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ABSTRACT Non-orthogonal multiple access (NOMA) scheme has gained remarkable consideration from
researchers as it is a favorable technique for the future release of 5G and beyond. Recently proposed
beamspace MIMO NOMA for mmWave communication has shown further improvement in its spectrum
efficiency by employing beamforming with the aid of instantaneous channel state estimation. But, practically
the downlink and the uplink channel state information (CSI) are not identical as the channel reciprocity is no
more valid in the fast-varying environment ofmmWave communication. Thus, this increases the transmission
overhead due to pilot transmission in both uplink and downlink communication. To overcome this issue,
we propose a semi-blind technique to design beamforming in downlink power-domain NOMA for mmWave
communication which only requires statistical CSI. In the first step, the sum outage probability is derived
by using the exact characterization of ratio of the indefinite quadratic form (IQF). In the second step, a
heuristic approach with the aid of the interior point (IP) algorithm is developed to find the optimal solution
for beam vectors by minimizing the derived sum outage probability. Moreover, a closed-form statistical
beamforming solution is derived which is established on statistical signal-to-leakage-noise-ratio (SLNR)
maximization. These two proposed methods are compared with the classical principle eigenvector-based
solution.Monte Carlo simulations are used to validate the derived analytical expression of outage probability.
The results of optimization demonstrate that the performance of both proposed beamforming is higher than
the classical eigenvector-based solution. However, the heuristic-based beamforming algorithm via interior-
point optimization is significantly better than the SLNR-based solution.

INDEX TERMS MIMO NOMA, beamforming, indefinite quadratic form, optimization, mmWave
communications.

I. INTRODUCTION
The worldwide data traffic of mobile communication is pre-
dicted to rise by seven times in the near future as compared
to the data traffic in 2017. The applications which utilize
high data rates such as augmented reality, virtual reality, etc.,
have increased and they also principally need a higher order
of quality of service (QoS) [1]. Every year, the number of
devices linked to the internet network increases. There will
likely be 30 billion connected devices by the year 2025,
resulting in a need for large bandwidth, little latency, and
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high accuracy [2]. These devices are regarded as part of the
internet of things (IoT), and they will be a crucial part of
future smart cities. However, with a surge in the quantity of
devices, co-channel interference, end-to-end delays, and link
failures occurred. Multiple access techniques have always
been crucial for large-scale wireless network development.
Code division, frequency division, and time division multiple
access techniques (CDMA, FDMA, TDMA) are commonly
known as orthogonal multiple access (OMA) schemes [3],
where each user is allotted a certain amount of orthogonal
resources [4]. Although OMA approaches have been uti-
lized to reduce the effects of interference, but their use in
extremely large-scale IoT networks is insufficient. In the
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OMA approach, orthogonal resources are allocated to users
or devices, however, it is unable to expand as the number
of devices rises due to the limited availability of orthogo-
nal resources. Thus, scalable and spectrum-efficient access
approaches are needed to provide sustainable communica-
tion in future smart cities, to satisfy the tremendous needs
of end-user growth [5]. The efficient use of the spectrum
can be attained by using the non-orthogonal multiple access
(NOMA) technique [6]. NOMA employs successive interfer-
ence cancellations at the receiver end and superposition cod-
ing at the transmitter end, allowing users to use the resources
concurrently and resulting in a large increase in spectral effi-
ciency [7]. The throughput of the NOMA technique is much
superior than OMA schemes, and in addition to the increased
spectral efficiency, the NOMA can competently handle large
connections. Thus, it is important for the future release of 5G
networks and can support IoT functionality [8].

