0 , then βk,u → 1. Thus, the
smaller ∆θ is, i.e., UE k and UE u are closely in the same
direction, the larger βk,u is.

Remark 2. Ω3dB
u = |θ1,u−θ| with AF (θ1,u)(θ) =

√
1
2 gives

a measure of the 3dB-width of the beam generated at UE
u. This 3dB-beamwidth Ω3dB

u depends on the beam direction
θ1,u and the number of antennas M .

Thus, β is an important metric to determine the level
of the inter-user spatial interference using only the user
spatial directions θ1,k (∀k ∈ K), as depicted in Fig. 2.
Moreover, we define the interference threshold β0, such that
βk,u ≥ β0 means that the LoS path of UE k lies in the
UE u beam. Particularly, the β0-beamwidth Ωβ0

u defines the
angular distance |θ1,u − θ0| satisfying |AF (θ1,u)(θ0)| =
|AF (θ1,u)(θ1,u ± Ωβ0

u )| = β0. Using a fixed β0, Ωβ0
u is vary-

ing w.r.t. the number of antennas and the spatial direction of
UE u. Therefore, with the defined spatial interference metric
β, we are able to define a unique threshold β0 whatever the
number of antennas or the users’ spatial directions.

Lemma 1. UE k, having βk,u ≥ β0, is located in the β0-
width of the main lobe of the UE u beam, only if β0 > 0.217.

Proof. With d = λ
2 , a single main lobe exists in (0, π),

surrounded by a number of side lobes [32]. βk,u ≥ β0

ensures that UE k belongs to Ωβ0
u . However, Ωβ0

u can be
associated to the main lobe or one of the side lobes. To
select only the users covered by the main lobe, β0 must be
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lower bounded by the first-side lobe (FSL) level βFSL, i.e.,
β0 > βFSL. This value is given by βFSL = 0.217 for any
values of the antennas number M and the steering angle θ1,u

[32], when d = λ
2 , as illustrated by Fig. 3. Here, Lemma 1 is

proved.
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FIGURE 3. Illustration of the normalized array factor |AFn(θ1,u)(θ)| of the
beam generated toward UE u for θ1,u ∈ {50◦, 110◦}, with M = 32.

We will use this metric in the design of the UC algorithm
described in Section IV. The value 0.217 in Lemma 1 will be
observed by simulations in Section VI.

IV. USER CLUSTERING ALGORITHM
The UC optimization problem that maximizes the sum-
throughput R in (13) is a non-convex problem, which can
only be solved using an exhaustive search. However, that
would result in an exponential complexity, brought by cal-
culating the sum-throughput among all the possible sets of
clusters. Indeed, the NOMA cluster size is not restricted in
this paper, i.e., 1 ≤ Kc ≤ K, hence the number of all
the possible combinations increases exponentially with the
number of users, K. The previous UC methods using FCSI
or partial CSI [33]–[35] [36], such as the large-scale fading
coefficients or the channel correlation, are based on the K-
means or agglomerative algorithms, which require the target
number of clusters as an input parameter. However, for practi-
cal applications, this parameter is a priori unknown at the BS
and an arbitrary value may lead to suboptimal solutions. To
reduce the exponential complexity of the exhaustive search
method on the one hand, and on the other hand the CSI
overhead and the number of input parameters, we leverage
the potentiality of the angular information in the highly direc-
tional mmWave transmission. Specifically, we take advantage
of the ADI-based inter-user spatial interference metric to
group the users in SU and NOMA clusters so that the inter-
user interference is reduced, and thereby, the sum-throughput
is improved.

To the best of our knowledge, it is used for the first time in
the context of UC. Let Gc be the set of UE IDs inK belonging
to the c-th cluster. Accordingly, if Gc{l} = k, then UE k ∈ K

is the l-th UE in the c-th cluster. We assume that each user
belongs to only one cluster, thereby Gc ∩ Gc′ = ∅, ∀c 6=
c′ ∈ C and ∪Cc=1Gc = K. Let β0 be the inter-user spatial
interference threshold. Our proposed UC algorithm, denoted
as β−UC, aims to find the set Gc ∀c ∈ C, so that all UEs
having interference with each others are grouped in the same
cluster. To do so, we first find the NOMA clusters by using
(22) given at the top of the next page, while starting by the
pair of UEs (o, r) having the largest spatial interference such
that βo,r ≥ β0. Once all the NOMA clusters are obtained, we
assign to each one of the remaining UEs a single cluster as
mentioned in (23), which is given at the top of the next page.
The beam angle associated to each cluster is calculated as in
(4). More details of the proposed β−UC algorithm are given
in Algorithm 1.

The computational complexity of the proposed UC algo-
rithm is dominated by phase 1: clustering users with high
inter-user interference into NOMA clusters. This phase is
a nested loop, where the outer loop finds the Cn NOMA
clusters, and the inner loop searches the users belonging to
the current c-th NOMA cluster with bKc2 c iterations, where
b·c stands for the integer part. Complexity is essentially
present in the inner loop at step 5 that carries out O(|F|)
searches to find the highest inter-user spatial interference βo,r
in F . Thereby, the complexity order of the UC algorithm is
given by

O

 Cn∑
c=1

bKc2 c∑
p=1

card(Fp,c)

 , (24)

where Fp,c denotes the set F corresponding to the c-th and
p-th iterations of the outer and the inner loop, respectively.

Lemma 2. Once β−UC is applied with β0 > βFSL, UEs
in the c-th NOMA cluster are located within the β0-width of
the main lobe corresponding to the c-th NOMA cluster, i.e.,
βg,c

def
= |AF (θc)(θ1,g)| ≥ β0 ∀g ∈ Gc.

Proof. The set Gc of UE IDs within the c-th NOMA cluster
satisfies (22), thereby βg,d ≥ β0 ∀d 6= g ∈ Gc. Let
min
g∈Gc
{θ1,g} = θ1,v and max

g∈Gc
{θ1,g} = θ1,w, then the spatial

angle θc corresponding to the c-th NOMA cluster is equal to
θc =

θ1,v+θ1,w
2 , as defined in (4).

