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Abstract
In this paper, we present a multi-cluster multiple-input multiple-output non-orthogonal multiple access technique to

improve spectral efficiency by simultaneously transmitting multiple data streams to multiple clusters in multi-cell systems.

This technique employs receive beamforming matrices for cell-edge users that minimize the multi-cell interference power,

irrespective of the number of interfering cells. Based on the receive beamforming matrices, the technique designs transmit

beamforming matrices for a serving base station (BS) that eliminate inter-cluster interference (ICI) between cell-edge users

and maximize the lower bounds of the received SNRs at the cell-edge users. Then, the technique uses the transmit

beamforming matrices to find receive beamforming matrices for cell-center users that eliminate ICI between the cell-center

users and maximize the lower bounds of the received SNRs at the cell-center users. This technique does not require channel

feedback from the users to the serving BS in order to find all the receive beamforming matrices, thereby reducing system

overhead. In addition, based on the transmit and receive beamforming matrices, the proposed technique allocates the

transmit power to clusters and users of each cluster in a manner that maximizes the sum rate performance under power

constraints supporting fairness between clusters and between users in each cluster. We demonstrate through simulations

that the proposed technique achieves better sum rate and outage performances than the existing techniques and can provide

a good balance between the performances and the number of clusters simultaneously supported by the serving BS.

Keywords Non-orthogonal multiple access (NOMA) � Multi-cluster multiple-input multiple-output (MC-MIMO) �
Multi-cell system � Spectral efficiency � Interference

1 Introduction

Wireless data traffic is explosively increasing due to a

rapidly growing number of wireless access devices and the

increase in demand for various high-quality wireless ser-

vices [1]. In order to cope with this soaring wireless data

traffic, next-generation wireless communication systems

are actively discussed [2–5]. Since those systems should

offer high transmission capacity with limited spectrum

resources, techniques improving spectral efficiency receive

a lot of attention [6–12]. Specifically, non-orthogonal

multiple access (NOMA) may provide higher spectral

efficiency than orthogonal multiple access, which has been

widely employed in existing wireless communication sys-

tems, by simultaneously serving multiple users utilizing the

same time and frequency resource [13, 14]. Therefore,

NOMA is considered a promising technique for next-gen-

eration wireless communication systems [15, 16].

To enhance spectral efficiency in single-input single-

output (SISO) and multiple-input multiple-output (MIMO)

cellular systems, the NOMA techniques using successive

interference cancellation (SIC) are proposed in [17]. In the

MIMO-NOMA scheme in [18], a base station (BS)

employs random beamforming and intra-cluster superpo-

sition coding and a receiver exploits SIC. Although the

techniques decrease system overhead, they cannot remove

inter-cluster interference (ICI) and cannot transmit multiple

data streams to each cluster. In addition, the techniques

treat multi-cell interference (MCI) as noise and do not

attempt to mitigate it. The multiple-input single-output

NOMA technique in [19] combines zero-forcing
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beamforming (ZFBF) with the hybrid NOMA precoding in

[20] to minimize inter- and intra-cluster interference.

However, this technique cannot be extended to MIMO

systems straightforwardly and does not consider MCI.

The MIMO-NOMA technique in [21] provides low-

complexity beamforming using singular value decomposi-

tion based on multiple-user channel state information

(CSI). Although this technique is applicable for NOMA

transmission to a single cluster with multiple users, it

cannot be used to simultaneously transmit data streams to

multiple clusters. To cancel ICI, the NOMA scheme in [22]

employs ZFBF at a transmitter in a system with a single

antenna at each receiver. However, this scheme requires a

large number of transmit antennas for ICI cancellation and

cannot be simply extended to a system with multiple

antennas at each receiver. To eliminate ICI by using a

small number of transmit antennas in a system with mul-

tiple antennas at each receiver, the MIMO-NOMA tech-

nique in [23] utilizes receive beamforming vectors

orthogonal to ICI at each receiver. The MIMO-NOMA

technique in [24] uses signal alignment to decrease the

number of receive antennas necessary for ICI elimination.

However, the techniques in [21–24] cannot transmit

multiple data streams to each cluster and do not deal with

interference from adjacent cells. To simultaneously elimi-

nate ICI and interference from one adjacent cell experi-

enced by cell-edge users, the MIMO-NOMA techniques in

[25] utilize interference alignment to design coordinated

beamforming vectors. The techniques employ a practical

user clustering where NOMA may provide a significant

performance gain. However, they cannot transmit multiple

data streams to each cluster and cannot deal with inter-

ference from more than one adjacent cell. To transmit

multiple data streams to a cluster, the MIMO-NOMA

technique in [26, 27] exploits the generalized singular

value decomposition (GSVD) [28] to convert a MIMO-

NOMA system into multiple SISO-NOMA systems. The

technique in [29] uses the layered transmission schemes in

[30, 31] for MIMO-NOMA transmissions and effectively

allocates the transmit power to data streams for the layered

transmissions.

Although the techniques in [26, 27, 29] may transmit

multiple data streams to a single cluster, they are unable to

transmit multiple data streams to multiple clusters simul-

taneously. Furthermore, they cannot handle interference

from adjacent cells. The MIMO-NOMA technique in [32]

considers a two-cell MIMO-NOMA interference channel

and designs transmit beamforming matrices that maximize

a weighted sum rate of two users, each with the largest

channel gain in its own cell. However, this technique

cannot support simultaneous transmission to multiple

clusters in a cell and cannot be extended to deal with

interference from more than one adjacent cell.

To improve spectral efficiency by simultaneously

transmitting multiple data streams to multiple clusters in

multi-cell systems, we propose a multi-cluster (MC)

MIMO-NOMA beamforming technique and a power allo-

cation scheme for beamformed data streams. This beam-

forming technique employs receive beamforming matrices

for cell-edge users that minimize the MCI power, irre-

spective of the number of interfering cells. By utilizing the

receive beamforming matrices, the technique finds transmit

beamforming matrices for a serving BS that eliminate ICI

between cell-edge users and maximize the lower bounds of

the received SNRs at the cell-edge users. Then, the tech-

nique uses the transmit beamforming matrices to design

receive beamforming matrices for cell-center users that

eliminate ICI between the cell-center users and maximize

the lower bounds of the received SNRs at the cell-center

users.

Since this technique does not require channel feedback

from the users to the serving BS in order to design all the

receive beamforming matrices, it reduces system overhead.

Furthermore, based on the transmit and receive beam-

forming matrices, the proposed scheme allocates the

transmit power to clusters and users of each cluster in a

manner that maximizes the sum rate performance under

power constraints supporting fairness between clusters and

between users in each cluster. It is demonstrated through

simulations that the proposed MC-MIMO-NOMA method

obtains better sum rate and outage performances than the

existing techniques and can offer a good balance between

the performances and the number of clusters simultane-

ously supported by the serving BS.

