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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
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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.
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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:

e It can transmit multiple data streams to multiple clusters
simultaneously.

e It deals with interference from multiple neighboring
cells and effectively mitigates the interference.

e It is applicable regardless of the number of interfering
cells.

e 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.

e 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 MCIL. In Sect. 3, we state the proposed transmit and
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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- Multi-cluster multiple-input multiple-output non-
NOMA orthogonal multiple access

MIMO Multiple-input multiple-output

MIMO- Multiple-input multiple-output non-orthogonal
NOMA multiple access

NOMA Non-orthogonal multiple access

SC-MIMO- Single cluster multiple-input multiple-output non-
NOMA 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

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.
tr{-} indicates the trace of a square matrix. det(-) means the
determinant of a square matrix. diag{-} represents the
diagonal matrix with the given elements as entries in the
main diagonal. A(:,i) and A(i, ) mean the ith column and
the ith main diagonal element of the matrix A, respectively.
I, and O represent the identity matrix with dimension m
and a zero matrix or vector of appropriate dimensions,
respectively. (), E{-}, and ||| represent Hermitian,
statistical expectation, and l,-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 with M 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

Multi-cell interference from £ adjacent cells

1st Cluster __-- -‘\’i_ ; Cell-edge user

Multi-cell interference from L adjacent cells

Fig. 1 MC-MIMO-NOMA
interference

system suffering from multi-cell

this user pairing for NOMA provides high spectral efficiency
[14, 17], the user pairing is widely adopted in NOMA sys-
tems. Each user receives J( < N) data streams with N 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 /th adjacent cell BS to the cell-edge
user as Hy. and Gy, respectively, we can express the
received signal y, . at the cell-edge user as

K L
Yie = HieSk + Hye Z Si + Z Gy X +ny e,
=1tk =1 (1)
ICI MCI

where x; represents the data vector transmitted by the Ith
adjacent cell BS and ny . indicates an AWGN vector with a
mean zero vector and a covariance matrix oﬁIN. The data vector
Sk is given by superimposing data streams for the users in the kth
cluster according to the NOMA principle in the power domain
and then transforming them by the transmit beamforming
matrix Py, with size M x J, which is expressed as

Sk = Pkdk

_ (2)
dk = Dk,cdk,c + Dk,edk.e~

dy . and d; . 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 x J diagonal matrices Dy . and Dy,
are the power allocation matrices for the cell-center and
cell-edge users in the kth cluster, respectively, and

ZkK:l tr{D,%‘C + Di‘e} = Pr, where Py is the total transmit

power.
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The cell-edge user applies the receive beamforming
matrix Wy . with size N x J to the received signal y, . in
(1) in order to recover J desired data streams, as given in

K
H _ H H
Wk.eyk,e = Wk,er.,eSk + Wk,er@ E S;
=T itk

(3)

L
H H
+ Wk.e E Gk"le + Wk@nk,e-
=1

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 Hy., we can express the
received signal y, . at the cell-center user as

K
Yee = Hk,csk + Hi e Z Si +gc,
i=1,itk (4)
—— ——
ICI

where ny . is an AWGN vector having the same attributes
as myc. The cell-center user also applies the receive
beamforming matrix Wy . with size N x J to the received
signal y, . in (4) in order to recover J desired data streams,
as given in

K
WZCYILC = WZCHk,cSk + Wchk,c Z S; + Wﬁcnkﬁc. (5)
i=1,i#k

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 (Dgc, Die).
NOMA modulation, pre-processing (Z; "), and transmit
beamforming (P;). The receiver of the cell-center user
sequentially performs receive beamforming (Wk,c), post-
processing (Uy), 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
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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 Wy, Wae, ..., Wk, for K
cell-edge users to mitigate the MCI effectively. That is,
Wi is designed to minimize the MCI power and whiten
the MCI plus noise as follows. First, the N x J matrix Vka’e
minimizing the MCI power is obtained from

Wi =arg min tr{WZeRk,MCIWk,e}a (6)