Contrarily, the NOMA can be employed with a variety
of technologies to attain superior performance, including
millimeter wave (mmWave), orthogonal frequency division
multiple access (OFDMA), cognitive radios [9], and mas-
sive multiple-input multiple-output (MIMO) schemes [10],
[11]. The wireless communication spectral efficiency is
increased by combining NOMA with mmWave transmis-
sion techniques [12]. This development occurs as a result
of increased bandwidth resources in the very high-frequency
mmWave transmission channels [13]. The basic drawback of
beamspace MIMO is that only 1 user is served by one RF
chain at the same frequency or time which means the num-
ber of users cannot surpass the quantity of radio frequency
chains [12], [14], [15]. The new concept for the integration
of beamspace MIMO and NOMA is investigated in [16] for
energy and spectrum-efficient mmWave communication. The
NOMA has been acknowledged to be a good choice for 5G,
with the opportunities to enhance the connective density and
spectrum efficiency [16].

In the literature, research has been done on the beam-
forming design, the authors in [17], investigated NLMS and
LMS-based beamforming algorithms. The two-stage beam-
forming was proposed in [18] and semidefinite programming
based on NOMA beamforming is investigated in [19]. All
these beamforming techniques required perfect information
about the channel. Practically, CSI is not present at the BS
and the process called channel estimation is performed to
know the channel state information. Algorithm-based chan-
nel estimation is not ideal and further creates a huge burden
to the system as an overhead. The pilot-based estimation is
also performed which is also overhead and not bandwidth
efficient. The channel estimation is performed at the BS
station side during the uplink as processing power at the
base station is higher than the user equipment (UE) and the
same CSI is utilized for the downlink as well. This method
is suitable for static or slow-changing channels. However,
in the case of mmWave, the CSI information for uplink will
not be valid for the downlink as the mmWave channel is fast
changing.

Therefore, we propose a semi-blind beamforming tech-
nique for the beamspace MIMO NOMA for mmWave com-
munication networks which do not require exact information
of the channel and only rely on the statistical information
of the channel and do not require CSI estimation, there-
fore reducing the transmission overhead, which eventually
enhances the spectral efficiency. For this purpose closed-
form expression for the outage probability in the beamspace
NOMA system is derived using the characterization of indef-
inite quadratic form (IQF) [20]. The optimum beamforming
vectors are then obtained by minimizing the sum outage
probability using the heuristic technique. Moreover, another
beamforming solution is proposed which maximizes the sta-
tistical SLNR. Since both the proposed methods rely only on
statistical CSI in terms of the channel correlation matrix but
our proposed methods do not need separate downlink pilot
transmission. Thus, our proposed beamforming solutions can
provide low-latency communication and better bandwidth
efficiency.

The rest of the paper is structured as follows. The related
work is deliberated in section II and the system model of
beamspace MIMO NOMA for mmWave communication is
given in section III. The expression for the probability of
outage is derived in section IV. The proposed Heuristic-
based statistical beamforming and proposed statistical SLNR
per beam maximization-based beamforming are discussed in
sections V and VI, respectively. The results of the simulation
and analysis are discussed in section VII. In the end, the paper
is concluded in section VIII.