We define βv,c
def
= |AF (θc)(θ1,v)|, which can be rewritten

by βv,c = |AF (θ1,v)(θc)|, with |AF (θ1,v)(θ)| is the normal-
ized array factor of the beam steered toward UE v. Now,
we aim to demonstrate that |AF (θ1,v)(θc)| ≥ β0. Since
βv,w ≥ β0 and β0 > βFSL, then UE w is covered by
the β0-width of the main lobe of the UE v beam according
to Lemma 1. Therefore, and by exploiting the property of
the function in (20b), |AF (θ1,v)(θ)| is a decreasing function
of θ in the angle interval I = [θ1,v, θ1,w]. Accordingly,
|AF (θ1,v)(θc)| > |AF (θ1,v)(θ1,w)| ≥ β0.

Similarly, we can demonstrate that |AF (θ1,w)(θc)| ≥ β0.
However, |AF (θc)(θ1,v)| = |AF (θ1,v)(θc)| ≥ β0 and
|AF (θc)(θ1,w)| = |AF (θ1,w)(θc)| ≥ β0. Generally, θ1,v ≤
θ1,g ≤ θ1,w ∀g ∈ Gc, and |AFn(θc)(θ)| has one maximum at
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Gc =

{ {g : g ∈ K, g /∈ Gj (∀j < c), βg,d ≥ β0 ∀d 6= g ∈ Gc}, ∀c ∈ Cn; (22)
{g : g ∈ K, g /∈ Gj (∀j < c), |Gc| = 1}, ∀c ∈ Cs. (23)

θ = θc in the interval I . This implies that |AF (θc)(θ1,g)| ≥
min{|AF (θc)(θ1,v)|, |AF (θc)(θ1,w)|} ≥ β0 ∀g ∈ Gc. In
other words, UE g is located within the β0-width of the main
beam corresponding to the c-th NOMA cluster, according to
Lemma 1. Here, Lemma 2 is proved.

If the condition in Lemma 1 is met, i.e., βk,u ≥ β0 with
β0 > 0.217, Lemma 2 ensures that the choice of the cluster
angle in (4) guarantees that the users are covered by the main
lobe corresponding to the c-th NOMA cluster within the β0-
width. This in turn ensures that the beam misalignment is not
severe.

V. MULTI-USER POWER ALLOCATION TECHNIQUE
In this section, we consider FCSI- and ADI-based PA prob-
lems that maximize the FCSI- and the ADI-based sum-
throughput, respectively. Throughout this section, we pro-
pose a fixed inter-cluster PA strategy to make a convex
optimization problem. Then, the closed-form intra-cluster PA
can be given using the KKT conditions. To the best of our
knowledge, this is the first work that utilizes the ADI-based
sum-throughput to design a PA policy with ADI feedback.

A. PROBLEM FORMULATION
Given the set Gc (∀c ∈ C), we aim to design a PA technique
that maximizes the system sum-throughput of the multi-user
AD MIMO-NOMA scheme. The PA technique consists to
allocate the power between the clusters p and between UEs in
each NOMA cluster γ. By defining Pc as the emitted power
toward the c-th cluster as follows

Pc = η‖wc‖2
Kc∑
l=1

γl,1pc = η‖wc‖2pc, (25)

the optimization problem can be formulated as follows

(P1) : {?γ, ?p}type = max
γ,p

Rtype(γ,p), (26)

s.t.
∑
l∈Kc

γl,c = 1, ∀c ∈ C, (26a)∑
c∈C

Pc ≤ Pe, (26b)

δ(γ, ζ type
l−1,c) ≥ Pmin, 2 ≤ l ≤ Kc, ∀c ∈ Cn.

(26c)

where type = {FCSI, ADI}, RFCSI = R in (13), RADI = R̆
in (18), ζFCSI

l,c = ζl,c in (7), ζADI
l,c = ζ̆l,c in (16), Pe is

the total transmit power and δ(γ, ζ type
l−1,c) = γl,cζ

type
l−1,c −∑l−1

m=1 γm,cζ
type
l−1,c. (26a) and (26b) are respectively the total

intra-cluster and inter-cluster PA constraints, while (26c) is
the SIC constraint given by (8). (P1) maximizes the system
sum-throughput by jointly optimizing intra- and inter-cluster
PA. However, the PA factors from different UEs are very

coupled in (26). To obtain closed-form solutions, we apply a
fixed inter-cluster PA4, i.e., the c-th cluster is assigned with a
predefined fixed power pc, as detailed in Section V-B. Hence,
(P1) is reformulated as an intra-cluster PA maximization
problem subject to the intra-cluster PA and efficient SIC
constraints as follows

(P2) : {?γ}type = max
γ

Rtype(γ), (27)

s.t.
∑
l∈Kc

γl,c = 1, ∀c ∈ C (27a)

δ(γ, ζ type
l−1,c) ≥ Pmin, 2 ≤ l ≤ Kc, ∀c ∈ Cn.

(27b)

Denote Rtype
c as the sum-throughput of UEs within the

c-th cluster. For SU cluster, Rtype
c = B log2(1 +

ζ type
1,c ) = constant ∀γ. For NOMA cluster, Rtype

c =∑
l∈Kc B log2

(
1 +

γl,cζ
type
l,c∑l−1

m=1
γm,cζ

type
l,c+1

)
depends only on the

PA coefficients γc = {γl,c, l ∈ Kc} of UEs in the c-th clus-
ter. And, δ(γc, ζ

type
l−1,c) = δ(γ, ζ type

l−1,c). Consequently, solving
(P2) is equivalent to solve Cn problems, independently.
Therefore, for each NOMA cluster, the sum-throughput op-
timization problem defining the intra-cluster PA strategy
{ ?γc}type ∀c ∈ Cn can be modeled as

(P3) : { ?γc}type =max
γc

∑
l∈Kc

B log2

(
1 +

γl,cζ
type
l,c

l−1∑
m=1

γm,cζ
type
l,c + 1

)
,

(28)

s.t.
∑
l∈Kc

γl,c = 1, (28a)

δ(γc, ζ
type
l−1,c) ≥ Pmin, 2 ≤ l ≤ Kc.

(28b)

After designing a fixed inter-cluster PA strategy in Section
V-B, we aim in Section V-C to design an intra-cluster PA
strategy by solving (P3) using the KKT conditions.

