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In this paper, we present a robust beamforming design to tackle the weighted sum-rate maximization
(WSRM) problem in a multicell multiple-input multiple-output (MIMO) - non-orthogonal multiple
access (NOMA) downlink system for 5G wireless communications. This work consider the imperfect
channel state information (CSI) at the base station (BS) by adding uncertainties to channel estimation
matrices as the worst-case model i.e., singular value uncertainty model (SVUM). With this observation,
the WSRM problem is formulated subject to the transmit power constraints at the BS. The objective prob-
lem is known as non-deterministic polynomial (NP) problem which is difficult to solve. We propose an
robust beamforming design which establishes on majorization minimization (MM) technique to find
the optimal transmit beamforming matrix, as well as efficiently solve the objective problem. In addition,
we also propose a joint user clustering and power allocation (JUCPA) algorithm in which the best user
pair is selected as a cluster to attain a higher sum-rate. Extensive numerical results are provided to show
that the proposed robust beamforming design together with the proposed JUCPA algorithm significantly
increases the performance in term of sum-rate as compared with the existing NOMA schemes and the
conventional orthogonal multiple access (OMA) scheme.

© 2017 Elsevier GmbH. All rights reserved.

1. Introduction

The swift expansion of smart devices will lead to enormous
amount of increase in data traffic for 5G communication systems
[1,2]. Moreover, the requirement of higher data rates, lower
latency, massive connectivity and high spectral efficiency poses a
great challenge for 5G communication systems. To fulfill the afore-
mentioned requirements, various key technologies such as mil-
limeter (mm) wave [3,4], non-orthogonal multiple access
(NOMA) [5] and massive multiple-input multiple-output (MIMO)
[6,7] have been largely considered. Especially, NOMA has attained
significant attraction in recent years to support fiercely increased
network capacity with confined spectrum [8-10]. NOMA utilizes
the same radio resources to serve multiple users simultaneously
which yields better throughput, fairness, spectral efficiency than
the conventional orthogonal multiple access (OMA) schemes
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[11-14]. In particular, NOMA employs superposition coding (SC)
at the transmitter side to superimpose the desired signal of multi-
ple users using power domain which generates inter user interfer-
ence (IUI). Successive interference cancellation (SIC) is applied at
the receiver side to eliminate the IUI and decode the desired trans-
mitted signal. Application of multiple antenna technologies to
NOMA further enhances the performance of NOMA system [15-
17]. Sum-rate maximization (SRM) is an indispensable task in sig-
nal design for communication, and particularly for NOMA systems.
We examine the problem of weighted sum-rate maximization
(WSRM) for multicell MIMO-NOMA downlink system with imper-
fect channel state information at the transmitter (CSIT). The exam-
ined WSRM problem is acknowledged as NP-hard problem.
Distinct approaches for WSRM problem have been proposed in
literature [18-23] for the perfect CSI at the BSs. For instance, SRM
problem was formulated in [18] for a two user MIMO-NOMA sys-
tem where the authors established a beamforming design based
on singular value decomposition (SVD) and power allocation
scheme to maximize the sum-rate. Authors in [19] studied the
SRM problem for a downlink NOMA system where they proposed
a dynamic resource allocation algorithm to show the effectiveness
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of NOMA over OFDMA scheme. In [20], a user selection and power
schedule algorithm were proposed to maximize the sum-rate of
downlink single cell NOMA system with zero forcing beamforming
(ZFBF) scheme. Authors in [21] proposed two low complexity sub
optimal power allocation schemes to maximize the sum-rate for
a subcarrier based NOMA system. In [22], authors proposed a
NOMA scheme where random beamforming (RABF) is employed
to achieve the better sum-rate than the conventional OMA scheme
and authors in [23] focus on the SRM problem for a downlink
MISO-NOMA system to enhance the sum-rate. However, the works
mentioned above [18-23] assume perfect CSIT which is very diffi-
cult to obtain in practice due to the inaccurate channel estimation,
deficient channel reciprocity, feedback quantization, delays and so
on. Thus, it is meaningful to deal with the imperfect CSI in the
problem formulation. Imperfect CSI can be formed either via statis-
tical distribution [24,25] or the deterministic distribution [26-28],
where the CSI errors lie in a bounded uncertainty region.

In this paper, we especially consider a singular value uncer-
tainty model (SVUM) [26] to form the CSI errors and robust design
of the beamforming matrix is taken into account to solve the
worst-case WSRM problem. Few relevant results prevail in the lit-
erature which consider imperfect CSIT. In particular, authors in
[29] examined the performance of a multiuser (MU) single Cell
(SC)- NOMA system with distinct channel uncertainty models
established on imperfect CSI and statistical CSI at the transmitter.
Ergodic sum rate and outage probability for MU SC-NOMA system
with statistical CSI were studied in [30] assuming fixed power allo-
cation. Considering statistical CSIT, optimal power allocation
schemes were proposed in [31] to solve the SRM problem with
the transmit power constraint for a two user MIMO-NOMA system.
An efficient power allocation scheme was introduced in [32] to
achieve the maximum fairness between two users in a SISO-
NOMA system under statistical CSIT. A MU MIMO-NOMA scheme
was proposed in [33] with limited feedback at the transmitter.
Authors in [34] investigated the impact of user pairing by analyz-
ing the sum-rate performance of a two user SISO-NOMA system
where a fixed power allocation scheme is employed among NOMA
users. Although there exists enormous interest in WSRM problem,
most of the authors considered the problem only in SC-NOMA sys-
tem with the assumption of statistical CSIT. So, it largely remains
unsolved in typical scenarios of interest. For instance, a robust
beamforming design for a multicell MIMO-NOMA system with
imperfect CSIT due to the deterministic distribution that achieves
capacity in the downlink is yet to be characterized.