II. RELATED WORK
Several beamforming techniques for NOMA in mmWave
networks have been investigated by researchers and some
of them are discussed in this section. The authors in [21],
studied the random beam forming method for mmWave
NOMA networks when base station channel information is
not necessary for all users. The outcomes also prove that
the proposed NOMA mmWave scheme performs better than
the OMA mmWave method. The robust hybrid beamforming
is proposed in [22] for massive MIMO NOMA downlink
mmWave networks. The user’s channel vector is orthogonal-
ized to obtain the analog pre-coder and minimizes interfer-
ence among the users. The limitation of one user per beam
is broken by the use of NOMA in each beam by the power
domain multiplexing. The multi-beam forming approach is
considered in [23] for NOMA mmWave networks, which
enhances the robustness and increases the promising per-
formance. The authors in [24], addressed the problem of
acquiring complete knowledge of CSI at BS and proposed a
strategy for user grouping with statistical CSI with a heuris-
tic hybrid beamforming design. The inter-cluster interfer-
ence is reduced by the analog beamforming scheme and
interference generated due to SCSI is suppressed by two
digital beamforming methods first by the ZF approach and
the second derived from the SLNR metric extended from
OMA. The analytic framework is developed in [25] and
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beamforming is suggested as a technique to improve secrecy
outage probability (SOP) and maximum ratio transmitting
(MRT) performance. Agile beamforming is proposed in [26]
for the NOMA-based mmWave networks. By using mmWave
frequencies for directional transmission, there is a restricted
channel coherence time. The hybrid beamforming in NOMA
mmWave is considered, by employing the channel coherence
time. The combined optimization problem for beam width
and allocation of power is solved [27]. In [28], the authors
established outage probability closed-form expression and
analyzed the working of the MIMO NOMA downlink sys-
tem for the mmWave cellular network specifically for D2D
communication. The performance is assessed using numeri-
cal and analytical investigation. The NOMA-based mmWave
communication performance analysis includes a two-user
scenario with ergodic capacity and outage probability in
which the BS concurrently transmits data to two users [29].
The performance of randomly positioned users in the MIMO
NOMA-based system is studied in [30] and the Poisson point
process (PPP) is followed by the randomly deployed users.
The mmWave massive MIMO system-based capacity study
of NOMA has been carried out in [31] for both, low and high
SNR values. By using the PDF of the channel eigenvalue,
the expressions for the low complexity relative capacity and
exact capacity are derived. The distributed and cooperative
antenna structure for the massive MIMO NOMA based on
mmWave communication is invested in [32] and the sum
rate analysis was done for the proposed scheme in order to
maximize both energy and spectrum efficiency based on the
mmWave communications.

III. SYSTEM MODEL
In this paper, the mmWave downlink single-cell system
model is considered where single-antenna users K are con-
currently supported by the base station (BS). There are N
multiple antennas at the base station side and NRF radio
frequency (RF) chains [16]. In [33] and [34], the authors
investigated the LoS and NLoS communication for the
mmWave and showed that the mmWave has poor pene-
tration for lossy objects such as concrete and the human
body, and becomes a good reflector at these high fre-
quencies. Therefore, the receiver captures secondary reflec-
tions for NLoS communication, and the channel vector
hm,n is modeled for the NLoS component only as given
below

hm,n =
L∑
l=1

h(l)m,n � a
(
θ (l)m,n

)
(1)

where h(l)m,n complex zero-mean circular Gaussian random
vector, i.e., h(l)m,n ∼ CN

(
0,R(l)m,n

)
with size NRF × 1, the

operation� represents the element by element multiplication
and for the typical even linear array [35] the steering vector
is written as a

(
θm,n

)
with size NRF × 1 [16]. The beam

space channel between the mth users and BS is hm,n and the
channel correlation matrix Rm,n size is NRF × NRF and can

FIGURE 1. Beamspace MIMO NOMA mmWave channel model.

be expressed below.

Rm,n = E
[
hm,nhHm,n

]
=

L∑
l=1

UHa
(
θ (l)m,n

)
aH
(
θ (l)m,n

)
Ū

(2)

The transform matrix U with dimension N ×N [12], consists
of N directions array steering vectors that cover the entire
space and it is used by the array of the antenna to understand
the spatial discrete Fourier transform.

U =
[
a
(
θ̄1
)]
, a
(
θ̄2
)
, . . . , a(θ̄N )]H

H̄n = UHn =
[
Uh1,n,Uh2,n, . . . ,Uhk,n

]
= [h̄1,n, h̄2,n, . . . , h̄k,n] (3)

where h̄m,n = Uhm,n is the beamspace channel vector, which
is the Fourier transformation of the spatial channel vector
hm,n, between the BS and themth user in the nth beam defined
in (1). The systemmodel is shown in Fig. 1, whereK multiple
users are supported by n beams in the systems and more than
one user is supported by the single beam by the use of power
domain NOMA. The representation of the received signal for
the mth user in the nth beam of the system is given below.

ym,n = hHm,n
∑NRF

j=1

∑|Sj|
i=1

wj
√
pi,jsi,j + vm,n (4)

The double summation of (4) is expressed in expanded
form in (5), where it consists of the required signal, inter-
beam interferences, intra-beam interferences, and noise.