B. FIXED INTER-CLUSTER POWER ALLOCATION
In our previous work with two users per NOMA clusters [23],
we applied a uniform PA per cluster, i.e., pc = constant (∀c).
Moreover, the inter-cluster power was allocated such that∑C
c=1 Pc = Pe. This implied that the uniform PA per cluster

satisfies Pc = Pe
C , using (25) and η‖wc‖2 = 1

C . In multi-user
AD MIMO-NOMA scheme, the number of UEs per cluster
is variable. So, we allocate a power pc to the c-th cluster
proportional to the number Kc of UEs served in the c-th
cluster. Accordingly, based on (25), Pc is also proportional

4An iterative sub-optimal inter-cluster PA solution is left for future work.
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Algorithm 1 β-based User Clustering Algorithm
Input: θ1,k, βk,u ∀k < u ∈ K, β0.
Output: Cn, C, Gc ∀c ∈ C.

Initialization : c = 0
1: Select the set of groups of 2-UEs having a spatial inter-

ference greater than β0 s.t.D = {(k, u), βk,u ≥ β0, k <
u ∈ K}.
Phase 1: Clustering of users with high inter-user spatial
interference in NOMA clusters

2: repeat
3: c = c+ 1, F = D, Gc = {};
4: repeat
5: Locate in F the group of 2-UEs having the largest

spatial interference: βo,r = max
(k,u)∈F

{βk,u}, Gc =

{Gc, o, r}.
6: Remove fromD the couple (o, r) and their coupling

with any other UEs to prevent their presence in
another cluster:
D ← D−{(o, r)}−{(o, w)}−{(v, o)}−{(r,m)}−
{(t, r)} (∀w > o, v < o,m > r, t < r ∈ K)

7: Select the set of UEs in interference with UE o:
V = {v : (o, v) ∈ F , o < v or (v, o) ∈ F , o > v}.

8: Select the set of UEs in interference with UE r:
W = {w : (r, w) ∈ F , r < w or (w, r) ∈ F , r >
w}

9: Select UEs in interference with both UEo and UEr:
Y = V ∩W

10: if |Y| == 1 then
11: // One user exists in F

Update F and Gc:
F = ∅, y = Y, Gc = [Gc, y],

12: Remove from D the coupling of UE y with any
other UEs to prevent their presence in another
cluster:
D ← D−{(y, w)}−{(v, y)} (∀w > y, v < y ∈
K).

13: else
14: // Multiple users exist in F

Update F and select the set of groups of 2-UEs
in Y who have a spatial interference greater than
β0:
F = {(k, u), βk,u ≥ β0, k < u ∈ Y}−{(o, r)}.

15: end if
16: until F = ∅
17: until D = ∅

Cn = c.
Phase 2: Clustering of the remaining users in SU clusters

18: for k = 1 : K do
19: if k /∈ ∪cl=1Gl then
20: c = c+ 1; Gc = {k}.
21: end if
22: end for

C = c.

to Kc. This is supposed to guarantee a certain power fairness
among UEs. Therefore, we calculate Pc as follows

Pc = Kc
Pe
K
. (29)

From (25) and (29) we obtain that

pc = KcC
Pe
K
. (30)

Thus, unlike [23], the power is non uniformly allocated to the
clusters.

C. FCSI- AND ADI-BASED INTRA-CLUSTER POWER
ALLOCATION
We apply a similar methodology as in [26]5 to find the closed-
form solution of (P3), since it is convex under the constraints
(28a) and (28b). Thus, the corresponding Lagrange function
Ltype is defined as follows

Ltype(γc, ρ,χ) =

B

Kc∑
l=1

log2

(
1 +

γl,cζ
type
l,c

l−1∑
m=1

γm,cζ
type
l,c + 1

)
+ρ

(
1−

Kc∑
l=1

γl,c

)
+

Kc∑
l=2

χl

{
γl,cζ

type
l−1,c −

l−1∑
m=1

γm,cζ
type
l−1,c − Pmin

}
(31)

where ρ and χ = {χl, l = 2, · · ·Kc} are the Lagrange
multipliers corresponding to the constraints (28a) and (28b),
respectively, such that ρ > 0 and χl ≥ 0 (i = 2, · · ·Kc). The
optimal PA solution satisfies the following KKT conditions

∂Ltype

∂γ1,c
=

Bζ type
1,c

γ1,cζ
type
1,c + 1

−
Kc∑
m=2

Bγm,c(ζ
type
m,c)2

(
∑m
q=1 γq,cζ

type
m,c + 1)(

∑m−1
q′=1 γq′,cζ

type
m,c + 1)

− ρ−
Kc∑
m=2

χmζ
type
m−1,c = 0, if γ1,c ≥ 0, (32)

∂Ltype

∂γl,c
=

Bζ type
l,c∑l

m=1 γm,cζ
type
l,c + 1

− ρ+ χl(ζ
type
l−1,c)

−
Kc∑

m=l+1

Bγm,c(ζ
type
m,c)2

(
∑m
q=1 γq,cζ

type
m,c + 1)(

∑m−1
q′=1 γq′,cζ

type
m,c + 1)

−
Kc∑

m=l+1

χm(ζ type
m−1,c) = 0, if γl,c ≥ 0, ∀l = 2, · · · ,Kc,

(33)

5In [26], the authors consider a single-antenna NOMA system in both
uplink and downlink. Given the set of NOMA clusters, they derive a PA
policy that maximizes the sum-throughput per NOMA cluster under three
constraints: (1) minimum data rate requirements, (2) transmission power and
(3) efficient SIC constraints. The closed-form solutions for optimal PA are
derived using KKT conditions for any cluster size.
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∂Ltype

∂ρ
= f(γ) = 1−

Kc∑
l=1

γl,c = 0, if ρ > 0, (34)

∂Ltype

∂χl
= gl(γ) = γl,cζ

type
l−1,c−

l−1∑
m=1

γm,cζ
type
l−1,c−Pmin ≥ 0,

if χl ≥ 0, ∀l = 2, · · · ,Kc, (35)

χlgl(γ) = 0, ∀l = 2, · · ·Kc. (36)