We note that the proposed MIMO-NOMA technique is

distinguished from the existing techniques in the following

points:

• It can transmit multiple data streams to multiple clusters

simultaneously.

• It deals with interference from multiple neighboring

cells and effectively mitigates the interference.

• It is applicable regardless of the number of interfering

cells.

• It offers a trade-off between the number of clusters to

serve simultaneously and the number of data streams to

be transmitted to each cluster, thereby providing a good

balance between the sum rate and outage performances

and the number of clusters served simultaneously.

• It allocates the transmit power to clusters and users of

each cluster to maximize the sum rate performance

under power constraints that support fairness between

clusters and between users in each cluster.

The rest of the paper is organized as follows. In Sect. 2, we

describe the MC-MIMO-NOMA system model experienc-

ing MCI. In Sect. 3, we state the proposed transmit and
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receive beamforming technique for the MC-MIMO-

NOMA system and the proposed power allocation

scheme for beamformed data streams. Section 4 provides

the simulation results demonstrating the sum rate and

outage performances of the proposed MC-MIMO-NOMA

method. Finally, some concluding remarks are presented in

Sect. 5. The notations used in this paper are as follows.

Matrices and vectors are denoted by symbols in boldface.

trf�g indicates the trace of a square matrix. detð�Þ means the

determinant of a square matrix. diagf�g represents the

diagonal matrix with the given elements as entries in the

main diagonal. Að:; iÞ and Aði; iÞ mean the ith column and

the ith main diagonal element of the matrix A, respectively.

Im and 0 represent the identity matrix with dimension m

and a zero matrix or vector of appropriate dimensions,

respectively. ð�ÞH , Ef�g, and k � k represent Hermitian,

statistical expectation, and l2-norm, respectively. Table 1

details the abbreviations used in this paper.

2 Multi-cell MC-MIMO-NOMA system model

In this paper, we consider a MC-MIMO-NOMA system

experiencing MCI from L adjacent cells as shown in Fig. 1.

The serving cell BS simultaneously transmits data streams to

K clusters withM transmit antennas. Two users, which are a

cell-center user and a cell-edge user, exist in each cluster and

NOMA is applied for data transmission to the users. Since

this user pairing for NOMAprovides high spectral efficiency

[14, 17], the user pairing is widely adopted in NOMA sys-

tems. Each user receives Jð�NÞ data streamswithN receive

antennas. In addition, the BSs of the L interfering cells are

also equipped with M transmit antennas.

Denoting the channel from the serving cell BS to the

cell-edge user in the kth cluster of the cell and the inter-

fering channel from the lth adjacent cell BS to the cell-edge

user as Hk;e and Gk;l, respectively, we can express the

received signal yk;e at the cell-edge user as

yk;e ¼ Hk;esk þHk;e

XK

i¼1;i6¼k

si

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
ICI

þ
XL

l¼1

Gk;lxl

|fflfflfflfflfflffl{zfflfflfflfflfflffl}
MCI

þnk;e; ð1Þ

where xl represents the data vector transmitted by the lth

adjacent cell BS and nk;e indicates an AWGN vector with a

mean zero vector and a covariancematrixr2nIN . Thedata vector
sk is givenby superimposingdata streams for theusers in the kth

cluster according to the NOMA principle in the power domain

and then transforming them by the transmit beamforming

matrix Pk with sizeM � J, which is expressed as

sk ¼ Pkdk

dk ¼ Dk;cdk;c þ Dk;edk;e:
ð2Þ

dk;c and dk;e are the data symbol vectors for the cell-center

and cell-edge users in the kth cluster, respectively. The

power of each element in the data symbol vectors is nor-

malized to unity. The J � J diagonal matrices Dk;c and Dk;e

are the power allocation matrices for the cell-center and

cell-edge users in the kth cluster, respectively, and
PK

k¼1 tr D2
k;c þ D2

k;e

n o
¼ PT , where PT is the total transmit

power.

Table 1 List of abbreviations

AWGN Additive white Gaussian noise

BS Base station

CSI Channel state information

GSVD Generalized singular value decomposition

ICI Inter-cluster interference

MCI Multi-cell interference

MC-MIMO Multi-cluster multiple-input multiple-output

MC-MIMO-

NOMA

Multi-cluster multiple-input multiple-output non-

orthogonal multiple access

MIMO Multiple-input multiple-output

MIMO-

NOMA

Multiple-input multiple-output non-orthogonal

multiple access

NOMA Non-orthogonal multiple access

SC-MIMO-

NOMA

Single cluster multiple-input multiple-output non-

orthogonal multiple access

SIC Successive interference cancellation

SISO Single-input single-output

SISO-NOMA Single-input single-output non-orthogonal multiple

access

SNR Signal-to-noise ratio

SVD Singular value decomposition

ZFBF Zero-forcing beamforming

Fig. 1 MC-MIMO-NOMA system suffering from multi-cell

interference
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The cell-edge user applies the receive beamforming

matrix Wk;e with size N � J to the received signal yk;e in

(1) in order to recover J desired data streams, as given in

WH
k;eyk;e ¼ WH

k;eHk;esk þWH
k;eHk;e

XK

i¼1;i 6¼k

si

þWH
k;e

XL

l¼1

Gk;lxl þWH
k;enk;e:

ð3Þ

Since the MCI is negligible at cell-center users, the MCI is

treated as merged into the AWGN at the users. Denoting

the channel from the serving cell BS to the cell-center user

in the kth cluster of the cell as Hk;c, we can express the

received signal yk;c at the cell-center user as

yk;c ¼ Hk;csk þHk;c

XK

i¼1;i6¼k

si

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
ICI

þnk;c; ð4Þ

where nk;c is an AWGN vector having the same attributes

as nk;e. The cell-center user also applies the receive

beamforming matrix Wk;c with size N � J to the received

signal yk;c in (4) in order to recover J desired data streams,

as given in

WH
k;cyk;c ¼ WH

k;cHk;csk þWH
k;cHk;c

XK

i¼1;i 6¼k

si þWH
k;cnk;c: ð5Þ

3 Proposed MC-MIMO-NOMA technique
for multi-cell systems

Figure 2 shows the transmitter structure of the BS for the

proposed multi-cell MC-MIMO-NOMA technique and

Fig. 3 shows the receiver structure of the cell-center and

cell-edge users for the proposed technique. The transmitter

sequentially performs power allocation Dk;c; Dk;e

� �
,

NOMA modulation, pre-processing Z�H
k

� �
, and transmit

beamforming Pkð Þ. The receiver of the cell-center user

sequentially performs receive beamforming Wk;c

� �
, post-

processing Uk;c

� �
, SIC, and symbol detection, whereas the

receiver of the cell-edge user sequentially performs receive

beamforming Wk;e

� �
, post-processing Uk;e

� �
, and symbol

detection.