In light of the above, the major contributions of this paper can
be encapsulated as follows.

e WSRM problem is formulated subject to the total transmit
power constraint at the BS. We have considered SVUM to
include CSI errors. The motivation behind using SVUM is that
they bound the CSI errors to produce a feasible worst-case
design. Generally, it is very difficult to resolve this NP-hard
problem.

A robust beamforming design is investigated to examine the
WSRM problem in the downlink multicell MIMO-NOMA sys-
tem. In particular, an efficient iterative algorithm which estab-
lishes on the majorization minimization (MM) technique [36-
38] is proposed to solve the worst-case WSRM problem with
SVUM. With the proposed iterative algorithm, the optimal
beamforming (BF) matrix can be easily found which not only
increases the system performance but also reduces the inter cell
interference (ICI).

We also propose a joint user clustering and power allocation
(JUCPA) algorithm to mitigate the inter user interference (IUI)
and the inter cluster interference (ICRI) that exists in the objec-
tive function of WSRM problem. The JUCPA algorithm utilizes

minimum distance factor (MDF) and the channel correlation
to cluster the users effectively which in turn improves the sys-
tem performance.

e Numerical results confirm that a significant improvement in the
sum-rate is achieved by using the proposed NOMA scheme
(JUCPA and IMM algorithm) as compared with the ZFBF scheme
proposed in [20], the RABF scheme proposed in [22] and the
conventional OMA scheme in [35].

The rest of this paper is organized as follows. Section II
describes the considered system model for the downlink of a mul-
ticell MIMO-NOMA system. Weighted sum-rate maximization
(WSRM) problem is formulated with SVUM in section Il Joint user
clustering and power allocation algorithm is proposed in section
IV. Robust beamforming design with SVUM is discussed in section
V. Comprehensive numerical results are presented to show the
excellent performance of our proposed scheme for multicell
MIMO-NOMA system in Section VI, and Section VII concludes this
paper.

Notations: AT denote the transpose of a matrix A. An N x N iden-
tity matrix is denoted by Iy. E(.) and tr(.) stands for the statistical

expectation and trace of a matrix respectively. H denotes an esti-
mate of H. All logarithms are in base two unless specified. I(A; B)
is mutual information between the random variables A and B.
The circularly symmetric complex Gaussian distribution with
mean A and variance B is denoted by CNV(A,B). X>=0 and X0
indicates that the matrix X is positive semi definite and positive
definite respectively. The set of all A x B complex matrices is
denoted by C**E. The operation (.)' denotes hermitian transpose
of a matrix or vector.

2. System model

We study the downlink transmission of a multicell MIMO-
NOMA system where in each cell, BS p equipped with ng,, antennas
serves M clusters as exemplified in Fig. 1. Each cluster m has 2
users which are served by one antenna from the base station
(BS). Considering the NOMA scheme from [5], BS aggregates the
desired message of 2 users in m™ cluster and transmit the com-
bined signal with the same beamforming vector but with different
power allocation coefficients at the same time and frequency slot
via power domain NOMA. Each k™ user will obtain its desired sig-
nal and the signal predestined for the other user present in the m®"
cluster. Therefore, successive interference cancellation (SIC) is
employed at the receiver to detect its desired signal. An overview
of the transmitter (Tx) and receiver (Rx) side of the considered
MIMO-NOMA downlink system is epitomized in Fig. 2. We catego-
rize the two users present in each cluster as cell center (CC) users
and cell edge (CE) users based on the efficient joint user clustering
and power allocation (JUCPA) algorithm proposed in section IV. CC
and CE users are considered as strong and weak users respectively.
BS allocates more power to CE users, since it needs more power to
decode its desired message. Furthermore, only CC users which are
close to the BS implements SIC to decode its desired signal by
treating the other user’s signal as noise. This is due to the fact that
the large amount of transmission power will be required to imple-
ment SIC at both receivers.