As seen in (P3), we have Kc−1 inequality constraints, lead-
ing to 2Kc−1 combinations of Lagrange multipliers as stated
in (36). Note that γl,c > 0 ∀l ∈ Kc in our problem, then
obtaining optimal feasible solutions forKc decision variables
requires exactlyKc equations [37]. This implies that only one
combination can be checked to find a solution for the problem
(P3), i.e., χl > 0 and gl(γ) = 0 ∀l ∈ {2, · · ·Kc}. This is one
of the several combinations in [26], where only the equations
of the total power and SIC constraints are considered to
find the optimal solutions. In other words, f(γ) = 0 and
gl(γ) = 0 (∀l), provide the optimal solution, while the other
constraints provide the necessary conditions for the obtained
optimal solution. Thereby, the closed-form optimal solutions
can be calculated similarly to [26] by

?
γ

type

l,c =


1

2Kc−1
−
Kc−1∑
m=1

Pmin

2mζ type
m,c

, if l = 1,

1

2Kc−l+1
+ Pmin

ζ type
l−1,c

−
Kc∑
m=l

Pmin

2m−l+1ζ type
m−1,c

, if l 6= 1 ∈ Kc.

(37)
For the dynamic intra-cluster PA solutions in [26], the authors
verify that the corresponding set of Lagrange multipliers
satisfies the KKT conditions for the different combinations.
Therefore, since (37) is one of those in [26], the correspond-
ing set of Lagrange multipliers {ρ,χ} also satisfies the KKT
conditions. Unlike our previous work [23] applying a fixed
intra-cluster PA for the two NOMA users, the proposed PA
policy dynamically maximizes the sum-throughput per each
NOMA cluster under the SIC constraints. The closed-form
solution in (37) for the problem (P3) is obtained with a
linear complexity w.r.t. the number of all NOMA users, i.e.,
O(
∑Cn
c=1Kc).

D. PERFORMANCE COMPARISON: FCSI-BASED
VERSUS ADI-BASED SCHEMES
In this subsection, we compare the realistically achiev-
able sum-throughput RFCSI

Σ and RADI
Σ of the multi-user AD

MIMO-NOMA schemes using FCSI or ADI feedbacks, re-
spectively. They are expressed as follow{

RFCSI
Σ = R({?γ}FCSI), (38)

RADI
Σ = R({?γ}ADI), (39)

where R(γ) is the realistic sum-throughput given by (13),
{?γ}FCSI and {?γ}ADI are calculated using (37).

UC and inter-cluster PA are identical for both sum-
throughput. The difference is in the user ordering strategy
and the computation of intra-cluster PA within each NOMA
cluster. Likewise, the FCSI- and ADI-based sum-throughput
of UEs within the c-th cluster are given by RFCSI

c =

Rc({
?
γc}FCSI) and RADI

c = Rc({
?
γc}ADI), respectively, with

Rc(γc) =
∑
l∈Kc B log2

(
1 +

γl,cζ
FCSI
l,c∑l−1

m=1
γm,cζFCSI

l,c +1

)
. Obvi-

ously, Rc({
?
γc}FCSI) ≥ Rc({

?
γc}ADI) ∀c ∈ Cn. The sum-

throughput gain ∆RΣ defined as ∆RΣ = RFCSI
Σ − RADI

Σ can
be written as

∆RΣ =
∑
c∈Cn

(
Rc({

?
γc}FCSI)−Rc({

?
γc}ADI)

)
≥ 0. (40)

The gain ∆RΣ only results from the sum-throughput
change within the NOMA clusters due to different intra-
cluster PA and user ordering strategies. Consequently, ∆RΣ

rises as the number of NOMA clusters grows.
In this paper, we apply the proposed schemes in a

mmWave rural environment, using NYUSIM. Thus, a single
LoS path exists solely or with another NLoS path [24].
Thereby, we analyze ∆RΣ for the two following cases: (i)
mono-path environment, i.e., Nl,c = 1 and (ii) multi-path
environment with Nl,c = 2.

1) Mono-path environment
In mono-path environments, hl,cac is given by (14). And, in
a high SNR regime, we obtain that ζADI ≈ ζFCSI. Thereby,
the same user ordering strategy is applied using FCSI or ADI

feedbacks, and we obtain
?
γ

ADI
≈ ?
γ

FCSI
according to (37) and

∆RΣ ≈ 0. Consequently, the proposed schemes have similar
performance in a mono-path environment, using the channel
vector hl,c information or only ADI Θ.

2) Multi-path environment
In multi-path environments, we applied the simplifying as-
sumption α2,l,c

α1,l,c
→ 0. In practice, α2,l,c

α1,l,c
= ε0, with 0 <

|ε0| < 1, which in turn implies that ζADI 6= ζFCSI, and
?
γ

ADI
6= ?
γ

FCSI
. In a high SNR regime, ∆R only depends on

ε0. If ε0 → 0, then ∆RΣ → 0. Therefore, in multi-path
environments, the performance of ADI-based AD MIMO-
NOMA scheme w.r.t. FCSI-based AD MIMO-NOMA de-
pends on the complex gain of the NLoS path, if it exists,
against that of the LoS path.

VI. SIMULATION RESULTS
In this section, extensive simulations are conducted to verify
the performance of our proposed multi-user AD MIMO-
NOMA schemes. The system is simulated in a rural envi-
ronment over 5000 trials. The channel impulse responses
in both time and space are generated using the mmWave
channel model called NYUSIM [24], which adopts the time-
cluster spatial-lobe approach. The NYUSIM model is built
on channel statistics extracted from extensive measurements
conducted in various outdoor urban and rural environments at
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mmWave frequencies. According to statistical distributions,
NYUSIM generates the distance and angles of each user.
FCSI and ADI are assumed to be perfectly known at the
transmitter. The channel and system parameters are listed in
Table 1. We assume that the users belong to the same side of
BS, and their angles range from 10◦ to 165◦ to prevent the
endfire beamforming. The noise power in Table 1 represents
the thermal noise power at a temperature of 25◦C.