ym,n
= hHm,nwn

√
pm,nsm,n︸ ︷︷ ︸

desired signal

+ hHm,nwn
∑m−1

i=1

√
pi,nsi,n + hHm,nwn

∑|Sn|

i=m+1

√
pi,nsi,n︸ ︷︷ ︸

Intra−beam interferences

+ hHm,n
∑

j6=n

∑|Sj|
i=1

wj
√
pi,jsi,j︸ ︷︷ ︸

Inter−beam interferences

+ vm,n︸︷︷︸
Noise

(5)
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The total number of users supported by the nth beam is
expressed as Sn, the pm,n, and sm,n represent the power and
transmitted signal for the mth user in the nth beam respec-
tively. The hm,n is the channel vector of themth user in the nth

beam and wn is the beamforming vector of the nth beam with
the dimension of NRF × 1 [16]. For the mth user available in
the nth beam (n = 1, 2, · · · ,NRF and m = 1, 2, · · · , |Sn|).

IV. DERIVATION OF OUTAGE PROBABILITY
The systemmodel in (5) is considered to derive the expression
of SINR, and there are three main terms in the system model.
The first term represents the mth user’s desired signal in the
nth beam, and the intra-beam interference is the second term
when the other users are considered in the nth beam other than
themth user. In the case of the last termwhich is an inter-beam
interference total users of all the beams are considered except
the nth beam and the SINR is represented as γm,n which is
expressed below.

γm,n =

∣∣hHm,nwn√pm,n∣∣2
σ 2
m,n +

∑|Sn|

i=1,i6=m

∣∣∣hHm,nwn√pi,n∣∣∣2+∑
j6=n

∑|Sj|
i=1

∣∣∣hHm,nwj√pi,j∣∣∣2
(6)

Applying the quadratic form approach ‖h‖2A = hHAh the (6)
can be simplified as in (7).

γm,n =

∥∥hm,nwn∥∥2pm,n∥∥hm,nwn∥∥2∑|Sn|

i=1,i6=m
pi,n+∑

j6=n

∥∥hm,nwj∥∥2∑|Sj|i=1
pi,j + σ 2

m,n

(7)

Now, γm,n can be written with whitened hm,n = h̄m,nR
H
2
m,n and

further simply the above equation as

γm,n =

∥∥h̄m,n∥∥2Am,n∥∥h̄m,n∥∥2Bm,n + σ 2
m,n

(8)

where

Am,n = R
1
2
m,nwnw

H
n pm,nR

H
2
m,n

Bm,n = R
1
2
m,nwnwHn

|Sn|∑
i=1,i6=m

pi,nR
H
2
m,n

+R
1
2
m,n

∑
j6=n

wjwHj

|Sj|∑
i=1

pi,jR
H
2
m,n

By using (8) for a given threshold γth, Pr(γm,n < γth) is
the outage probability of mth user available in the nth beam
(denoted as Pm,n(γth) ), that is,

Pm,n (γth) = Pr

 ∥∥h̄m,n∥∥2Am,n∥∥h̄m,n∥∥2Bm,n + σ 2
m,n

< γth

 (9)

By multiplying the term
(∥∥h̄m,n∥∥2Bm,n + σ 2

m,n

)
on the other

side of the inequality sign we get

Pm,n (γth) = Pr
(∥∥h̄m,n∥∥2Am,n < γth(

∥∥h̄m,n∥∥2Bm,n + σ 2
m,n)

)
(10)

Taking all the terms on one side of the inequality sign as
below

Pm,n (γth)=Pr
(
γthσ

2
m,n+γth

∥∥h̄m,n∥∥2Bm,n−∥∥h̄m,n∥∥2Am,n>0
)

(11)

Simplifying γth
∥∥h̄m,n∥∥2Bm,n−∥∥h̄m,n∥∥2Am,n , which is equivalent

to write as

Pm,n (γth) = Pr
(
γthσ

2
m,n +

∥∥h̄m,n∥∥2Bm,nγ th−Am,n > 0
)
(12)

The CDF of (9) can be written as (14) by using the definition
of unit step function u (·) in (13).∫