W W=,

where Rymcr is the MCI covariance matrix given as
Rk,MCI = ZIL:I GkJE{XleH} GkJH. Solving (6), we find
Wk& whose columns are composed of the eigenvectors of
Ry mcr corresponding to the J smallest eigenvalues Jy ;.
k2 - - - k- Then, the matrix Wy . whitening the MCI plus
noise is given as

_ 1 1
Wie =W - dia; , .
ke ke g{\/}vm + 0'3/ \/)‘k‘z + O‘% ' : \//lkﬁj + 0'3}

(7)

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 Wi, Wo,..., Wk to find
the transmit beamforming matrices P;,P,,...,Pgx that
eliminate the ICI between the cell-edge users. In detail, by
utilizing the effective channels
WIIL{(,/HI@,W’ZeHz,e,...,WZEHK,,e to K cell-edge users in
all the clusters, the (K —1)J x M matrices H; for

1 <k <K are formed as
7'lfk‘e = [leewl,e H[ZCWZ,e ce Hffl’ewkfl,e
H
HY Wipie B, Wi -+ HE Wi

(3)

To eliminate the ICI, the following condition is required
for 1 <k<K.

Hi P =0. 9)

If the condition M > KJ is satisfied, a nonzero matrix Py
satisfying (9) is given as

Pk = ngk- (10)

Here, V; is the M x (M — KJ + J) matrix whose columns
are composed of (M — KJ + J) right singular vectors of
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Fig. 2 Transmitter structure for
a serving BS in the proposed dl,c Dl,C NOMA dl Z-H | P
multi-cell MC-MIMO-NOMA d D Modulation 1 1
technique le le
Dec—Dicc [ nowa k[ y S| RF
|—" | Modulati o ZpH - P —(O—{RF|i Y
dk,e Dk,e odulation T
dke— D= Noma |dk[. 4
d Modulation Lt P
ke—Die |
Fig. 3 Receiver structure for T
cell-center and cell-edge users Successive S bol
in the proposed multi-cell MC- : H | H | L | Symbol | 4
MIMO-NOMA technique U RF = Wi Ul c Interference Detaction dy
Cancellation
(a) Cell-center user
: |RF o WH, =] U, o ymbol oy g
I k.e k.e Detection e

.. corresponding to zero singular values and the (M —
KJ +J) x J matrix € is an arbitrary full rank matrix.
The matrix €2; can be optimized to maximize the lower
bound for the received SNR at the cell-edge user with the
constraint || (:,j)|| =1 for 1<j<J. Representing
Wi in (3) using Wy in (7) and Py in (10) as

L
Wi Ve = Wi He Viydi + WY, (Z Gix; + n/ge) )

=1
(11)

we can write the received SNR at the cell-edge user, which
is denoted by SNRy, as

SNRye = J! tr{Wger,erQdek v H{{ewk,e},
(12)

where Rq, = E{dd}' }. When we express W{ H; .V, by
SVD with a J x J unitary matrix Uy, a J x J diagonal

matrix Ay and a (M — KJ +J) x J matrix Vi as
W Hy Vi = Up A VY, (13)

SNRy¢ is lower-bounded as

(b) Cell-edge user

SNRy.e = 7! A7 VILOQR, Q11 Vi |

1
> det (Ai,e Vi Ry, QkHvk,e) '

(14)
1
2 J
_ (‘det(vzeﬂk)’ det(Aiede)) .
From Hadamard’s inequality that states that
|det(A)] < [T, |A(:,j)[|. we obtain
J
der (Vi) | < TT il (1)
j=1

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

imizing Hf;l vaeﬂk(:, J)||» € should be given as

Q = Vi Va, (16)

where Vg is an arbitrary unitary matrix with size J x J.
Thus, the transmit beamformaing matrix Py is obtained
with Vg =1 as
P, = Vkvk@. (17)

The third step is to find the receive beamforming matrices
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Wi, Wag, ..., Wk for K cell-center users to eliminate the
ICI between the cell-center users. When we define the N x
(K — 1)J matrix Hy as

Hie = [Hi Py He Py - Hi Py Hi Py

(18)
Hy . Px],

Hy Pyio) -
the ICI elimination requires

Wi Hie=0, k=1,2,.. K. (19)

If the condition N > K/ is satisfied, a nonzero matrix Wy
satisfying (19) is given as
Wi = U s (20)

Here, Uy is the N x (N — KJ + J) matrix whose columns
are composed of (N — KJ + J) left singular vectors of the
matrix Hy . corresponding to zero singular values and the
(N—KJ+J)xJ matrix ¥, is an arbitrary full rank
matrix.