TABLE 1. Simulation parameters

Number of transmit antennas, M 32
Carrier frequency 28 GHz

Channel bandwidth, B 20 MHz
Cell edge radius 100 m

Transmission power, Pe 30 dBm
Noise power, σ2

n -101 dBm
Minimum power difference, Pmin 1 mW

Number of paths per time cluster in rural environment {1, 2}

The proposed multi-user AD MIMO-NOMA schemes
with either FCSI or ADI NOMA involve the same ADI-based
DBF and UC, with single and multi-user clusters according
to Section IV. The main difference is made by the NOMA
protocol inside multi-user clusters. For FCSI, user ordering
and intra-cluster PA are built based on FCSI, whereas for
ADI, only the spatial directions include. Here, the 2-user AD
MIMO-NOMA scheme uses the β-UC algorithm developed
in [23] and the PA technique designed in Section V with
Kc = 2 (∀c ∈ Cn).

A. CHANNEL ESTIMATION OVERHEAD
To assess the channel estimation overhead of the simulated
schemes, we provide the number of real coefficients needed
per channel estimation for each user in Table 2. It is clear
that ADI-based schemes require 2M fewer coefficients than
those based on FCSI since only the user spatial direction is
necessary.

Number of real coefficients per
channel estimation for each
user

C-AD-DBF 1 [θ1,k]
AD MIMO-OMA 1 [θ1,k]
2-user AD MIMO-NOMA with
FCSI NOMA 2×M+1 [hk ∈ C1×M , θ1,k]

2-user AD MIMO-NOMA with
ADI NOMA 1 [ θ1,k]

multi-user AD MIMO-NOMA with
FCSI NOMA 2×M+1 [hk ∈ C1×M , θ1,k]

multi-user AD MIMO-NOMA with
ADI NOMA 1 [ θ1,k]

TABLE 2. Channel Estimation Overhead

B. USER ORDERING STRATEGY
In Fig. 4, the impact of various user ordering strategies
using FCSI or limited feedback on the 2-user AD MIMO-
NOMA spectral efficiency (sum-throughput per bandwidth)

is presented. The optimal strategy orders the users w.r.t. their
realistic channel qualities ζ, which is given in (7), such
that ζ1,c ≥ · · · ≥ ζKc,c. To relieve the burden of feed-
ing back FCSI information, distance- and effective channel
gain |hl,cac|2- based ordering strategies are considered in
the literature. In this paper, we propose a new ADI-based
ordering strategy that uses ADI-based channel quality ζ̆ in
(16) and orders the users according to (17). For comparison,
we consider the 2-user AD MIMO-NOMA scheme with fixed
PA (FPA) [38], where a coefficient 0 ≤ ψ ≤ 1

2 controls the
amount of power associated to each one of the pairing users
such as γ1,c = ψ and γ2,c = 1− ψ.
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FIGURE 4. Average system spectral efficiency of 2-user AD MIMO-NOMA for
different ordering strategies using distance, effective channel gain |hl,cac|2,
ADI-based or FCSI-based channel quality with FPA (ψ = 0.4).

As seen in Fig. 4, and not surprisingly, the distance- and
the effective channel gain |hl,cac|2-based ordering strategies
have very similar performance even in a congested cell. This
is because |hl,cac|2 is inversely proportional to the distance,
and thus the users will be sorted similarly from strong to
weak users with the ascending order of distances or the
descending order of effective channel gains. Interestingly, the
proposed ordering strategy offers slightly better spectral effi-
ciency than these two strategies. In fact, unlike the distance-
or the effective channel gain-based ordering strategies, the
proposed one takes into account the spatial inter-cluster in-
terference. In addition, the performance gap between the pro-
posed ADI- and the optimal FCSI-based ordering strategies is
fairly small, around 2% loss when 45 users are served simul-
taneously. With only the angular information feedback, i.e.,
with 2×M = 64 fewer coefficients per channel estimation as
shown in Table 2, the ADI-based ordering strategy provides
a near-optimal sum-rate performance w.r.t. the optimal FCSI-
based ordering strategy. Consequently, it is safe to conclude
that the proposed ADI-based ordering strategy can be a viable
solution in a directional mmWave environment.

C. POWER ALLOCATION POLICY
In this subsection, we aim to assess the intra-cluster PA
proposed in Section V-C, denoted by KKT-PA, for the 2-
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user AD MIMO-NOMA scheme by comparing it with FPA
and fractional transmit PA (FTPA) [38]. In addition, through
numerical simulations, we answer the question: does KKT-
PA with ADI NOMA make an efficient SIC possible?

FTPA is similar to the power control used in the LTE
uplink. FTPA is a channel dependent PA technique that
dynamically allocates powers by taking into account the
channel gains of users [38] as given by (41) and (42) for 2-
user AD MIMO-NOMA with FCSI or ADI NOMA.

γtype
1,c =

(
ζ type
1,c

)−τ(
ζ type
1,c

)−τ
+
(
ζ type
2,c

)−τ , (41)

γtype
2,c =

(
ζ type
2,c

)−τ(
ζ type
1,c

)−τ
+
(
ζ type
2,c

)−τ , (42)

The decay factor 0 ≤ τ ≤ 1 controls the power associated
to users in NOMA cluster. ψ and τ are kept constant over all
the NOMA clusters.

Fig. 5 and Fig. 6 show the average system spectral effi-
ciency of 2-user AD MIMO-NOMA when KKT-PA, FPA
with ψ ∈ {0.1, 0.3, 0.5} and FTPA with τ ∈ {0, 1} are
applied, with FCSI and ADI NOMA, respectively.

As seen in Fig. 5 and Fig. 6, the average system spectral
efficiency of the 2-user AD MIMO-NOMA scheme using
FPA grows as ψ increases with either FCSI or ADI NOMA.
This result is consistent with the analysis in Appendix A,
which indicates that the sum-throughput is an increasing
function of γ1,c. In other words, increasing ψ increases the
power allocated to the strong user, which in turn enhances
the sum-throughput at the expense of decreasing the power
allocated to the weak user. Using FTPA, the average system
spectral efficiency decreases as τ increases. This is because
more power is allocated to the weak user. When τ = 0 and
ψ = 0.5, FTPA and FPA are equivalent to equal transmit
PA among users, that is the optimal solution in the absence
of the efficient SIC constraint. However, KKT-PA involves
the optimal solution

?
γ

type

1,c =
1

2
− Pmin

2ζ type
1,c

under the SIC con-
straints. From Fig. 5 and Fig. 6, it can be seen that the gap
between KKT-PA and FPA with ψ = 0.5 in terms of spectral
efficiency is negligible. More importantly, the dynamic KKT-
PA maximizes the sum-throughput under the efficient SIC
constraints and can be easily applied to any cluster size,
unlike FPA and FTPA.