∞

0
xdt =

∫
∞

−∞

x (t) · u (t) dt (13)

Pm,n (γth) =
∫
∞

−∞

p(h̄m,n)u

×

(
σ 2
m,nγth +

∥∥h̄m,n∥∥2Bm,nγ th−Am,n) d h̄m,n
(14)

The integration in (14) is on the complete hm,n plane, and
therefore, the existence of u (.) supports the analysis in the
work. The Fourier demonstration of the unit step function
[36] is given below

u (x) =
1
2π

∫
∞

−∞

ex(jω+β)

jω + β
dω; β > 0 (15)

Applying the PDF of the channel vector of h̄m,n

p
(
h̄m,n

)
=

1
πN

e−
∥∥h̄m,n∥∥2 (16)

In (14), substitute the PDF of p
(
h̄m,n

)
from (16) and replace

the unit step function with its Fourier transformation using
(15), we get

Pm,n (γth) =
∫
−∞

−∞

1
πN

e−
∥∥h̄m,n∥∥2

×
1
2π

∫
∞

−∞

e

(
σ 2m,nγth+

∥∥h̄m,n∥∥2Bm,nγ th−Am,n)(jω+β)
jω + β

× d h̄m,ndω (17)

By rearranging similar terms, we get

Pm,n (γth)

=
1

2πN+1

∫
∞

−∞

eσ
2
m,nγth(jω+β)

jω + β

×

∫
∞

−∞

e
−
∥∥h̄m,n∥∥2I+(Am,n−Bm,nγth)(jω+β)d h̄m,ndω (18)
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The above integration can be solved using the approach given
in [20] which will result in the following expression for the
outage probability

Pm,n (γth) = u
(
σ 2
m,nγth

)
−

NRF∑
k=1

λ
NRF
k

N∏
i=1,i6=k

(λk − λi)

×
1
|λk|

e−
σ2m,nγth
λk u

(
σ 2
m,nγth

λk

)
(19)

where {λk} are the Eigenvalues of the matrix Am,n−Bm,nγth.
Thus, the sum outage probability (denoted by Pout,sum)
in beamspace MIMO-NOMA mmWave communication is
given by

Pout,sum =
1

NRF |Sn|

NRF∑
n

|Sn|∑
m

Pm,n (γth) (20)

V. PROPOSED HEURISTIC-BASED STATISTICAL
BEAMFORMING VIA MINIMIZATION OF SUM OUTAGE
PROBABILITY
The optimal beamforming vector is designed for the
beamspace MIMO NOMA mmWave communication. The
technique is based on a statistical approach as it only relies
on the Eigenvalues of the channel correlation matrix. We pro-
pose to design beamforming in beamspace MIMO-NOMA
by minimizing the sum outage probability while constraining
the beam norm to unity, that is, the objective function for the
proposed optimization task is

J ({wn} , γth) = minimize︸ ︷︷ ︸
{wn}

Pout,sum

s.t. ‖wn‖2 = 1 ∀n (21)

The above optimization task is non-convex and highly non-
linear. Thus, we propose to solve it by a heuristic approach
using an IP algorithm. This is achieved by the repeated
implementation of the IP algorithm until the absolute change
in the objective function J

(
{wn}, γ th

)
compared to the last

iteration is less than a specified tolerance (denoted as toler-
ance). An outline of the proposed heuristic-based statistical
beamforming is provided in the pseudo-code of Algorithm 1.

VI. PROPOSED STATISTICAL SLNR PER BEAM
MAXIMIZATION-BASED BEAMFORMING
The SLNR per beam optimization is derived by defining the
expected value of SLNRm,n in (22).