The matrix Wy can be also optimized to maximize the
lower bound for the received SNR at the cell-center user
with the constraint |W(:,j)|| =1 for 1 <j<J. Repre-
senting WkH’Cyk_’C in (5) using Wy in (20) as

W Vie = ‘PkHﬁchk.cPkdk + Wfﬁgcnk,C7 (21)

we can write the received SNR at the cell-center user,
which is denoted by SNR; ., as

SNRye = J 072 ¢ {‘l‘fUf‘ch,cPdekPk”HZCﬁk,ch}.
(22)

When we express ﬁchk,CPk by SVD with a (N — KJ +
J) x J matrix Uy, a J x J diagonal matrix Az, and a
J x J unitary matrix Vi as

ﬁﬁch,cPk = Ur AV (23)
SNRy ¢ is lower-bounded as

SNRy . = J o2 tr{ll’kHuk’cAk@ka,cde vk_CAk,Cuﬁch}

> o 2det (\P{’uk_cAk,Cv;{Cdevk,cAk,Cu;{C\vk)’
2 7
= 0,2 Jar (o) aen (2R ) )

From Hadamard’s inequality, we obtain

de (gl w) | < ]i[Hu i) (25)
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Like in (15), it is found that to achieve the equality in (25)

while maximizing H]J: | Hlx[ﬂ‘l’d:, Dl
as

Y = Ui Uy, (26)

where Uy is an arbitrary unitary matrix with size J x J.
Thus, the receive beamforming matrix Wy is obtained
with Uy =1 as

Wk.c = ﬁk,cuk,c~ (27)

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 Ry mcr and finds its
own receive beamforming matrix Wy in (7)
using Vkaye whose columns are composed of
the eigenvectors of Ry mcr corresponding to
the J smallest eigenvalues.

The serving BS obtains the effective CSI
Wk’{er,e for 1 <k <K with channel feedback
from the K cell-edge users and finds the
transmit beamforming matrices P, for
1 <k <K as given in (17).

The cell-center user in the kth cluster obtains
the precoded CSI Hy (P; for 1 <i <K through
channel estimation and finds its own receive
beamforming matrix Wy as given in (27).

Step 2:

Step 3:

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
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W Ve = Wi Hi Pedi + WYing (28)

Wi Ve = WEHe Pdi + W e, (29)

where €. = ZIL:] Gy x; +ng.. Then, we can express
WI,:{CHk,CPk and WkH,er_’ePk by GSVD as, respectively,

Wi H, Py = Up Xy o Zy (30)
Wi H Py = Up X o Zy (31)

where Uy and Ui are J x J unitary matrices, Xy and
Y. are J x J diagonal matrices, and Zy is a J x J non-
singular matrix.

When we define the column-normalizing matrix &; as

”(zJ)H"},

the BS applies the pre-processing matrix Z; H Zk H._k to
the data symbol vector d; prior to the transmit beam-
forming P; as shown in Fig. 2. The cell-center and cell-

5 = diag{HZ;”(:, 1)H71, HZ;H(:,z)Hq,‘.., |z

(32)

edge users apply the post-processing matrices U,f{c and UZ R
to their receive beamformed signals Wy .y, . and Wy, .,
respectively, which is shown in Fig. 3. Then, the received
signals ¥ = Uf Wil and ¥, = Ul Wiy, are
expressed as

= H H — H H
Yie = Uk,cwk,cyk,c = Zk-,C:kdk + []k,c“]k,cnk-C

_ B (33)
=Xy cdy + 0

= H H — H H
yk,e = Ukﬁewk.eyk,e = Zk«,e:‘kdk + Uk,evvk,tek-,e

_ (34)
= Yy edy + €,

where Yo = XpoEr, Tie = TpelBk, Mie = UZCWZan.c,
and €. = UkH7€WkH‘eek7e. 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 Ry
and Ry, respectively, we can express Ry, and Ry.
achievable by the system with perfect SIC at the cell-center
user as