A MIMO-NOMA system consisting of Ny; MSs, Np BSs, M clusters
and N cells are considered. The signal E,, for m™ cluster in n" cell
is evenly assigned as {1,2,3,...,2%""} where R, represents the
information rate of cluster m in bits per channel use (c.u.) and ¢
is blocklength. Each MS k is provided with ny, antennas and each
BS p is provided with ng, antennas for {k=1,2,3,...,Ny} and
{p=1,2,3,...,Np} respectively. We specify nz = Zgil ngp as the
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Cell c

Fig. 1. Multicell MIMO-NOMA downlink system.

total number of transmitting antennas and ny = Z’,:”:”] nuk as the
total number of receive antennas. We also specify the sets
Ng=1{1,2,3,...Ng}, N ={1,2,3,... N}, M={1,2,3,...,M} and
Na={1,2,3,...Ny}. Each signal E, for m" cluster is predeter-
mined for a given channel use and we have r,, < ny, where
me M and n e N. We assume ny, and ny, as the number of
MS antennas present in each cluster and cell respectively. The
superimposed signal of CC and CE users belonging to the m™" clus-
ter in n'" cell is given as

Em,n =V Pl‘m.nsl‘m.n + V P2.m.n52.m,n7 (1)

where Sy, and Sy, are the desired signal for CC users and CE

users respectively. The power allocated to m™ cluster is expressed
below as

Pl‘m.n +P2‘m.n = 17 (2)

where P; ., and P, ., represents the power allocated to CC and CE
user respectively. The signals E; »,Ean, E3n, .., Emn goes through the
precoding process which usually restricts the interference between
the data streams predetermined for the same cluster and for the dif-
ferent clusters. Encoded signals can be precoded via both linear and
non-linear precoding to handle the interference across the clusters
and also amid the data streams for same cluster. Here, we consider
linear precoding which is given as

W= [Wl.mWZ.mW3,n7--7WM,n]7 (3)

where m € M and W, € C"*™n represents the beamforming vec-
tor corresponding to cluster m. The transmitted signal vector from
nz antennas are given as

x = WE, (4)

where E € C™*"k represents the encoded signals, W € C"™*™ is the
beamforming matrix and E = [E| ,,E} .. .., El, ,]'. The transmit power

1,n»
constraints for each BS is given by

tr{E(x,X)} <Py, p € N, (3)

where P, is the maximum power transmitted at the BS. The signal
vector received by mt cluster in n™ cell is given as

Ymn = HinnX + Zonn, (6)
where x = [xi,x*z,..,x,i,s}T and z,, is the additive white gaussian

noise (AWGN) vector with CN/(0, 62, ). The over all channel matrix
for all the clusters can be expressed as follows

H= [Hl,m HZ,m H3.n7 v 7HM,HL (7)

where H € C™*" The channel matrix corresponding to mt cluster
in n™ cell is written as

Hm,n = [hl.m,nvhz,m,n}Tv (8)

where hy ., € C™»*™k represents the channel vector from BS p to
user k in mt cluster. The received signal by the m™ cluster in n cell
is given as

ym,n :yl‘m,n +y2.m,nv (9)

where y, ,, and y,,,,, are the received signal by CC and CE user
respectively which are expressed in Eqgs. (10) and (11) respectively.

M
yl‘m_ﬁ = h:mﬁnwm.n V Pl,m.nsl,m.n + Z h;rﬁm_nwj,nEj.n + Zl,m,m (10)
j=1j#m
where Ej, = \/P1jaS1jn + /P2jnS2jn and z; m, is the AWGN noise
with CA/ (0,62 ). In (10), the first term represents the desired sig-

1.mn
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nal to CC user and the second term is due to the interference from
other clusters present in the same cell which we call as the inter
cluster interference (ICRI). Inter user interference (IUI) that occurs
due to CE user present in the same cluster is cancelled due to the
implementation of SIC at the CC user.

yzym‘n = h;m.nwm‘n \Y% P2.m,n52.m,n +E+11
M
+ ZCEN\nzg;m,CWm‘cEmc +Zamn, (11)
m=1

where E = h;m,n Wm.n vV P]m.nsl,mm IT= Z]Ail J%mh;_m_,nwj.nEj‘nand Z2mn
is the AWGN noise vector with CN'(0,03,,,). &5, represents the
interfering channel vector (from other cell) to the CE user present
at the m™ cluster of n™ cell. In (11), the first term is the desired sig-
nal to CE user and the second term is the interference from CC user
present in the same cluster which we call it as inter user interfer-
ence (IUI). The third term is the ICRI and the fourth term is due to
the interference from the CE users present in other cells which is
called as inter cell interference (ICI). The achievable downlink rate
of the transmission from BS to m® cluster is the mutual information
between the unknown transmitted signal E,, and the observed
received signal y,, , is obtained as

Rinn = I(Emn; Ymn) = (Rimn + Ramn), (12)

where Ry, and R, are the achievable downlink rates by the CC
and CE users respectively. The achievable rates for CC user with per-
fect and imperfect SIC receiver are given in Eqgs. (13) and (14)
respectively.

Rsum = Z ZBm.an.na (16)

neNmem

where B, > 0 are fixed weights for each cluster. These weights
emulates the user priority which are generally chosen by the net-
work operators based on the fairness and network throughput.