Using KKT conditions, the closed-form solutions
?
γ

FCSI

c

and
?
γ

ADI

c of (P3) always satisfy that δ(
?
γ

FCSI

c , ζFCSI
l−1,c) ≥ Pmin

and δ(
?
γ

ADI

c , ζADI
l−1,c) ≥ Pmin, respectively, as seen in (28b).

However, we need to examine if the intra-cluster

PA
?
γ

ADI

c derived from the ADI-based SIC constraint
δ(

?
γ

ADI

c , ζADI
l−1,c) ≥ Pmin performs an efficient SIC in reality,

i.e., if
?
γ

ADI

c satisfies that δ(
?
γ

ADI

c , ζFCSI
l−1,c) ≥ Pmin. To this end,

we calculate the probability Υ of efficient SIC among all
the Cn(Kc − 1) users applying SIC when the KKT-PA
with ADI NOMA is applied, such that Υ = P (∪Cnc=1 ∪

Kc
l=2
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FIGURE 5. Average spectral efficiency of 2-user AD MIMO-NOMA when
KKT-PA, FPA and FTPA are used with FCSI NOMA.
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FIGURE 6. Average spectral efficiency of 2-user AD MIMO-NOMA when
KKT-PA, FPA and FTPA are used with ADI NOMA.

δ(
?
γ

ADI

c , ζFCSI
l−1,c) ≥ Pmin) =

∑Cn
c=1

∑Kc
l=2 P (δ(

?
γ

ADI

c , ζFCSI
l−1,c) ≥ Pmin).

We evaluate Υ in % for both 2-user and multi-user AD
MIMO-NOMA with ADI NOMA when a different number
of users, K ∈ {10, 20, 30, 40}, is served. Υ% is averaged
over 1000 trials. The numerical results provide that the
average Υ% is equal to 100% for both schemes and ∀K ∈
{10, 20, 30, 40}, which means that all users carefully apply
efficient SIC. Consequently, the simplifying assumption used
to design the angular-based NOMA scheme does not affect
the effectiveness of SIC in highly directional channels.

D. AD MIMO-NOMA PERFORMANCE: AVERAGE
SPECTRAL EFFICIENCY VERSUS TOTAL NUMBER OF
USERS
To illustrate the advantages of the proposed multi-user and
2-user AD MIMO-NOMA schemes with either FCSI or ADI
NOMA, we adopt two baseline schemes in our simulations.
For baseline 1, C-AD-DBF scheme in [25] is considered,
where BS generates K directive beams, each one is steered
in the spatial direction of the intended user. Note that C-AD-
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DBF can not support more than M users. For baseline 2, la-
beled as AD MIMO-OMA, ADI-based digital beamforming
is associated with OMA scheme. For a fair comparison, the
users are grouped into two categories of clusters, namely SU
and 2-user clusters according to the same β-UC algorithm as
in 2-user AD MIMO-NOMA [23]. In 2-user OMA clusters,
each user is served in its dedicated fraction of the orthogonal
resource, e.g., time or frequency. Assume an equal resource
allocation among users in the OMA cluster. Compared to
C-AD-DBF, this scheme prevents users with a high level
of spatial interference from getting a rate close to zero by
grouping them in the same cluster and assigning them with
orthogonal resources.

In Fig. 7, we investigate the average system spectral effi-
ciency of the aforementioned schemes versus the total num-
ber of users for a spatial interference threshold of β0 = 0.5.
Performance sensibility w.r.t. the threshold is addressed in
Section VI-F.
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FIGURE 7. Average system spectral efficiency versus the total number of
users, K, for β0 = 0.5.

As observed from Fig. 7, attractive results on the per-
formance of the proposed AD MIMO-NOMA with ADI
NOMA are achieved, compared to FCSI NOMA. We see
that the highest spectral efficiency gain ∆RΣ

B (∆RΣ given
by (40)), obtained for K = 40, of the proposed 2-user and
multi-user AD MIMO-NOMA schemes using FCSI over that
using ADI, is only 1.8% and 2.5%, respectively. Thus, the
performance degradation due to the simplifying assumption,
i.e., the ignorance of the NLOS paths and the high SNR
regime, is very low. This observation verifies the interest of
the proposed limited feedback NOMA protocol, including
user ordering and intra-cluster power allocation, based only
on ADI.

Moreover, Fig. 7 shows that ∆RΣ increases with the num-
ber of users. However, since the number of NOMA clusters
increases with the number of users, the simulation results in
Fig. 7 are consistent with the analysis in Section V-D that
∆RΣ rises with the number of NOMA clusters. Fig. 8 will
analyze more precisely the variation of the number of users
per cluster as K grows.

In Fig. 7, we observe that multiple access schemes such as
NOMA and OMA improve the C-AD-DBF performance in
terms of spectral efficiency. Indeed, all curves are above the
C-AD-DBF one. This is due to the ability of the proposed β-
UC algorithm to group users with high spatial interference
and the potential of OMA and NOMA schemes to reduce
this interference. Multi-user AD MIMO-NOMA with ADI
NOMA achieves a spectral efficiency gain up to 36% w.r.t..
C-AD-DBF, when K is closed to M . More importantly, C-
AD-DBF can not support simultaneously more than M =
32 users. Accordingly, NOMA is a promising technique to
significantly boost the spectral efficiency of the C-AD-DBF
system, particularly in a congested cell, at the expense of
the additional complexity brought by the resource allocation
(UC and PA) and the SIC decoding, at the transmitter and the
receiver sides, respectively. A more detailed discussion of the
complexity of our proposed scheme is given in Section VI-F.