The transmit and receive beamforming in this system is

designed to mitigate the MCI and to eliminate the ICI at the

cell-center and cell-edge users in order to improve spectral

efficiency. In addition, this system performs the inter-

cluster and inter-stream power allocation along with the

pre-processing at the BS and the post-processing at the

users to enhance spectral efficiency further. In what

follows, we present how to design the transmit and receive

beamforming and how to determine the power allocation

including the pre-processing at the BS and the post-pro-

cessing at the users.

3.1 Design of transmit and receive beamforming
matrices

The proposed transmit and receive beamforming matrices

are designed in three steps. The first step is to find the

receive beamforming matrices W1;e;W2;e; . . .;WK;e for K

cell-edge users to mitigate the MCI effectively. That is,

Wk;e is designed to minimize the MCI power and whiten

the MCI plus noise as follows. First, the N � J matrix �Wk;e

minimizing the MCI power is obtained from

�Wk;e ¼ arg min
�W
H
k;e

�Wk;e¼IJ

tr �W
H
k;eRk;MCI

�Wk;e

n o
; ð6Þ

where Rk;MCI is the MCI covariance matrix given as

Rk;MCI ¼
PL

l¼1 Gk;lE xlxl
Hf g Gk;l

H . Solving (6), we find
�Wk;e whose columns are composed of the eigenvectors of

Rk;MCI corresponding to the J smallest eigenvalues kk;1:
kk;2; . . .; kk;J . Then, the matrix Wk;e whitening the MCI plus

noise is given as

Wk;e ¼ �Wk;e � diag 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kk;1 þ r2n

p ;
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kk;2 þ r2n
p ; . . .;

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kk;J þ r2n

p
( )

:

ð7Þ

We note that the cell-edge users can find their own receive

beamforming matrices without channel feedback. This

reduces system overhead.

The second step is to use W1;e;W2;e; . . .;WK;e to find

the transmit beamforming matrices P1;P2; . . .;PK that

eliminate the ICI between the cell-edge users. In detail, by

utilizing the effective channels

WH
1;eH1;e;W

H
2;eH2;e; . . .;W

H
K;eHK;e to K cell-edge users in

all the clusters, the ðK � 1ÞJ �M matrices Hk for

1� k�K are formed as

Hk;e ¼
�
HH

1;eW1;e H
H
2;eW2;e � � � HH

k�1;eWk�1;e

HH
kþ1;eWkþ1;e H

H
kþ2;eWkþ2;e � � � HH

K;eWK;e

�H
:

ð8Þ

To eliminate the ICI, the following condition is required

for 1� k�K.

Hk;ePk ¼ 0: ð9Þ

If the condition M�KJ is satisfied, a nonzero matrix Pk

satisfying (9) is given as

Pk ¼ �VkXk: ð10Þ

Here, �Vk is the M � ðM � KJ þ JÞ matrix whose columns

are composed of ðM � KJ þ JÞ right singular vectors of
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Hk;e corresponding to zero singular values and the ðM �
KJ þ JÞ � J matrix Xk is an arbitrary full rank matrix.

The matrix Xk can be optimized to maximize the lower

bound for the received SNR at the cell-edge user with the

constraint kXkð:; jÞk ¼ 1 for 1� j� J. Representing

WH
k;eyk;e in (3) using Wk;e in (7) and Pk in (10) as

WH
k;eyk;e ¼ WH

k;eHk;e
�VkXkdk þWH

k;e

XL

l¼1

Gk;lxl þ nk;e

 !
;

ð11Þ

we can write the received SNR at the cell-edge user, which

is denoted by SNRk;e, as

SNRk;e ¼ J�1 tr WH
k;eHk;e

�VkXkRdkX
H
k
�V
H
k H

H
k;eWk;e

n o
;

ð12Þ

where Rdk ¼ E dkd
H
k

� 	
. When we express WH

k;eHk;e
�Vk by

SVD with a J � J unitary matrix Uk;e, a J � J diagonal

matrix Kk;e and a ðM � KJ þ JÞ � J matrix Vk;e as

WH
k;eHk;e

�Vk ¼ Uk;eKk;eV
H
k;e; ð13Þ

SNRk;e is lower-bounded as

SNRk;e ¼ J�1 tr K2
k;eV

H
k;eXkRdkX

H
k Vk;e

n o

� det K2
k;eV

H
k;eXkRdkX

H
k Vk;e


 �1
J

¼ det VH
k;eXk


 ����
���
2

det K2
k;eRdk


 � �1
J

:

ð14Þ

From Hadamard’s inequality that states that

detðAÞj j �
QJ

j¼1 Að:; jÞk k, we obtain

det VH
k;eXk


 ����
����

YJ

j¼1

VH
k;eXkð:; jÞ

���
���: ð15Þ

It is found that to achieve the equality in (15) while max-

imizing
QJ

j¼1 VH
k;eXkð:; jÞ

���
���, Xk should be given as

Xk ¼ Vk;eVX; ð16Þ

where VX is an arbitrary unitary matrix with size J � J.

Thus, the transmit beamformaing matrix Pk is obtained

with VX ¼ IJ as

Pk ¼ �VkVk;e: ð17Þ

The third step is to find the receive beamforming matrices

Fig. 2 Transmitter structure for

a serving BS in the proposed

multi-cell MC-MIMO-NOMA

technique

Fig. 3 Receiver structure for

cell-center and cell-edge users

in the proposed multi-cell MC-

MIMO-NOMA technique
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W1;c;W2;c; . . .;WK;c for K cell-center users to eliminate the

ICI between the cell-center users. When we define the N �
ðK � 1ÞJ matrix Hk;c as

Hk;c :¼
�
Hk;cP1 Hk;cP2 � � � Hk;cPðk�1Þ Hk;cPðkþ1Þ

Hk;cPðkþ2Þ � � � Hk;c;PK

�
;

ð18Þ

the ICI elimination requires

WH
k;cHk;c ¼ 0; k ¼ 1; 2; . . .;K: ð19Þ

If the condition N �KJ is satisfied, a nonzero matrix Wk;c

satisfying (19) is given as

Wk;c ¼ �Uk;cWk: ð20Þ

Here, �Uk;c is the N � ðN � KJ þ JÞ matrix whose columns

are composed of ðN � KJ þ JÞ left singular vectors of the
matrix Hk;c corresponding to zero singular values and the

ðN � KJ þ JÞ � J matrix Wk is an arbitrary full rank

matrix.