3. Problem formulation

In this section, we formulate the WSRM problem for MIMO-
NOMA downlink system with imperfect CSI at the BS. Here, we
consider SVUM or multiplicative uncertainty model to include
CSI errors[26]. Multiplicative uncertainty model (MUM) represents
the uncertainty of a true frequency response where the robust
capacity is defined as the max-min of the mutual information rate
in which the maximum is over all the power spectral densities
(PSD) of signal transmitted with constrained power and the mini-
mum is over the frequency responses from the multiplicative
uncertainty set [43]. Multiplicative channel matrix is defined as
the multiplication of nominal channel matrix and the unknown
(bounded) channel uncertainty matrix which is shown in Fig. 3.
Generally, it is very difficult to obtain the perfect CSIT in practice.
So, robustness has been demanding issue which can be addressed
by two popular designs i.e. stochastic and deterministic approach.
In stochastic uncertainty model (SUM), CSI errors are unbounded
and assume gaussian random variables with the known statistical
distributions

Hm.n = l/'im.n (I + Am,n)s (17)

where An, € CN(0,D) are CSI errors with zero mean and covariance

W 2 D [26,27]. In deterministic uncertainty model (DUM), the CSI errors
Pl.m.n 1.m'nWm.n oz e
Rimn=log, | 1+ i ; (13) are assumed to be deterministically bounded by a known set (pos-
M- R Wil + a2 sible values) but its actual value is unknown to the transmitter. In
=tgzm | e addition, bounded CSI errors can be taken into account by various
) uncertainty models like ellipsoidal uncertainty, singular value
P1imn hf‘m‘nWm,n uncertainty, arbitrary normed uncertainty, spherical uncertainty,
Rimn=log, |1+ " " 2 T ZR etc. For example, ellipsoidal uncertainty model (EUM) can also be
j=1j=m i maWin| + HP2ma| by maWinn| + 0% considered to include CSI error where the uncertainty region can
14 be bounded as follows
(14)
T 2
P2.m.n hz_’m,nWm.n
R2.m,n = lng 1+ M (15)
T 2 M T 2 r 2 .
Pl‘mﬂ h2.m,nwm~" + j=1j#m h2,m.nWj~” + Zce/\/'\nzl‘glm.cwﬂl-f +03mn
me
Imperfect successive interference cancellation (SIC) is consid- Himn = {ﬁm,n + Wm.n\fr(lﬁmnhﬁjnn) < &%}, (18)

ered at CC user to provide a more realistic analysis as compared
to the perfect SIC receiver given in Eq. (13). SIC error p at the CC
user is mainly caused because of the less difference in the channel
gains between the paired users and also due to the channel uncer-
tainty at the transmitter. SIC error can cause huge performance
degradation when many users are paired. However in our pro-
posed scheme, SIC error will have a less impact on the sum rate
performance since we consider only 2 users per cluster for each
cell. The achievable rate of CE user given in Eq. (15) does not get
affected due to SIC, since it is employed only at the CC user. The
weighted sum-rate for all clusters are expressed as

where L > 0 is a given matrix which represents the shape of the
region and & manages the size of the ellipsoidal region [28]. As
mentioned before, we consider singular value uncertainty model
(SVUM) to include CSI errors since its induced norm constraint
channel matrix helps to analyze the system capacity of MIMO sys-
tems [26] which are robust to channel uncertainties. SVUM also
helps to determine the achievable rate for different sizes of the
uncertainty region. The channel matrix Hy, , for each cluster m using
SVUM is given as

Hm.n = l?lm.,n (I + Am.,n)7 (19)
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where the matrix ﬁm‘n is the estimate of channel H,, and
Amn € C™*™ represent multiplicative uncertainty matrix whose
appropriate bounds are given as

Hp., € SHm,n :{Hm,n : HAm,nHZ < 6m,n}7

HAH’LHHZ :Gmax(Am‘n) < €mn < 1, (20)
where 6,4 (Amn) represents the largest singular value of matrix
Amn, €Emn determines the channel error bound and Sy,,, is the mul-

tiplicative uncertainty set. The WSRM problem for SVUM is formu-
lated as follows

M
W, 2l
st tr(WW') < P,, (21)

A

where f,, (W)= Rn,,me M,pe N and uncertainty bound for
Amn Was already given in Eq. (20). The objective function in Eq.
(21) maximizes the worst-case weighted sum-rate over all the fea-
sible uncertainty matrices Ap, subject to the transmit power con-
straint. By employing Theorem 1 from [26], result of the following
problem given in Eq. (22) is obtained

Hm_fng}g{llmf mn(W) (22)
when Apmn, = —€nl. Replacing the value of Ap, in (19), we can
express the channel matrix as

Hm.n = l/'\[m.n(l - 6m,nl) = l:lmn(‘1 - 6m,n)7 (23)

where n € N. Substituting (23) in (8), we get

Hm.n = [l:ll‘m.n(l - 6m.n),I:lZ,m.n(l - em‘n)}T» (24)

with flk_m_n € C™>M8p represents the estimate of channel vector from
BS p to MS k in m'™ cluster. As seen in Eq. (24), there are two users
present in each cluster which will be selected by the JUCPA algo-
rithm proposed in the next section. All through this paper, we expli-
cit the estimated channel vector as h, instead of iT (1 — €mp) for

x,m,n
simplicity.