7
Rie = Zlogz(l + hijpry)

j:l
ﬁc,/qk,/ )
1 )

lo
Z 2 ( kaPk,/

(35)

|2kc<711

wmere ;=00 i, 2

Pkj = Dk7C(‘]7]) and drj = D;.(j,j). To maximize the sum

rate Rum, Which is given as Ram = 3 p, (Rie + Rie)s
with a fair power allocation between clusters as well as
between users in each cluster, the power allocation for py ;
and g ; is optimized as follows:

{p*’ q*} = arg n;a(lx Rsum

subject to:
K _ P
ZPkSPT, P>, (36)
K
k=1
Zpk,, < 0Py, and ZCI@ (1 = 6)Pr,
where P= [Pl.l,P1,2,~-~,P1,17~~~,P1<,1,P1<,2,--7~7PK,1],
qQ=[911,912,-- 914, qdK.1,9K 2 - - -, Gk 7], and Py is the

power to be allocated to the kth cluster. The parameters vy and Jy
are all set to values between 0 and 1 for fairness between users in
each cluster as well as clusters. This optimization is performed by
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 Py, py
and gy 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 py
and gx; to ag;Py and by Py, respectively. ai; and by
indicate the ratios of P; allocated to the cell-center and
cell-edge users in the kth cluster, respectively. In the first
process, we find P%km), which is the power allocated to the
kth cluster at the mth iteration, by maximizing the function

£ as

£m (I_’(m), ,u(m)) = i i { log, (1 + hkdak’;’ ﬁm))

=1 =1
L ) ) K
o1+ L (- S
Jeja; P’ +1 =1
(37)
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J a}(!'{) ﬁl(:rf) yl(crrf) multipliers in the mth iteration. The optimal p,((';) and q,(:;f> in
5 Iim Z ) Iji")JrlJr = jn) - = 4,2) (41) and (42) are obtained using the alternating maxi-
=1 | % " " -
J kyj =k Bej P +1 P +1 mization in [29]. When we denote the values of p,ﬂ ) and
_ o, (m) _
pr=0 q,(cm) at the ith alternation of the mth iteration as P/Yj(l)) and
(38)
qy; - respectively, the maximization is performed as
m i~ P
135( ) :max{P,E ), vk%}, (39) . 1 - 1
s = max L Lo &
where P") = Iim) Iim) .. ﬁm) oc,(:;) = Iy .ja,ir;) , /)’,(:1;) = e /
fkl,-(a,(:;) +b,(!;) and yk] fkﬂkj)- u™ is a Lagrange (h/(cfg‘) + Jij -
multiplier in the mth iteration. a,E J.) and b,(:;) indicate the %P T 1P kj‘ Tk 1 (44)
m kj m
ratios of P%k ) allocated to the cell-center and cell-edge - Wl - ,ul((_p) =0
users in the kth cluster at the mth iteration, respectively. eiPej +
Furthermore, a,(:;) and b,({';) are refined in the second process p]((':;(i» — max { ﬁ%<i)>, O}, (45)
and transferred to the first process for the next iteration, ) )
which will be described later. ﬁ,((m in (39) indicates the where p kj 10 (45) represents the (va)lue ofp kJ( (.j))btamed
value of P%km) obtained from (38) for a given value of u™. from (44) for a given value of 4 ;. Since p; ;™" is not

Equations (38) and (39) are repeatedly solved for ﬁkm) by
adjusting the value of 1 until the sum power ZkK:I Fim)
is sufficiently close to Pr.