The matrix Wk;c can be also optimized to maximize the

lower bound for the received SNR at the cell-center user

with the constraint kWkð:; jÞk ¼ 1 for 1� j� J. Repre-

senting WH
k;cyk;c in (5) using Wk;c in (20) as

WH
k;cyk;c ¼ WH

k
�U
H
k;cHk;cPkdk þWH

k
�U
H
k;cnk;c; ð21Þ

we can write the received SNR at the cell-center user,

which is denoted by SNRk;c, as

SNRk;c ¼ J�1r�2
n tr WH

k
�U
H
k;cHk;cPkRdkP

H
k H

H
k;c

�Uk;cWk

n o
:

ð22Þ

When we express �U
H
k;cHk;cPk by SVD with a ðN � KJ þ

JÞ � J matrix Uk;c, a J � J diagonal matrix Kk;c and a

J � J unitary matrix Vk;c as

�U
H
k;cHk;cPk ¼ Uk;cKk;cV

H
k;c; ð23Þ

SNRk;c is lower-bounded as

SNRk;c ¼ J�1r�2
n tr WH

k Uk;cKk;cV
H
k;cRdkVk;cKk;cU

H
k;cWk

n o

� r�2
n det WH

k Uk;cKk;cV
H
k;cRdkVk;cKk;cU

H
k;cWk


 �1
J

¼ r�2
n det UH

k;cWk


 ����
���
2

det K2
k;cRdk


 � �1
J

:

ð24Þ

From Hadamard’s inequality, we obtain

det UH
k;cWk


 ����
����

YJ

j¼1

UH
k;cWkð:; jÞ

���
���: ð25Þ

Like in (15), it is found that to achieve the equality in (25)

while maximizing
QJ

j¼1 UH
k;cWkð:; jÞ

���
���, Wk should be given

as

Wk ¼ Uk;cUW; ð26Þ

where UW is an arbitrary unitary matrix with size J � J.

Thus, the receive beamforming matrix Wk;c is obtained

with UW ¼ IJ as

Wk;c ¼ �Uk;cUk;c: ð27Þ

The cell-center users can also find their own receive

beamforming matrices without channel feedback, thereby

reducing system overhead.

In summary, the proposed technique finds the receive

beamforming matrices for the cell-center and cell-edge

users and the transmit beamforming matrices for the

serving BS as follows.

Step 1: The cell-edge user in the kth cluster obtains

the MCI covariance matrix Rk;MCI and finds its

own receive beamforming matrix Wk;e in (7)

using �Wk;e whose columns are composed of

the eigenvectors of Rk;MCI corresponding to

the J smallest eigenvalues.

Step 2: The serving BS obtains the effective CSI

WH
k;eHk;e for 1� k�K with channel feedback

from the K cell-edge users and finds the

transmit beamforming matrices Pk for

1� k�K as given in (17).

Step 3: The cell-center user in the kth cluster obtains

the precoded CSI Hk;cPi for 1� i�K through

channel estimation and finds its own receive

beamforming matrix Wk;c as given in (27).

Accurate CSI feedback from the cell-edge users is required

to design effective transmit beamforming matrices. In

consideration of the system overhead caused by the chan-

nel feedback, this technique may be beneficially employed

in slow fading channel environments where frequent

channel feedback is unnecessary. When imperfect CSI due

to delayed feedback of quantized CSI is used to design the

transmit beamforming matrices, the ICI between the cell-

edge users cannot be eliminated perfectly, thereby causing

performance degradation. In the future, this technique will

be extended to be robust against imperfect CSI.

3.2 Determination of power allocation

By using the transmit and receive beamforming matrices

designed in Sect. 3.1, we can rewrite the received signals at

the cell-center and cell-edge users in the k cluster as

2192 Wireless Networks (2024) 30:2187–2201
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WH
k;cyk;c ¼ WH

k;cHk;cPkdk þWH
k;cnk;c ð28Þ

WH
k;eyk;e ¼ WH

k;eHk;ePkdk þWH
k;e�k;e; ð29Þ

where �k;e ¼
PL

l¼1 Gk;lxl þ nk;e. Then, we can express

WH
k;cHk;cPk and WH

k;eHk;ePk by GSVD as, respectively,

WH
k;cHk;cPk ¼ Uk;cRk;c

�Z
H
k ð30Þ

WH
k;eHk;ePk ¼ Uk;eRk;e

�Z
H
k ; ð31Þ

where Uk;c and Uk;e are J � J unitary matrices, Rk;c and

Rk;e are J � J diagonal matrices, and �Zk is a J � J non-

singular matrix.

When we define the column-normalizing matrix Nk as

Nk :¼ diag �Z
�H
k ð:; 1Þ

���
���
�1

; �Z
�H
k ð:; 2Þ

���
���
�1

; . . .; �Z
�H
k ð:; JÞ

���
���
�1

� �
;

ð32Þ

the BS applies the pre-processing matrix Z�H
k ¼ �Z

�H
k Nk to

the data symbol vector dk prior to the transmit beam-

forming Pk as shown in Fig. 2. The cell-center and cell-

edge users apply the post-processing matrices UH
k;c and UH

k;e

to their receive beamformed signals WH
k;cyk;c and WH

k;eyk;e,

respectively, which is shown in Fig. 3. Then, the received

signals �yk;c ¼ UH
k;cW

H
k;cyk;c and �yk;e ¼ UH

k;eW
H
k;eyk;e are

expressed as

�yk;c ¼ UH
k;cW

H
k;cyk;c ¼ Rk;cNkdk þ UH

k;cW
H
k;cnk;c

¼ �Rk;cdk þ �nk;c
ð33Þ

�yk;e ¼ UH
k;eW

H
k;eyk;e ¼ Rk;eNkdk þ UH

k;eW
H
k;e�k;e

¼ �Rk;edk þ ��k;e;
ð34Þ

where �Rk;c ¼ Rk;cNk, �Rk;e ¼ Rk;eNk, �nk;c ¼ UH
k;cW

H
k;cnk;c,

and ��k;e ¼ UH
k;eW

H
k;e�k;e. Thus, the MIMO-NOMA system

in each cluster is decomposed into J parallel SISO-NOMA

systems, which enables the application of existing tech-

niques for SISO-NOMA systems.