4. Proposed joint user clustering and power allocation (JUCPA)
algorithm

The proposed JUCPA algorithm aims to mitigate the inter user
interference (IUI) and inter cluster interference (ICRI) present in
the original problem formulated in Eq. (21). As mentioned in the
previous section, each cluster m has two users (CC and CE) which

are positioned at hyand h,. The mean channel gains are expressed

as fl{" and fl;" for CC (user 1) and CE (user 2) user respectively,
where 7 is the path loss exponent. We derive the minimum dis-
tance factor (MDF) and consider it as a metric to differentiate the
users present in each cell into CC and CE user using the condition
[35] given below

R]((NOMA) N R;(OMA>,VI< c NMv (25)

where

RNOMA) _ Jog, (1 + Pl.m,nPfl;y>' (26)

RéNOMA) =log, |1+ M . (27)
PimnPhy" +1

ROV — %logz (1 i Pfl,;y)-,Vk =1,2. (28)

Considering Eqgs. (26) and (28) in (25), we get

-1
MDF = (%) , (29)
1,mn

where h; < MDF and h, > MDF , i.e. CC users will be present within
MDF region and CE users will be present beyond the MDF region.
P .. indicates the power allocation coefficient for CC user and
P =P,/0z, is the transmit SNR. We assume o3, , = 03, = 02,
for simplicity. The proof for Eq. (29) is derived below by considering
k=1 in Eq. (24) as

(1 + P1_m_nPf11’"") > (1 + Ph;‘/)” g
(1 + Pl.m,nph;"*')z > (1 n Pﬁ;?)l,
P} PRy 4 2Py g > 1,

1

1=2Pmn)
1 < (ﬁ) . (30)

1.mn

-

Similarly, we can also derive the MDF for CE user by assuming
k =2 in Eq. (27). We follow the fixed transmit power allocation
(FTPA) scheme as in [30]. User fairness of the proposed JUCPA algo-
rithm in multicell MIMO-NOMA downlink system is examined
based on user fairness index embraced from [39]. User fairness
between the CC and CE user in a cluster is given as follows

2
Y:MVmEM, G1)

2 (Rim‘n + R2.m,n)

where Ry, and R,y are given in Eqs. (13) and (15) respectively.
The value of Y is compassed between 0 and 1 while the largest
value attained by leveling the user’s (CC and CE) achievable rates.
Proportion fairness (PF) algorithm has been used in [40,41] to
schedule the user set P,y which is given as follows.

Rip(£)
P,y = arg max
opt g PCk £ Ck(t)

(32)

where Ryp(t) and Cy(t) is the instantaneous achievable data rate and
average user throughput of user k at time instant t respectively. K
and P represents the set of user candidates and scheduled user set
respectively. Although PF algorithm achieves the satisfying tradeoff
between the user fairness and the user throughput, it is not suitable
for some of the real time applications since it does not provide suf-
ficient quality of service (QOS) requirement for users with delay
constraint. So, PF scheduler struggles to minimize the interference
in the considered multicellular network. Moreover, PF algorithm
does not balance the load in the heterogeneous cellular network
since it schedules the cell center (CC) users twice as much as cell
edge (CE) users. In order to achieve the considerable user fairness,
PF scheduler allocates larger weights to CE users which in turn
degrades the sum rate performance of the over all system. The pro-
posed JUCPA algorithm not only overcomes the above problems
encountered by PF algorithm but also increases the sum-rate of
the MIMO-NOMA system. Algorithm 1 summarizes the steps of pro-
posed joint user clustering and power allocation (JUCPA) algorithm.
In step 1, users are split into two categories i.e., CC and CE based on
MDF given in (29) to reduce IUI between users in the same cluster.
Users are clustered in step 2 based on the maximum correlation
between the CC and CE user, since it guarantees to mitigate the ICRI.
In step 3, we remove the clustered users (paired users in step 2)
from the CC and CE user sets. Repeat step 2 and step 3 until CC or
CE user set is empty. The unclustered users receives their desired
signal via conventional OMA scheme in step 4 and algorithm exits
in step 5.
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Algorithm 1. Proposed JUCPA algorithm

Step1. Initialization and splitting: Initialize
i= 17m = 1,D = {h]7h2’7"$ﬁl(}’1’— = {1’2737""1} and
j:{172737"*7]}'

plcc ifh, < MDF
CE, else

where D is expressed as the set of all user’s CSI feedback of nt"
cell. CC and CE user sets are categorized in (33) and (34)
respectively based on the MDF given in Eq. (29).

CC = {hy,hy, .. I}, (33)
CE = {hy, by, ... 1y}, (34)

where i and j represents the CC and CE user index respectively

(ieZandjeJ).

Step2. Correlation: Find the correlation between the user i
from CC and all the j users present in CE given in Eq. (34)

ﬁj* = argmaxCorr(h;, hy), 33
hjeCE
where
Corr(hi, y) = Ifl.u’}j\ A (36)
(il By

Step3. Remove and Repeat: Remove the selected users
Hpnn = [ﬁi, ﬁj] from (33) and (34). Save them in
H = [Hy,,Hy,, .., Hyn), where m represents the cluster
index.