When comparing OMA and NOMA protocols, we note
that the average spectral efficiencies for the NOMA schemes
increase as K grows, while it remains stable from K = 25
for OMA. Thus, NOMA schemes extensively outperform
OMA for K ≥ 25. Indeed, the NOMA schemes leverage
the additional degrees of freedom brought by the power
domain for multiple access, while OMA serves only one user
in the same spectral or time resource block. This confirms
the potential of AD MIMO-NOMA to exploit the multi-user
diversity in a congested cell, unlike AD MIMO-OMA. How-
ever, using the same UC algorithm, the spectral efficiency
gain of NOMA over OMA is achieved at the cost of greater
decoding complexity at the receivers given by SIC and PA (in
the case of equal repartition of PA for OMA clusters).

Finally, as expected, the proposed multi-user schemes
outperform those with 2-user, especially in a congested cell.
Indeed, as the number of users grows, the number of users
per NOMA cluster also increases in the multi-user scheme
to manage the inter-user interference. In contrast, for the 2-
user scheme, the number of users is fixed to two, and more
beams, potentially in interference, are needed to address the
growing number of users. This result will be discussed in the
following Section VI-E.

In the rest of the paper, we will only consider AD MIMO-
NOMA with partial CSI, i.e., with ADI NOMA.

E. AD MIMO-NOMA PERFORMANCE: NUMBER OF
USERS PER NOMA CLUSTER
Fig. 8 shows the impact of the proposed 2-user and multi-user
β-UC algorithms on the scheduled clusters; their number,
their types (SU or NOMA cluster) and the number of users in
NOMA cluster, for a spatial interference threshold of β0 =
0.5. Fig. 8a depicts the average number of clusters, using
either 2-user or multi-user β-UC. Fig. 8b and Fig. 8c depict
the cluster’s percentage distribution per type for 2-user and
multi-user β-UC, respectively, for K ∈ {5, 10, 20, 30, 40}.

As seen in Fig. 8a, the total number of clusters using 2-
user β-UC is larger than when using multi-user β-UC, since
multiple users Kc ≥ 2 can be scheduled within the same
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(a) Average number of clusters for 2-
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FIGURE 8. Average number of clusters (a), cluster’s percentage distribution per type for 2-user (b) and multi-user AD MIMO-NOMA (c) versus the total number of
users, K, for β0 = 0.5.

cluster in the latter scheme. In Fig. 8b and Fig. 8c, we observe
that, as the number of users increases, the number of 2- or
multi-user clusters also grows to deal with the higher level
of spatial interference. Moreover, even if for K = 5, we get
practically the same type of clusters, i.e., only 2-user, for both
schemes, when K increases, multi-user clusters appear, with
Kc equal to 3, 4 or greater than 4. Thanks to this additional
degree of freedom, the inter-cluster interference is reduced
by passing from 2-user to multi-user scheme. Consequently,
the multi-user scheme achieves a higher spectral efficiency
w.r.t.. the 2-user scheme, as shown in Fig. 7, especially when
K ≥ 20.

F. AD MIMO-NOMA COMPLEXITY
As already stated, the computational complexity of the pro-
posed MIMO-NOMA schemes is brought by the resource
allocation (UC and PA) at the BS and the SIC decoding at
the receiver side. We discuss each of these independently for
the 2-user and the multi-user schemes.

In our previous work [23], the proposed 2-user β-UC
algorithm searches the largest β as the largest element in a
matrix of size (K − 1) ×K. Hence, it costs O((K − 1)K)
to find this element for each iteration. Moreover, Kc =
2 (∀c ∈ Cn), then there is no inner loop (bKc2 c = 1),
and the complexity order is given by O (Cn(K − 1)K).
The complexity order of the multi-user β-UC algorithm is
given by (24). Thanks to the set F with a reduced size after
each iteration, the multi-user β-UC has a lower complexity
than 2-user UC [23], which uses the same matrix over all
the iterations. In this paper, to give a fair comparison, we
apply the same trick to the 2-user β-UC algorithm. Thus,
the complexity order of the 2-user β-UC algorithm is also
given by (24), with Kc = 2 (∀c ∈ Cn) and bKc2 c = 1.
Therefore, it can be rewritten as O

(∑Cn
c=1 card(F1,c)

)
,

with card(F1,c) < (K − 1)K ∀c ∈ Cn. Now, we compare
the complexity order of UC for both schemes by calculating
the corresponding average of

∑Cn
c=1

∑bKc2 c
p=1 card(Fp,c) in

2-user∑Cn
c=1 card(F1,c)

multi-user∑Cn
c=1

∑bKc
2
c

p=1 card(Fp,c)
C2−UE

n Cm−UE
n

K = 10 5.7 5.7 1.6 1.6
K = 20 35.6 33 4.9 4.4
K = 30 112.3 95.7 9.5 7.6
K = 40 258 201 13.6 10.2

TABLE 3. The complexity of 2-user and multi-user β-UC algorithms and the
number of NOMA clusters of both schemes, when the BS serves
K ∈ {10, 20, 30, 40} users.

Table 3. In addition, we evaluate in Table 3 the number of
NOMA clusters C2−UE

n and Cm−UEn for 2-user and multi-
user schemes, respectively. As seen in the Table, the multi-
user β-UC algorithm has a lower complexity than the 2-user
one, and the gap in the complexity between multi-user and
2-user schemes increases as K grows. This is because more
NOMA clusters are scheduled in the 2-user scheme, as shown
in Table 3. And on the other hand, because card(Fp,c) of
the multi-user β-UC is decreasing faster than card(F1,c)
of the 2-user β-UC after each iteration due to the ability of
multi-user β-UC to group multiple users in the same NOMA
cluster.