E
[
SLNRm,n

]
=

E
[∣∣∣hHm,nwn√pm,nsm,n∣∣∣2]

E
[∑

i6=m

∣∣∣hHi,nwn√pm,nsm,n∣∣∣2]+ σ 2
m,n

(22)

E
[
SLNRm,n

]
=

pm,nwHn Rm,nwn

wHn
(
pm,n

∑
i6=m Ri,n + σ 2

m,nI
)
wn

(23)

Algorithm 1 Heuristic-Based Beamforming
Setting optimization algorithm to Interior-Point
Set maximum iteration count and precision level (e)
Initialize {wn} random vectors
Compute J ({wn}, γth) by (21)

repeat for all n
repeat for all m
repeat

t = t +1

find J ({wn}, γth)
If |Jt ({wn}, γth)− Jt−1 ({wn}, γth) | ≥ tolerance

Update wn = woptn
else

condition = true

until condition = true

until m
until n

We propose to design beamforming via the following con-
straint optimization:

max
wn

E
[
SLNRm,n

]
s.t. ‖wn‖2 = 1

This optimization task is the well-known generalized
Rayleigh quotient (G-RQ) optimization problem [37] whose
solution is given by the maximum Eigenvector of the matrix[
pm,n

∑
i6=n Ri,n + σ

2
m,nI

]−1
pm,nRm,n, that is,

wn = ma x eigenvector

×

[
pm,n

∑
i6=n

Ri,n + σ 2
m,nI

]−1
pm,nRm,n (24)

This method will be applied to all the beams. A summary
of the proposed statistical SLNR-based beamforming is pro-
vided in the pseudo-code of Algorithm 2.

The total outage probability per beam is shown below

G ({wn} , γth) = minimize︸ ︷︷ ︸
{wn}

1
|Sn|

∑|Sn|

m
Pm,n (γth)

s.t. ‖wn‖2 = 1 (25)

The proposed algorithms are compared with the classi-
cal principle Eigenvector based solution. In which wn,opt is
obtained by finding the maximum value of (λ) of Rm,n and
wn,opt = eigenvector{Rm,n}.

VII. RESULTS AND ANALYSIS
In this section, the results of the outage probability of
beamspace MIMO NOMA for mmWave communication are
discussed and the performance of a system is evaluated
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Algorithm 2 Beam Leakage-Based Beamforming
Initialize {wn} random vectors
Define wT
Choose n

Repeat for all users in beam n

Compute {wn} by max eigenvector
[
pm,n

∑
i6=n Ri,n

+ σ 2
m,nI

]−1
pm,nRm,n

Store all wn in wT

Repeat for all users in beam n

Compute SLNR for each user by (23)

Untill m

Find index of max SLNR
wn,opt = wT (:,Index)

Until m

TABLE 1. Simulation parameters.

by considering different scenarios. The results of the pro-
posed semi-blind beamforming techniques with the conven-
tional classical principle Eigenvector-based solution are also
discussed.

A. COMPARISON OF SIMULATION AND ANALYTICAL
RESULTS
The outage probability for the derived analytical expression
(19) is compared with the Monte Carlo simulation in Fig. 2.
The performance of the derived outage probability expression
is evaluated by the simulation result and both outage probabil-
ity curves are alike. Thus, this validates the derived analytical
outage probability expression. The simulation parameters for
Fig. 2 are given in Table 1.

To further understand and visualize the performance of out-
age probability curves. The difference in outage probabilities
is plotted against all threshold values. It can be seen from the
plot that the difference is minimum throughout all threshold
values.

FIGURE 2. Simulation and Analytical Outage Probability of m = 3 and
n = 2.

FIGURE 3. Difference in Simulation and Analytical outage probabilities.

The performance of the sum outage probability
expression (20) is evaluated in Fig. 4, which is a sum of
outage probabilities of all the users in each beam. The curves
show that the Monte Carlo simulation and derived analytical
expression are similar for all the threshold values. Thus, this
result validates the sum outage probability expression.

B. EFFECT OF NUMBER OF USERS ON OUTAGE
PROBABILITY
The different number of users and their effect on the outage
probability of the mth user in the nth beam is analyzed in
Fig. 5 with 8, 16, and 128 users in the beamspace MIMO
NOMA mmWave communication system. In this perfor-
mance evaluation, the number of beams is fixed and the
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FIGURE 4. Sum outage probability (20).