Next, we discuss power allocation maximizing the sum

rate of this system. Denoting the rate at the cell-center user

and the rate at the cell-edge user in the kth cluster as Rk;c

and Rk;e, respectively, we can express Rk;c and Rk;e

achievable by the system with perfect SIC at the cell-center

user as

Rk;c ¼
XJ

j¼1

log2 1þ hk;jpk;j
� �

;

Rk;e ¼
XJ

j¼1

log2 1þ fk;jqk;j
fk;jpk;j þ 1

 �
;

ð35Þ

where hk;j ¼
�Rk;cðj;jÞj j2

r2n
, fk;j ¼ min �Rk;eðj; jÞ

�� ��2;
n �Rk;cðj;jÞj j2

r2n
g,

pk;j ¼ D2
k;cðj; jÞ and qk;j ¼ D2

k;eðj; jÞ. To maximize the sum

rate Rsum, which is given as Rsum ¼
PK

k¼1 Rk;c þRk;e

� �
,

with a fair power allocation between clusters as well as

between users in each cluster, the power allocation for pk;j
and qk;j is optimized as follows:

pH; qH
� 	

¼ argmax
p; q

Rsum

subject to:

XK

k¼1

�Pk �PT ; �Pk � mk
PT

K
;

XJ

j¼1

pk;j � dk �Pk; and
XJ

j¼1

qk;j � 1� dkð Þ �Pk;

ð36Þ

where p ¼ ½p1;1; p1;2; . . .; p1;J ; . . .; pK;1; pK;2; . . .; pK;J �,
q ¼ ½q1;1; q1;2; . . .; q1;J ; . . .; qK;1; qK;2; . . .; qK;J �, and �Pk is the

power to be allocated to the kth cluster. The parameters mk and dk
are all set to values between 0 and 1 for fairness between users in

eachcluster aswell as clusters.Thisoptimization isperformedby

alternately employing two processes described below. In the first

process, the optimal power allocation for clusters is initially

estimated. In the second process, the optimal powers to be allo-

cated to the cell-center and cell-edge users in each cluster are

determined using the power allocated to the cluster in the first

process. These processes are iteratively performed until �Pk, pk;j
and qk;j are all obtained with the required accuracy.

In detail, to estimate the power allocation for clusters

maximizing the sum rate in the first process, we express pk;j
and qk;j to ak;j �Pk and bk;j �Pk, respectively. ak;j and bk;j
indicate the ratios of �Pk allocated to the cell-center and

cell-edge users in the kth cluster, respectively. In the first

process, we find �P
ðmÞ
k , which is the power allocated to the

kth cluster at the mth iteration, by maximizing the function

LðmÞ as

LðmÞ �P
ðmÞ

; lðmÞ

 �

¼
XK

k¼1

XJ

j¼1

(
log2 1þ hk;ja

ðmÞ
k;j

�P
ðmÞ
k


 �

þ log2 1þ
fk;jb

ðmÞ
k;j

�P
ðmÞ
k

fk;ja
ðmÞ
k;j

�P
ðmÞ
k þ 1

 !)
þ lðmÞ PT �

XK

k¼1

�P
ðmÞ
k

 !

ð37Þ
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oLðmÞ

o �P
ðmÞ
k

¼
XJ

j¼1

aðmÞk;j

aðmÞk;j
�P
ðmÞ
k þ1

þ
bðmÞk;j

bðmÞk;j
�P
ðmÞ
k

þ1

�
cðmÞk;j

cðmÞk;j
�P
ðmÞ
k

þ1

8
<

:

9
=

;

�lðmÞ¼0

ð38Þ

�P
ðmÞ
k ¼ max ~P

ðmÞ
k ; mk

PT

K

� �
; ð39Þ

where �P
ðmÞ ¼ �P

ðmÞ
1 ; �P

ðmÞ
2 ; . . .; �P

ðmÞ
K

h i
, aðmÞk;j ¼ hk;ja

ðmÞ
k;j , b

ðmÞ
k;j ¼

fk;j a
ðmÞ
k;j þ b

ðmÞ
k;j


 �
and cðmÞk;j ¼ fk;ja

ðmÞ
k;j . lðmÞ is a Lagrange

multiplier in the mth iteration. a
ðmÞ
k;j and b

ðmÞ
k;j indicate the

ratios of �P
ðmÞ
k allocated to the cell-center and cell-edge

users in the kth cluster at the mth iteration, respectively.

Furthermore, a
ðmÞ
k;j and b

ðmÞ
k;j are refined in the second process

and transferred to the first process for the next iteration,

which will be described later. ~P
ðmÞ
k in (39) indicates the

value of �P
ðmÞ
k obtained from (38) for a given value of lðmÞ.

Equations (38) and (39) are repeatedly solved for �P
ðmÞ
k by

adjusting the value of lðmÞ until the sum power
PK

k¼1
�P
ðmÞ
k

is sufficiently close to PT .

In the second process, we find p
ðmÞ
k;j and q

ðmÞ
k;j , which are

the estimates of pk;j and qk;j at the mth iteration, maxi-

mizing the function l
ðmÞ
k with �P

ðmÞ
k obtained from the first

process as follows:

l
ðmÞ
k p

ðmÞ
k ; q

ðmÞ
k ; lðmÞk;c ; l

ðmÞ
k;e


 �

¼
XJ

j¼1

log2 1þ hk;jp
ðmÞ
k;j


 �
þ log2 1þ

fk;jq
ðmÞ
k;j

fk;jp
ðmÞ
k;j þ 1

 !( )

þ lðmÞk;c dk �P
ðmÞ
k �

XJ

j¼1

p
ðmÞ
k;j

 !

þ lðmÞk;e 1� dkð Þ �PðmÞ
k �

XJ

j¼1

q
ðmÞ
k;j

 !

ð40Þ

ol
ðmÞ
k

oq
ðmÞ
k;j

¼ fk;j

fk;jq
ðmÞ
k;j þ fk;jp

ðmÞ
k;j þ 1

� lðmÞk;e ¼ 0 ð41Þ

ol
ðmÞ
k

op
ðmÞ
k;j

¼ hk;j

hk;jp
ðmÞ
k;j þ 1

þ fk;j

fk;jp
ðmÞ
k;j þ fk;jq

ðmÞ
k;j þ 1

� fk;j

fk;jp
ðmÞ
k;j þ 1

� lðmÞk;c ¼ 0;

ð42Þ

where p
ðmÞ
k ¼ p

ðmÞ
k;1 ; p

ðmÞ
k;2 ; . . .; p

ðmÞ
k;J

h i
and

q
ðmÞ
k ¼ q

ðmÞ
k;1 ; q

ðmÞ
k;2 ; . . .; q

ðmÞ
k;J

h i
. lðmÞk;c and lðmÞk;e are Lagrange

multipliers in the mth iteration. The optimal p
ðmÞ
k;j and q

ðmÞ
k;j in

(41) and (42) are obtained using the alternating maxi-

mization in [29]. When we denote the values of p
ðmÞ
k;j and

q
ðmÞ
k;j at the ith alternation of the mth iteration as p

ðmðiÞÞ
k;j and

q
ðmðiÞÞ
k;j , respectively, the maximization is performed as

q
ðmðiÞÞ
k;j ¼ max

1

lðmÞk;e

� p
ðmði�1ÞÞ
k;j � 1

fk;j
; 0

( )

ð43Þ

hk;j

hk;jp
ðmðiÞÞ
k;j þ 1

þ fk;j

fk;jp
ðmðiÞÞ
k;j þ fk;jq

ðmðiÞÞ
k;j þ 1

� fk;j

fk;jp
ðmðiÞÞ
k;j þ 1

� lðmÞk;c ¼ 0

ð44Þ

p
ðmðiÞÞ
k;j ¼ max ~p

ðmðiÞÞ
k;j ; 0

n o
; ð45Þ

where ~p
ðmðiÞÞ
k;j in (45) represents the value of p

ðmðiÞÞ
k;j obtained

from (44) for a given value of lðmÞk;c . Since p
ðmðiÞÞ
k;j is not

available until the ith alternation is completed, p
ðmði�1ÞÞ
k;j

instead of p
ðmðiÞÞ
k;j is used to find q

ðmðiÞÞ
k;j in (43). The alter-

nating maximization in (43)–(45) is continued until the

sum powers
PJ

j¼1 p
ðmðiÞÞ
k;j and

PJ
j¼1 q

ðmðiÞÞ
k;j are sufficiently

close to dk �P
ðmÞ
k and 1� dkð Þ �PðmÞ

k by adjusting the values of

lðmÞk;c and lðmÞk;e , respectively.