CC =CC — hy,
CE =CE — Iy, (37)

Casel : CC # {} and CE # {} :
ifi<l,
i—i+lime—m+1;
repeat Step 2 and step 3.
else
go to step 5.
Case2 : CE = {}orCC = {} :
ifi<l,
go to Step 4. (38)

Step4. Unclustered Users: Balance users present in (34) will
be serviced based on the conventional OMA scheme.
Step5. Exit: Stop the Algorithm.

5. Robust beamforming design with SVUM

In this section, we propose an iterative MM algorithm to find
the transmit beamforming vector for all the clusters (paired users)
formed by JUCPA algorithm. The achievable rate for cluster m in the
presence of bounded uncertainties (given in Eq. (20) for SVUM) at
the BS is written as

Finn(W) £ Ry (W) + Ry (W), (39)

JUCPA Algorithm
FTPA
MDF + Correlation % Robust BF via
+ Super Position E CE .I. proposed IMM
Coding (CC + CE) CC Algorithm
Frequency

Transmitter side

B cCuser gle [ ¢ \DecodescC
user signal

Removes Ul
E CE user Decodfes CE
user signal

Receiver Side

Fig. 2. Transmitter and Receiver of MIMO-NOMA downlink system.

oy

A_{mn}

Fig. 3. Multiplicative uncertainty model.
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e
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—+— RABF scheme for SVUM
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Fig. 4. Worst-case AWSR versus SNR with perfect SIC for hy; =40 m, h, = 120 m and
Py mn=0.9.

where Ry mn,(W) and Ry (W) are the achievable rates for the CC
and CE users given in Egs. (40) and (41) respectively.

Pi s (WWR]
1, (,:I)—:_(O-z ) ]>7 (40)

1,mn

Rima(W) = log, (1 +
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P mnha (WW)h

Rymn(W) =log, | 1+

Py mnha (WWR, +

(j=1j#m

where ® =, i (WW)Hh} and &mn283,,(1— €nn). The
beamforming matrix W is not positive semi definite and the con-
straints present in Eq. (21) are quadratic. So, the over all problem
becomes non-convex which is called as non-convex quadratically
constrained quadratic problem (QCQP). We introduce a new vari-

able by defining the transmit covariance matrices
Gmn 2 W, W, = 0 in the below equation,
max ZBmﬂfmn {Gmn}m 1)
{Gm n}m 1 m=
s.t. tr(Gmp) < Pp,rank{Gmn} =1 (42)

Semi definite programming (SDP) approach is employed here to
deal the optimization problem over positive symmetric semidefi-
nite matrix with linear constraint and cost functions. In addition,
we also implement the semi definite relaxation (SDR) approach
[44] to relax the rank constraint i.e. rank{Gn,} = 1 by replacing
with the semi definite matrix G = 0. Considering the above obser-
vations, the problem given in Eq. (21) can be equivalently reformu-
lated as follows

maX Zanfmn {GWN}m l)

{Gm n>0}m 1m=1

St tr(Gm‘n) < pr (43)
where
Fun{Gmatm-1) = Rimn({Grmntir) + Remn({Gmn ). (44)
where the first and second term in (44) are given in Eqgs. (45) and
(46) respectively.

M P malts (Ga)h}
Rimn({Gmn}y_y) =108, (1 +”§’Tlmnl : (45)

R2.m.n ({Gm.n }m—l )

T S T E— ,
Py mnh2(Gma)hy +© + an\,\nzm:]glm.c(Gm.6>gz,m_c + 03
(46)

where Q = M,y ma(W; WAL, s due to the ICRI In Eq. (46),
the first and third term in the denominator represents the IUI and

ICI respectively. The second term in (46) represents the ICRI which
is given by © = Z}-"ilﬁmflz(Gj)ﬁ;. The problem mentioned in (43) is
still not straightforward to determine due to the non-convexity of
the objective function. Furthermore, objective function given in
(43) falls under difference of convex (DC) problem. Several
approaches like Majorization minimization (MM) algorithm, alter-
nating optimization (AO) algorithm are available in [36-38,42] to
attain the optimal beamforming matrix W and solve the non convex
problem in Eq. (43). In particular, AO algorithm divides the large
problem into a series of sub problems by alternatively minimizing
the objective function involving the individual subset of variables.
Although AO algorithm has a good error reduction during each iter-

ha (WWHR, + 3

ceN\n

M- oY 2 ’ (41)
m:1g2.m£(ww )gz.m‘c +0%mn

ation, it can be very slow to converge to profoundly accurate solu-
tion due to its sensitiveness to the initial value of the variables, high
implementation complexity and signaling overhead [42]. We
employ the iterative algorithm based on MM approach where it
turns a non differentiable problem into a smooth problem. MM
algorithm finds a surrogate function that minorizes or majorizes
the objective function and then optimizes the surrogate function
until the convergence criteria is satisfied. Moreover, MM algorithm
guarantees to converge faster than AO algorithm due to low compu-
tation complexity (avoids large matrix inversions) and its ability to
deal smoothly with inequality and equality constraints. Therefore,
we propose an iterative MM (IMM) algorithm based on majoriza-
tion minimization [36-38] technique to attain W and also to solve
the non-convex design problem in (43), since the objective function
Frun({Gmn}r_,) is concave. Furthermore, we linearize the minorizing

term by the following inequality that supports due to the concavity
of log(x) as

M(C,D) £ log,det(D) + % tr(D”

Finally, we employ the proposed IMM algorithm to provide a
sequence of achievable downlink rates for each iteration q. Algo-
rithm 2 summarizes the steps of proposed iterative MM approach
to maximize the weighted sum-rate and also solves the non-
convex problem given in (43).