The complexity order of the SIC decoding is linear with
the number of SIC users6, i.e., O(

∑Cn
c=1(Kc − 1)). In addi-

tion, the complexity order of the PA method is linear with
the number of all NOMA users, i.e.,O(

∑Cn
c=1Kc). Note that

these expressions are the same for the multi-user and the 2-
user schemes, but with different numbers of NOMA clusters,
Cn, and different NOMA cluster sizes, Kc. Thus, in Table
4, to compare PA complexity orders (resp. SIC complexity
orders), we calculate the relative percentage of NOMA users
(resp. SIC users) of the multi-user scheme, as compared to
the 2-user scheme. We observe that the relative percentage of
NOMA users is low, even in a congested cell (e.g., 6.7% for
K = 40). Indeed, the number of SU clusters is globally the
same for both schemes and the remaining users are NOMA
users. When looking at SIC complexity, however, with more

6SIC users are the NOMA users applying SIC.
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Relative percentage
of NOMA users

Relative percentage of SIC
users

K = 20 4.7% 19.3%
K = 30 5.9% 23.7%
K = 40 6.7% 25.8%

TABLE 4. Relative percentage of NOMA users and SIC users for the
multi-user MIMO-NOMA scheme, as compared to the 2-user scheme, when
the BS serves K ∈ {20, 30, 40} users.

users in each NOMA cluster (as shown in Fig. 8(c)), the
relative percentage of SIC users is quite high, especially in
a congested cell (e.g. 25.8% for K = 40). In other words,
the gap in terms of SIC complexity increases as the number
of users grows, unlike that of the PA method.

Finally, we conclude that SIC decoding highly contributes
to the difference in complexity between the 2-user and the
multi-user schemes.

G. AD MIMO-NOMA PERFORMANCE: AVERAGE
SPECTRAL EFFICIENCY VERSUS SPATIAL
INTERFERENCE THRESHOLD

Fig. 9 investigates the impact of the spatial interference
threshold β0 on the system performance in terms of the
average system spectral efficiency when K ∈ {10, 20, 40}
users are served simultaneously.
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FIGURE 9. Average system spectral efficiency of AD MIMO-NOMA with ADI
NOMA, for 2-user and multi-user clusters, when K ∈ {10, 20, 40} users exist.

Firstly, we highlight that AD MIMO-NOMA with β0 = 1
is equivalent to C-AD-DBF for K ≤ M . The spectral
efficiency curves of the proposed schemes change the slope
around β0 = 0.21. This observation is coherent with the
value βFSL = 0.217 given in Lemma 1. We recall that
we consider the users as interferes, and we group them
in the same NOMA cluster, only if the main lobe covers
them within the β0-width with β0 ≥ 0.217. Instead, when
β0 < 0.217, users can interfere with secondary lobes. Based
on this Lemma, the useful range is 0.217 ≤ β0 < 1. In this
range, we find that the two proposed schemes outperform C-

AD-DBF (or AD MIMO-NOMA with β0 = 1), as previously
seen on Fig. 7.

In addition, the proposed multi-user scheme outperforms
the 2-user one ∀β0 > 0.217. In fact, the performance gap be-
tween these two schemes depends on two factors: (i) the total
number of users,K and (ii) the spatial interference threshold,
β0. This gap increases (resp. decreases) with growing K
(resp. decreasing β0). The increasing gap with K has already
been observed in Fig. 7 and explained in section VI-E by
the additional degrees of freedom brought by the multi-user
clusters. Varying β0 captures the minimum level of the inter-
user interference between users in the same cluster. Then,
when choosing lower β0 satisfying Lemma 1, more users can
be located in the same cluster. Thanks to the fewer clusters,
the inter-cluster interference is reduced, and the performance
of the multi-user scheme is improved w.r.t. the 2-user one.
Therefore, the lowest β0 in the useful range produces the
highest system spectral efficiency.

When comparing the multi-user AD MIMO-NOMA
scheme with β0 = 0.217 and β0 = 0.5, the performance
gap is negligible for K = {10, 20}. For K equal to 40, it
is slightly in favor of β0 = 0.217. Ultimately, as previously
obtained, β0 = 0.217 is the better choice.

VII. CONCLUSION
In this paper, we have proposed a multi-user MIMO-NOMA
transmission scheme, denoted as AD MIMO-NOMA, at
mmWave frequencies using only the angular information
to address the problems of FCSI estimation and feedback.
This was done by considering the key features of mmWave
channels, i.e., the high directionality and the potential block-
age. We first derived a set of angular-based performance
metrics, which participate in the design of user clustering,
user ordering, and power allocation techniques. Specifically,
the user clustering algorithm groups the users with high
spatial interference to perform NOMA, while the power
allocation technique maximizes the system throughput. Nu-
merical results verified that the proposed AD MIMO-NOMA
scheme effectively improves the multi-user MIMO system
throughput and guarantees the efficient SIC. Besides, the
results show the potential of NOMA against OMA to exploit
the multi-user diversity in a congested cell. As future works,
we will consider the complexity and the imperfection of
SIC decoding in the proposed multi-user AD MIMO-NOMA
scheme and evaluate the system performance in terms of
bit error rate. Moreover, it would be interesting to develop
an error model of angular information and investigate the
impact of imperfect ADI on the performance of the proposed
scheme. Since the mmWave bands are attractive due to
the large bandwidth available, the wideband implementation
with the orthogonal frequency division modulation is an
interesting topic to investigate in the context of the mmWave
AD MIMO-NOMA system.
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APPENDIX A
For 2-user AD MIMO-NOMA with FCSI or ADI NOMA,
the sum-throughput Rtype

c of UEs within the c-th cluster can
be expressed as

Rtype
c = B log2(1+γ1,cζ

type
1,c )+B log2

(
1 +

γ2,cζ
type
2,c

γ1,cζ
type
2,c + 1

)
.

(43)
The first-order derivative of Rtype

c w.r.t.. γ1,c = 1− γ2,c is
given by

dRtype
c

dγ1,c
= B

ζ type
1,c − ζ

type
2,c

(1 + ζ type
1,c γ1,c)(1 + ζ type

2,c γ1,c)
(44)

Since ζ type
1,c > ζ type

2,c , then
dRtype

c

dγ1,c
> 0 and the objective

function Rtype
c in (P3) is a monotonically increasing function

of γ1,c. However, the constraints (28a) and (28b) in (P3)

implies that 0 ≤ γ1,c ≤
1

2
−Pmin

2ζ type
1,c

. Therefore,
?
γ

type

1,c =
1

2
−Pmin

2ζ type
1,c

maximizes the sum-throughput within the 2-user NOMA
cluster. This result is also obtained using KKT as in (37).
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