When the alternating maximization in the mth iteration

is completed at the Ith alternation, p
ðmðIÞÞ
k;j and q

ðmðIÞÞ
k;j are

assigned to p
ðmÞ
k;j and q

ðmÞ
k;j , respectively. Then, the power

ratios a
ðmþ1Þ
k;j and b

ðmþ1Þ
k;j for the ðmþ 1Þth iteration in the

first process are refined as

a
ðmþ1Þ
k;j ¼

p
ðmÞ
k;j

PJ
j¼1 p

ðmÞ
k;j þ q

ðmÞ
k;j


 � ;

b
ðmþ1Þ
k;j ¼

q
ðmÞ
k;j

PJ
j¼1 p

ðmÞ
k;j þ q

ðmÞ
k;j


 � :

ð46Þ

a
ðmþ1Þ
k;j and b

ðmþ1Þ
k;j are returned to the first process in order to

find �P
ðmþ1Þ
k , which is in turn used to find p

ðmþ1Þ
k;j and q

ðmþ1Þ
k;j

in the second process. These processes are alternately

performed until �Pk, pk;j and qk;j are all obtained with the

required accuracy. Finally, the power allocation matrices

Dk;c and Dk;e for the kth cluster are given using pk;j and qk;j
obtained from this optimization as

Dk;c ¼ diag
ffiffiffiffiffiffiffi
pk;1

p
;
ffiffiffiffiffiffiffi
pk;2

p
; . . .;

ffiffiffiffiffiffiffi
pk;J

p� 	

Dk;e ¼ diag
ffiffiffiffiffiffiffi
qk;1

p
;
ffiffiffiffiffiffiffi
qk;2

p
; . . .;

ffiffiffiffiffiffiffi
qk;J

p� 	
:

ð47Þ
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In summary, the proposed procedure optimizing the power

allocation is as follows:

Step 1: The index m is initialized to 1 and the power

ratios a
ðmÞ
k;j and b

ðmÞ
k;j are set to initial values.

Step 2: The power �P
ðmÞ
k allocated to the kth cluster at

the mth iteration is obtained using (38) and

(39).

Step 3: The powers p
ðmÞ
k;j and q

ðmÞ
k;j , which are allocated

to the cell-center and cell-edge users in the kth

cluster at the mth iteration, respectively, are

obtained using (43)–(45) with the power

constraint �P
ðmÞ
k .

Step 4: If �Pk, pk;j and qk;j are all obtained with the

required accuracy, this procedure is termi-

nated and the power allocation matrices Dk;c

and Dk;e are obtained as given in (47).

Otherwise, Step 5 is performed.

Step 5: The power ratios a
ðmþ1Þ
k;j and b

ðmþ1Þ
k;j are refined

using (46) and the index m is increased by 1.

Then, Steps 2, 3, and 4 are re-performed

sequentially.

Steps 1 and 2 represent the first process, while Steps 3, 4,

and 5 represent the second process.

This power allocation is executed at BSs and may

require high computational complexity because it itera-

tively finds roots of nonlinear equations. Thus, it is suit-

able for use in BSs with high computational capabilities. In

this power allocation, as the number of clusters (K) in-

creases, the complexity of the first process allocating power

to K clusters increases. And as the number of data streams

transmitted to each cluster (2J) increases, the number of

alternations in the second process tends to become larger to

allocate power to the data streams with the required

accuracy, thereby increasing computational complexity.

When the value of KJ is fixed, the complexity of this power

allocation becomes higher for a moderate number of

clusters. In the future, it would be worth exploring non-

iterative power allocation methods that achieve the per-

formance close to the proposed power allocation to reduce

computational complexity for use in low-cost BSs.

4 Simulation results

In this section, we evaluate the sum rate and outage per-

formances of the proposed MC-MIMO-NOMA technique

through simulations. In the simulations, the serving cell is

considered to be interfered from three adjacent cells, which

means L ¼ 3. For the kth cluster, the distances between the

serving BS and the cell-center user, between the serving BS

and the cell-edge user, and between the lth adjacent cell BS

and the cell-edge user are denoted as rk;c, rk;e, and rk;l,

respectively. We consider that while rk;c is uniformly dis-

tributed between 2m and 3m, rk;e and rk;l are uniformly

distributed between 9m and 10m. BSs employ the number

of transmit antennas (M) equal to the number of receive

antennas (N) equipped at the users.

The channel matrices Hk;c, Hk;e, and Gk;l are given as

rk;c
�a

2 �Hk;c, rk;e
�a

2 �Hk;e, and rk;l
�a

2 �Gk;l, respectively, where the

elements of �Hk;c, �Hk;e, and �Gk;l are randomly generated

from circular symmetric complex Gaussian distributions

with zero mean and unit variance, and the path loss

exponent a is set to 3. The serving BS transmits M
K NOMA-

modulated data streams to each cluster, where K indicates

the number of clusters simultaneously supported by the

serving BS. The parameter mk is set to 0.2. This means that

the serving BS allocates at least 0:2 PT

K of power to each

cluster, where PT indicates the total transmit power of the

serving BS. The parameter dk is set to 0.1. This means that

the serving BS may allocate up to 0:1 �Pk of power to the

cell-center user in the kth cluster, where �Pk indicates the

transmit power allocated to the kth cluster. The SNR g is

given as g ¼ PT

r2n
. Each sum rate performance is found by

averaging the instantaneous sum rates obtained from 2000

random channel realizations.

To show the impact of power allocation on the proposed

transmit and receive beamforming technique for MC-

MIMO-NOMA systems, Figs. 4 and 5 compare the sum

rate performances obtained from three power allocation

schemes. The schemes are the proposed power allocation,

equal cluster power allocation, and equal stream power

Fig. 4 Comparison of the sum rate performances according to

different power allocation schemes applied to the proposed transmit

and receive beamforming technique in the MC-MIMO-NOMA

system with M ¼ N ¼ 4
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allocation. Equal power allocation associated with the

equal cluster power allocation and the equal stream power

allocation is widely used as a baseline scheme for perfor-

mance comparison [29, 33]. The equal cluster power

allocation is the same as the proposed power allocation,

except that the serving BS allocates PT

K of power to each

cluster. The equal stream power allocation scheme evenly

distributes the total transmit power PT to M data streams.