Y(c-D)). (47)

Algorithm 2. Proposed IMM Algorithm

.. . M
1. Initialize: {G{{,} >0, setq=1;

2. Repeat:
l:forqg—q+1do
2: update {G{}" ™

mq s a solution to the following convex
problem

1) M
max ZB Afna (G GY)

m.n}m,]
(Gmn=0l1 =1

s.t. cr(Zc;gi,‘P) <Py (48)
m=1

Until convergence criterion is satisfied.
3: end for

3. Determine: W, — U, T,/2 where m € M and p € NV;.

In Algorithm 2,

M
fmn({Gt('gﬁl ’ gg)n}m ]) lmn({GqH ’ m.n}m:1)
Ry (G Gl ,): (49)

where the first and second term in (49) are given in Eqs. (50) and
(52) respectively. Eq. (51) is written based on (47) to expand the
second term in (50).
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1) M 1) 1)
lmn({Gnngrl ) sg,)n}ml)élOg2<P1-m” 13; + z G‘H +O’%.m,n>

Jj=1j#m

M
Z GrV 40t D G+ at ), (50)

Jj=1j#m j=1j#m

(Z Gl 0t EM: G,

=1,j#m j=1j#m

+a? mn) 2 logzdet< > G+ af‘m_n> <( > Gt

=1,j#m =1j#m

-1
M
2 } : (@) 2
+O—1,m,n> ( Gm_j + al‘m n

j=1j#m

Z G +0'%_m‘n)). (51)

j=1j#m

M
R ma({GH2" G} 1) 2 1083 (PG + PrinsG

+ Z G +‘P+a§_m7n> M(Pmn GOl 4 Z G+

Jj=1j#m j=1j#m

+62mn7P1m“ij+ Z Gm,/+ ZZE +62mn> (52)

j=1j#m ceN\nm=1

In a similar way, we can also derive the second term in Eq. (52).
Tn . represents diagonal matrix which consists of non-zero eigen
values and columns in U, denotes the equivalent eigen vectors.

We define W23% . >n ESVEY 28,Gl8, . and

mc o Tm.c
Gﬁgz 2 flkG](q)fl'}; for simplicity. By substituting the value of optimal
beamforming vector W,,, obtained from Algorithm 2 in Eq. (12),
we can obtain the downlink sum-rate for SVUM. Its good to note
that the values attained over the iterations of proposed algorithm
are non-decreasing.

6. Numerical results

In this section, the performance of the proposed scheme (pro-
posed JUCPA algorithm and IMM algorithm) is compared with
the existing NOMA schemes in [20,22] and the conventional
OMA scheme [35] for SVUM. NOMA schemes proposed in [20,22]
are evaluated for SVUM referred to as ZFBF scheme and RABF
scheme respectively in the sequel. We consider a multicell
MIMO-NOMA downlink system as shown in Fig.1. We assume
there are 3 cells, Ny = 3 base stations, each with two transmit
antennas and Ny = 12 mobile stations, each equipped with a single
receive antenna. Each BS is subject to the same transmit
power constraint. Unless otherwise specified, we assume

y=3, hy =40 m,h, = 120 m,P,,, =0.9, channel uncertainty
(error bound) for SVUM is &=0.05n5,=2,=0dB and
O-zm,n = 1. We also assume fll(flz) is the distance from the BS to CC
(CE) user. We will examine the worst-case average weighted
sum-rate (AWSR) performance for SYVUM. AWSR was achieved by
averaging the sum-rate over the acquisition of fading channel
matrices. Unless explicitly stated, all results are presented for 30
channel fading realizations. We consider fixed equal and unequal
weights i.e. [1 1]/2 and [2 1]/3 for each cluster. We also presume
that the elements of channel matrices between the MS in the b"
cell and BS in the a™ cell follows independent and identically dis-
tributed (i.i.d.) complex gaussian with CA/(0, 3?1} distribution in
which we call g as the inter-cell channel gain. Convergence criteria
is set to 107, i.e., we consider that the proposed IMM algorithm

comes to halt when the difference between attained AWSR values

within the successive iterations are less than 10~*.