FIGURE 5. Effect of the number of users on the probability of outage for
m=3 and n = 2.

number of users is varied in each beam. It can be witnessed
from the curve that the outage probability is low with less
number of users in the system and it rises with the rise in the
number of users. This shows that the intra-beam interference
and inter-beam interferences rise with the increase in the
number of users given in (5) and result in degradation of
overall system performance.

The impact of the number of users on the sum outage
probability is shown in Fig. 6. The effect of the number of
users on sum outage probability is the same as the outage
probability of a single user as in Fig. 5. Increase in the
number of users will rise the interferences. Thus, decreasing
the overall system performance.

C. OUTAGE PROBABILITY MINIMIZATION BY
BEAMFORMING TECHNIQUES
The outage probability Pm,n (19), for mth user in nth beam
and sum outage probability Pout,sum (20) before and after

FIGURE 6. Effect of the number of users on sum outage probability.

FIGURE 7. Minimization of Outage probability by Optimizing beam vector
w for m = 3 and n = 2.

optimization is shown in Fig. 7 and Fig. 8 correspondingly.
In this analysis, 8 users’ beamspace MIMONOMA system is
considered and there are 4 beams in the system each serving
2 users simultaneously. The multiple heuristic optimization
techniques available in the MATLAB optimization toolbox
were tested, such as the sequential quadratic programming
(SQP) algorithm and the active set algorithm in addition to the
interior point (IP) algorithm. However, we found that the per-
formance of the interior point algorithm is far superior to the
other existing heuristic optimization techniques. Therefore,
the IP algorithm is used for solving the proposed optimiza-
tion task to attain the optimum beamforming vector w. The
significant decrease in outage probabilities is observed with
the use of optimum beamforming vector w for all threshold
values for both outage probabilities Pm,n and Pout,sum.
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FIGURE 8. The total outage probability J (Before and after optimization).

FIGURE 9. The total outage probability of all users in 2nd beam with
8 users in the system.

The performance of two proposed beamforming algo-
rithms compared to the classical principal Eigenvector-based
solution with 8 and 12 users’ scenarios is shown in Fig. 9 and
Fig. 10 correspondingly. The results show the sum outage
probability of beam (25) before and after optimization. In this
analysis, the 2nd beam n = 2 is considered which con-
sists of 2 and 3 users for Fig. 9 and Fig. 10, respectively.
It can be realized from the curves that the performance of
both proposed statistical beamforming algorithms, Heuristic-
based statistical beamforming, and statistical SLNR per beam
maximization-based beamforming is better than the classi-
cal principal Eigenvector-based method. The performance of
the heuristic-based beamforming algorithm via interior-point
optimization is superior as compared to other techniques.

To further understand the performance of proposed algo-
rithms, the mean difference of outage probabilities between

FIGURE 10. The total outage probability of all users in 2nd beam with
12 users in the systems.

TABLE 2. Mean differences between before and after optimization for
outage probabilities.

before and after optimization for all algorithms with 8 and
12 users’ scenarios is shown in Table 2. The Heuristic-
based statistical beamforming shows a higher mean dif-
ference among the other two techniques. This shows that
the Heuristic-based statistical beamforming algorithm perfor-
mance is superior to the other two techniques for both 8 and
12 users’ scenarios.

VIII. CONCLUSION
In this paper, the expression for the probability of outage
for the beam space MIMO NOMA in mmWave communi-
cation is derived by employing the indefinite quadratic form
approach. The derived expression of outage probability is
validated by Monte Carlo simulations. Further, the outage
probability performance of the system is evaluated with dif-
ferent numbers of users per beam. The results showed that the
increase in the number of users per beam increases the outage
probability and decreases the overall system performance.
First, a heuristic technique using the IP algorithm is proposed
to design beam vectors byminimizing the derived sum outage
probability. Second, a statistical SLNR maximization-based
beamforming solution is derived. Results show that both
proposed optimization techniques are superior to the classi-
cal eigenvector-based method. However, the heuristic-based
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beamforming algorithm via interior-point optimization is sig-
nificantly best among other techniques.
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