The MC-MIMO-NOMA systems with M ¼ N ¼ 4 and

M ¼ N ¼ 8 are considered in Figs. 4 and 5, respectively.

As we can see from those figures, the propose power

allocation scheme achieves the best performances of them.

This is because the proposed scheme effectively allocates

the transmit power for each cluster and the transmit power

for each data stream in consideration of channel states in

all clusters. In detail, as the number of clusters simulta-

neously supported by the serving BS decreases, the sum

rate performances of the proposed scheme are improved

further. When the number of clusters decreases, the trans-

mit power to be allocated to each cluster increases on

average and the number of data streams for each cluster

increases as well. By effectively allocating more transmit

power to data streams to be transmitted through good

quality channels in each cluster, the proposed scheme im-

proves the sum rate performances. In addition, as the

number of clusters increases, the performance gaps

between the proposed scheme and the others become lar-

ger. This is because the proposed scheme exploits the

increased cluster diversity to allocate the transmit power to

each cluster efficaciously. When the serving BS simulta-

neously supports as many clusters as the number of

transmit antennas, only a single NOMA modulated data

stream is transmitted to each cluster. Since the equal stream

power allocation is identical to the equal cluster power

allocation in this case, the performances of both schemes

are identical in those figures.

Figure 6 demonstrates the sum rate performances of the

proposed MC-MIMO-NOMA technique, which employs

both the proposed transmit and receive beamforming and

the proposed power allocation, with the increasing number

of interfering cells. In this simulation, we consider two

systems with M ¼ N ¼ 4 and M ¼ N ¼ 8 and the serving

BS simultaneously supports 2 clusters in each system. It is

shown in all the systems that regardless of the number of

interfering cells, the proposed technique consistently

Fig. 5 Comparison of the sum rate performances according to

different power allocation schemes applied to the proposed transmit

and receive beamforming technique in the MC-MIMO-NOMA

system with M ¼ N ¼ 8

Fig. 6 Comparison of the sum rate performances of the proposed

technique in the MC-MIMO-NOMA systems with M ¼ N ¼ 4 and

M ¼ N ¼ 8 as the number of interfering cells increases from 1 to 3

Fig. 7 Comparison of the sum rate performances between the

proposed technique and the existing techniques in the MC-MIMO-

NOMA system with M ¼ N ¼ 4
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improves the performances as the SNR g increases. This

confirms the effectiveness of the proposed technique.

However, the performances gradually deteriorate with the

increasing number of interfering cells. This is because the

residual MCI power after MCI mitigation also increases as

the number of interfering cells increases.

In Figs. 7 and 8, the sum rate performances of the

proposed technique are compared with those of the existing

MC-MIMO-NOMA techniques that are the MIMO-NOMA

technique in [23] and the signal-alignment based MIMO-

NOMA technique in [24]. The existing techniques utilize

time sharing among multiple BSs to avoid MCI. Figures 7

and 8 show the performance comparisons for the MC-

MIMO-NOMA systems with M ¼ N ¼ 4 and M ¼ N ¼ 8,

respectively. We can see that regardless of the number of

clusters simultaneously supported by the serving BS in all

the systems, the proposed technique achieves better per-

formances than the existing techniques. Since the existing

techniques transmit only a single NOMA modulated data

stream to each cluster, they may simultaneously support as

many clusters as the number of transmit antennas. How-

ever, the existing techniques cannot be extend to transmit

multiple data streams to each cluster even though they

simultaneously support fewer clusters than the number of

transmit antennas. In contrast, the proposed technique can

transmit multiple data streams to each cluster at the

expense of simultaneously supporting fewer clusters than

the number of transmit antennas, thereby improving the

sum rate performances. Thus, the proposed technique may

provide a good balance between the number of clusters to

be simultaneously supported by the serving BS and the sum

rate performance by adjusting the number of data streams

to be transmitted to each cluster as needed.

Figures 9 and 10 demonstrate the outage probability for

a cell-center user, which is given as PrðRk;c\1 bps=HzÞ
and that for a cell-edge user, which is given as

PrðRk;e\0:02 bps=HzÞ, in the kth cluster. The MC-MIMO-

NOMA systems with M ¼ N ¼ 4 and M ¼ N ¼ 8 are

considered in Figs. 9 and 10, respectively. It can be seen

from both figures that regardless of the number of clusters,

the proposed technique achieves lower outage probabilities

for the cell-center user than the existing techniques. In

addition, as the number of clusters simultaneously sup-

ported by the serving BS decreases, the outage perfor-

mance for the cell-center user is further improved in the

proposed technique. This is because the number of data

Fig. 8 Comparison of the sum rate performances between the

proposed technique and the existing techniques in the MC-MIMO-

NOMA system with M ¼ N ¼ 8

Fig. 9 Comparison of the outage performances for cell-center and

cell-edge users between the proposed technique and the existing

techniques in the MC-MIMO-NOMA system with M ¼ N ¼ 4

Fig. 10 Comparison of the outage performances for cell-center and

cell-edge users between the proposed technique and the existing

techniques in the MC-MIMO-NOMA system with M ¼ N ¼ 8
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streams transmitted to each cluster increases with the

decreasing number of the clusters.

As we can see from Fig. 9, the outage probabilities for the

cell-edge user in the proposed technique are lower than those

in the existing techniques at SNRs less than 24 dB. Fur-

thermore, the proposed technique with 2 clusters achieves

better outage performance than the existing techniques at

SNRs less than 30 dB. Figure 10 shows similar performance

trends to Fig. 9. In detail, the outage probabilities for the cell-

edge user in the proposed technique are lower than those in

the existing techniques at SNRs less than 25 dB. While the

proposed technique with 4 clusters achieves better outage

performance than the existing techniques at SNRs less than

29 dB, the proposed techniquewith 2 clusters achieves better

outage performance than the existing techniques at SNRs

less than 33 dB. Since the number of data streams trans-

mitted to each cluster increases with the decreasing number

of the clusters in the proposed technique, the outage per-

formance for the cell-edge user in the proposed technique is

improved with the decreasing number of the clusters. In

contrast, the existing techniques employing MCI avoidance

achieve better outage performance for the cell-edge user than

the proposed technique at SNRs greater than 30 or 33 dB as

shown in Figs. 9 and 10. This is because the performance for

the cell-edge user in the proposed technique is affected by the

residual MCI power after MCI mitigation.