In the second process, we find p,i':;) and q,(:;)

, which are
the estimates of py; and gi; at the mth iteration, maxi-

mizing the function /(" with P{") obtained from the first
process as follows:

J (m)
- Z{logz(l + hk.jp;il?;)) + log, (1 + %) }
Jj=1 kaPk,/' +1
J
Zpi'.?)
=
o)

+ u,(:? <(1 — 5](

(40)

ol Jej (m)

W e oy ke =0 (41)
dqp;  figdary by +1

I kj4r j kjPr j
oy Juj
op™ M o (m) 4™

Prj kjPr.j + fk.]pk,,‘ +kaQkJ + (42)

fk m
—— — =0,
kaka +1

where p,({m) [p,(("i),p,(f;), .y p,({"})} and

qli’”) = [511(61,7;)7‘123)’-“»‘11(@ Jq u,ic and u,i"; are Lagrange
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available until the ith alternation is completed, p]i';.‘“*l))

instead of p,i’j(m in (43). The alter-
nating maximization in (43)—(45) is continued until the
sum powers Z 1kal and Zj 1qk
close to 5kﬁ§( and (1 — 5;{)155( by adjusting the values of

,u,ﬂfi) and u]((’z), respectively.

is used to find q,(:;f(i))

are sufficiently

When the alternating maximization in the mth iteration

is completed at the Ith alternation, p,(:;(l)) and q,(:;(m

assigned to p,({";) Z'}),

- +1
ratios a,((';f )

are
and g, ., respectively. Then, the power
and b,((’;ﬂ) for the (m + 1)th iteration in the
first process are refined as

(m)

(m+1) _ P
k:] - m m ’
Zf:1 (pl(c,j) + CIl(c.j))
(46)
(m)
b/((rr&l) _ 9k
J J m m)\
2 i (P/E,,‘) + 511(<=/)>
a,i';ﬂ) nd b,(cm+ ) are returned to the first process in order to

find Pimﬂ) which is in turn used to find p,ﬁmﬂ) nd q('jﬂ)

in the second process. These processes are alternately
performed until Py, py; and gi; are all obtained with the
required accuracy. Finally, the power allocation matrices
Dy . and Dy for the kth cluster are given using py; and gy
obtained from this optimization as

Dy = diag{\/Pr.1, \/Przs-- > /Pis } (47)
Dk,e = diag{,/qkﬁl, ./qka, “oey 1/qkﬁ‘]}.
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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 @™ and b,(;j)

kij
The power F,((m) allocated to the kth cluster at

the mth iteration is obtained using (38) and
39).

The powers p,(g) and q,i';), which are allocated

are set to initial values.

Step 2:

Step 3:
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 2",

Step 4 If Py, px j and q; are all obtained with the
required accuracy, this procedure is termi-
nated and the power allocation matrices Dy ¢
and Dy, are obtained as given in (47).
Otherwise, Step 5 is performed.

The power ratios a,i';lﬂ) and b,(c';ﬂ)

Step 5: 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 K/ 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 = 3. For the kth cluster, the distances between the
serving BS and the cell-center user, between the serving BS

—O6— Proposed power allocation (M=N=4, 2 clusters)
—+8&— Equal cluster power (M=N=4, 2 clusters)
1 | | —¥%— Equal stream power (M=N=4, 2 clusters)
— ©— - Proposed power allocation (M=N=4, 4 clusters)
— H— - Equal cluster power (M=N=4, 4 clusters)
— ¥— - Equal stream power (M=N=4, 4 clusters)

o
®
T

Sum Rate (bps/Hz)
o
(o]

o
IS

0.2

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 = N =4

and the cell-edge user, and between the /th adjacent cell BS
and the cell-edge user are denoted as ric, 7xe, and ryy,
respectively. We consider that while r¢ ¢ is uniformly dis-
tributed between 2m and 3m, rx. and ry; 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 Hy ¢, Hy., and Gy are given as
Fee Hic, ree Hye, and 1, 2Gy, tespectively, where the
elements of Hy., Hi., and Gy, are randomly generated
from circular symmetric complex Gaussian distributions
with zero mean and unit variance, and the path loss
exponent o is set to 3. The serving BS transmits % NOMA-
modulated data streams to each cluster, where K indicates
the number of clusters simultaneously supported by the
serving BS. The parameter vy is set to 0.2. This means that
the serving BS allocates at least 0.2% of power to each
cluster, where Py indicates the total transmit power of the
serving BS. The parameter Jy is set to 0.1. This means that
the serving BS may allocate up to 0.1P; of power to the
cell-center user in the kth cluster, where P; indicates the
transmit power allocated to the kth cluster. The SNR 7 is
given as n = ‘:—T 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
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151 251
—O6— Proposed power allocation (M=N=8, 2 clusters) —©— 1 interfering cell (M=N=8)
—+H— Equal cluster power (M=N=8, 2 clusters) —+8— 2 interfering cells (M=N=8)
—¥— Equal stream power (M=N=8, 2 clusters) —A—3 interfering cells (M=N=8)
— ©— - Proposed power allocation (M=N=8, 4 clusters) 207 | -1 interfering cell (M=N=4)
— Hl— - Equal cluster power (M=N=8, 4 clusters) — - - 2 interfering cells (M=N=4)
= 4k~ - - Equal stream power (M=N=8, 4 clusters) —_ —-A--3 interfering cells (M=N=4)
£ ---- © -+ Proposed power allocation (M=N=8, 8 clusters) :E‘
e || 0 Equal cluster power (M=N=8, 8 clusters) E_ 15
EST I % Equal stream power (M=N=8, 8 clusters) o) o /O
2 2 ®/
© ©
o o ’ /,ﬁ
E £ 10 IR
» 0.5 [}
ofFF i
40

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 = N =8

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 % of power to each
cluster. The equal stream power allocation scheme evenly
distributes the total transmit power Pr to M data streams.
The MC-MIMO-NOMA systems with M =N =4 and
M = N = 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
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SNR 7 (dB)
Fig. 6 Comparison of the sum rate performances of the proposed

technique in the MC-MIMO-NOMA systems with M = N =4 and
M = N = 8 as the number of interfering cells increases from 1 to 3

12r

—O©— Proposed (M=N=4, 2 cls)
—8— Proposed (M=N=4, 4 cls)
10 [ | —A— Method in [24] (M=N=4, 4 cls)
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(o)}
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Fig. 7 Comparison of the sum rate performances between the
proposed technique and the existing techniques in the MC-MIMO-
NOMA system with M =N =4

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 = N =4 and M = N = 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
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—©— Proposed (M=N=8, 2 cls

)
16 [ | —B— Proposed (M=N=8, 4 cls)
—&O— Proposed (M=N=8, 8 cls)
14 |- | —A— Method in [24] (M=N=8, 8 cls)
—/— Method in [23] (M=N=8, 8 cls)

Sum Rate (bps/Hz)

SNR 7 (dB)

Fig. 8 Comparison of the sum rate performances between the
proposed technique and the existing techniques in the MC-MIMO-
NOMA system with M = N = 8
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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 =N =4

improves the performances as the SNR # 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-

— B — Proposed (4 cls): edge us

—Q— Proposed (8 cls): center usex

| — o - Proposed (8 cls): edge user
—A— Method in [24] (8 cls): center user
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o
w
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g 04t~ © — Proposed (2 cls): edgdsuser
8 " | —B— Proposed (4 cls): center\user
(4cls):
(8cls):

hee
M)

L ):
01 —F— Method in [23] (8 cls): center user
0 — ¥ — Method in [23] (8 cls): edge user - X
0 5 10 15 20 25 30 35 40

SNR 7 (dB)

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 = N =8

MIMO-NOMA systems with M =N =4 and M =N = 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 Pr(Ry . <1bps/Hz)
and that for a cell-edge user, which is given as
Pr(Ry . <0.02bps/Hz), in the kth cluster. The MC-MIMO-
NOMA systems with M =N =4 and M =N =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
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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 technique with 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
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Fig. 11 Comparison of the sum rate performances between the
proposed technique and the existing techniques in the SC-MIMO-
NOMA systems with M =N =4 and M =N =8
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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 =N =4

with M = N =4 and M = N = 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 = N =4 and M = N = 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 MCL

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
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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 =N =8

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 =N =2 are
considered in Fig. 14, while the systems with M =N =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
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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 = N = 2 when the
serving cell is interfered from two adjacent cells
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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 = N = 4 when the
serving cell is interfered from two adjacent cells

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 =N =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.

@ Springer



2200

Wireless Networks (2024) 30:2187-2201

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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