We see from this performance evaluation that the pro-

posed technique can improve the outage performances for

all the users by transmitting multiple data streams to each

cluster at the expense of simultaneously supporting fewer

clusters than the number of transmit antennas. Thus, the

proposed technique may provide a good balance between

the number of clusters to be simultaneously supported by

the serving BS and the outage performances by adjusting

the number of data streams to be transmitted to each cluster

as needed. Considering comprehensively the sum rate, the

outage probabilities for all the users, and the flexibility for

balancing between the performances and the number of

clusters simultaneously supported by the serving BS, we

confirm that the proposed technique is more beneficial than

the existing techniques.

To investigate the sum rate and outage performances of

the proposed technique for SC-MIMO-NOMA systems, we

compare the performances of the proposed technique

transmitting data streams to only a single cluster with those

of the existing SC-MIMO-NOMA techniques. The existing

techniques are the SC-MIMO-NOMA technique exploiting

GSVD and equal stream power allocation in [26, 27] and

the SC-MIMO-NOMA technique employing layered

transmissions and an effective power allocation scheme for

the layered transmissions in [29]. Figure 11 shows the sum

rate performances of the proposed technique and the

existing techniques for the SC-MIMO-NOMA systems

with M ¼ N ¼ 4 and M ¼ N ¼ 8. Figures 12 and 13 show

the outage performances of the proposed technique and the

existing techniques for the SC-MIMO-NOMA systems

with M ¼ N ¼ 4 and M ¼ N ¼ 8, respectively. The defi-

nitions of outage probabilities for cell-center and cell-edge

users in the figures are the same as those in Figs. 9 and 10.

The existing techniques use time sharing among multiple

BSs to avoid MCI.

It can be seen from Fig. 11 that the proposed technique

still achieves better sum rate performances than the exist-

ing techniques in all the systems. This is because the

proposed technique effectively mitigates MCI and opti-

mally allocates the transmit power to data streams to

Fig. 11 Comparison of the sum rate performances between the

proposed technique and the existing techniques in the SC-MIMO-

NOMA systems with M ¼ N ¼ 4 and M ¼ N ¼ 8

Fig. 12 Comparison of the outage performances for cell-center and

cell-edge users between the proposed technique and the existing

techniques in the SC-MIMO-NOMA system with M ¼ N ¼ 4
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maximize the sum rates. In addition, the proposed tech-

nique for the SC-MIMO-NOMA systems obtains higher

sum rates than the proposed technique for the MC-MIMO-

NOMA systems in Figs. 7 and 8 at the expense of fewer

clusters simultaneously supported by the serving BS. This

is because the CSI combined with the precoder and receive

beamformers for ICI elimination tends to be degraded in

the MC-MIMO-NOMA systems and the total transmit

power is allocated to multiple data streams more effec-

tively in the SC-MIMO-NOMA systems than in the MC-

MIMO-NOMA systems. Figures 12 and 13 demonstrate

that the proposed technique has lower outage probabilities

than the exiting techniques over the entire SNR range. This

confirms that the proposed technique can provide the

required data rates more reliably than the existing tech-

niques by using effective MCI mitigation and optimal

power allocation. Furthermore, the proposed technique for

the SC-MIMO-NOMA systems achieves better outage

performances than the proposed technique for the MC-

MIMO-NOMA systems in Figs. 9 and 10 at the expense of

fewer clusters simultaneously supported by the serving BS.

Figures 14 and 15 show the sum rate performances of

the proposed technique compared with those of the existing

techniques in [23, 24, 26, 27, 29] when the serving cell is

interfered from two adjacent cells. The SC-MIMO-NOMA

and MC-MIMO-NOMA systems with M ¼ N ¼ 2 are

considered in Fig. 14, while the systems with M ¼ N ¼ 4

are considered in Fig. 15. As expected, the proposed

technique achieves better performance than the existing

techniques for both SC-MIMO-NOMA and MC-MIMO-

NOMA systems, which demonstrates the superiority of the

proposed technique. In addition, it is reaffirmed that the

proposed technique for the SC-MIMO-NOMA systems

achieves higher sum rates than the one for the MC-MIMO-

NOMA systems at the expense of fewer clusters served

simultaneously. This is because the combined CSI tends to

be degraded in the MC-MIMO-NOMA systems, while the

transmit power is allocated more effectively to multiple

data streams in the SC-MIMO-NOMA systems. Compared

with the proposed technique in Figs. 7 and 11 for the

systems with M ¼ N ¼ 4, the proposed technique in

Fig. 15 obtains higher sum rates. This is because the

number of interfering adjacent cells is reduced from three

to two, thereby decreasing MCI.

Fig. 13 Comparison of the outage performances for cell-center and

cell-edge users between the proposed technique and the existing

techniques in the SC-MIMO-NOMA system with M ¼ N ¼ 8

Fig. 14 Comparison of the sum rate performances between the

proposed technique and the existing techniques in the SC-MIMO-

NOMA and MC-MIMO-NOMA systems with M ¼ N ¼ 2 when the

serving cell is interfered from two adjacent cells

Fig. 15 Comparison of the sum rate performances between the

proposed technique and the existing techniques in the SC-MIMO-

NOMA and MC-MIMO-NOMA systems with M ¼ N ¼ 4 when the

serving cell is interfered from two adjacent cells
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5 Conclusion

To improve spectral efficiency by transmitting multiple

NOMA modulated data streams to each cluster in multi-

cell systems, we proposed the MC-MIMO-NOMA tech-

nique to design transmit and receive beamforming matrices

and perform power allocation between clusters and

between data streams in each cluster. In detail, cell-edge

users design their own receive beamforming matrices to

minimize the MCI power, irrespective of the number of

interfering cells. By using the receive beamforming

matrices, the serving BS constructs its own transmit

beamforming matrices to eliminate ICI between cell-edge

users and maximize the lower bounds of the received SNRs

at the cell-edge users. Cell-center users then use the

transmit beamforming matrices to find their own receive

beamforming matrices that eliminate ICI between them and

maximize the lower bounds of their received SNRs. Since

all users can directly find their own receive beamforming

matrices without channel feedback to the serving BS, the

proposed technique decreases system overhead. Further-

more, based on the transmit and receive beamforming

matrices, the proposed technique allocates the transmit

power to clusters and users of each cluster in a manner that

maximizes the sum rate performance under power con-

straints supporting fairness between clusters and between

users in each cluster. The simulation results demonstrated

that the proposed technique achieves better sum rate and

outage performances than the existing techniques and may

provide a good balance between the performances and the

number of clusters simultaneously supported by the serving

BS. This confirms that the proposed technique is more

beneficial than the existing techniques. Despite these

advantages, the proposed technique has some limitations.

Imperfect CSI feedback from cell-edge users may cause

performance degradation. The proposed iterative power

allocation imposes a computational burden. Addressing

these technical issues will be a future research topic.

Data availability Not applicable.

Code availability Not applicable.
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