In Fig. 4, worst-case AWSR performance is plotted versus BSs
transmit power (SNR) considering perfect SIC at the receiver.
Worst-case AWSR values associated with the proposed scheme
for perfect CSI, the proposed scheme for SVUM, ZFBF scheme, RABF
scheme and OMA scheme for SVUM are compared. It is observed
from results that the sum-rate increases with increase in transmit
power for all the schemes. The proposed scheme perform better
than the other considered schemes for all transmission power. In
particular, at SNR =20 dB, worst-case AWSR attained by the pro-
posed scheme for SVUM is 18 [bit/c.u.] whereas the ZFBF scheme
for SVUM achieves only 17 [bit/c.u.]. This performance gain of 1
[bit/c.u.] is due to the reason that the proposed scheme finds the
optimal transmit beamforming vector for each cluster by consider-
ing MDF (improves the performance of CE user) and channel corre-
lation as a metric to schedule the users. It is also good to note that
the AWSR performance of the proposed scheme for SVUM perform
close to the case with perfect CSIL

In Fig. 5, worst-case AWSR performance is plotted versus BSs
transmit power (SNR) with imperfect SIC at the CC user. Here we
consider the small amount of interference i = 0.001 at the CC user
in order to evaluate the impact of the imperfect SIC in the MIMO-
NOMA system. It can be observed from the results that the worst-
case AWSR is certainly reduced due to the imperfect SIC receiver.
At SNR = 20 dB, the proposed scheme for SVUM attains the AWSR
performance gain of around 1.2 [bit/c.u] than the ZFBF scheme. It is
also good to note that the difference in the AWSR performance gain
between the proposed and existing schemes are relatively higher
for imperfect SIC compared to ideal (perfect) SIC conditions. This
proves the effectiveness of the proposed scheme under the imper-
fect SIC and the channel uncertainty conditions.

Fig. 6. shows that the worst-case AWSR has been increased by
considering unequal priority weights compared to fixed equal
weights allocated to CC and CE users present in each cluster. We
have evaluated the worst-case AWSR performance by considering
equal [11]/2 and unequal priority [2 1]/3 weights. In unequal prior-
ity weights, larger weights (2/3) are given to CC user and smaller
weights (1/3) are given to CE user. This is mainly due to the reason
that the achievable rate by the CE user is very less compared to CC

25

20

Worst-case AWSR [bit/c.u.]
>

10 Proposed scheme for perfect CSI
— ©& — Proposed scheme for SVUM

— % — ZFBF scheme for SVUM

—+— RABF scheme for SVUM
—&— OMA scheme for SVUM

5 I I I I I
0 5 10 15 20 25 30

SNR P [dB]

Fig. 5. Worst-case AWSR versus SNR with Imperfect SIC for hy =40 m, frz =120m
and P, ., =0.9.
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user. At SNR = 20 dB, the proposed scheme with unequal weights
achieves the performance gain of close to 1 [bit/c.u.] as compared
with the proposed scheme for equal weights. This is due to the fact
that the CC user is not affected by the ICI and IUI due to its location
(closer to the BS) and implementation of SIC respectively.

Fig. 7 illustrates how the distance between the BS and users
affects worst-case AWSR for the proposed scheme, ZFBF scheme,
JUCPAZF scheme and the conventional OMA scheme. JUCPAZF
scheme employs the proposed JUCPA algorithm with the conven-

tional ZF beamforming matrix. We set ﬁ1= 40 m and vary ﬁz. It is

noted from the results that when h, increases, worst-case AWSR
decreases for all the considered schemes. We also note that pro-
posed NOMA scheme outperform the ZFBF scheme, JUCPAZF
scheme and the conventional OMA scheme. In particular, the pro-
posed scheme for SVUM achieves AWSR performance gain of close
to 1.1 [bit/c.u.] in the entire distance region compared to the ZFBF
scheme. Interestingly, JUCPAZF scheme performs better than the
ZFBF scheme for the entire distance clearly showing the effective-

ness of our proposed JUCPA algorithm. When h,= 100 m, the AWSR
performance gap between the proposed NOMA scheme and the
conventional OMA scheme is 0.8 [bit/c.u.], while the performance

gap increases close to 2 [bit/c.u.] at fi, = 200 m. This can be justified
by the fact that the frequency and energy resources designated to
the CE user are lost in the conventional OMA, whereas more trans-
mission power allocated to such users in the proposed NOMA
scheme increases their achievable rate.

We examine the impact of power allocation coefficient of CE
user on depicting the fairness between CC and CE user in Fig. 8.
It can be observed that the fairness between CC and CE users
increases while increasing the power allocation coefficient of CE
users for all three considered schemes. This is due to the fact that
CE users which are located near the boundary of the cellular net-
work generally tend to have the weaker channel conditions. So,
BS allocates higher power for CE users to improve their achievable
rate which in turn enhance the user fairness. Additionally, the pro-
posed scheme for SVUM consistently outperforms the ZFBF and
RABF scheme for the unified range. In particular, the user fairness
index for the proposed scheme has been increased by 0.08 com-
pared to the ZFBF scheme since the proposed scheme mitigates
the ICI (caused by allocating more power) experienced by CE users.

Worst-case AWSR [bit/c.u.]

—H&— Proposed scheme with unequal weights for SVUM
—A— ZFBF scheme with unequal weights for SYUM

— © — Proposed scheme for SVUM

— % — ZFBF scheme for SVUM

5 I I I I I
0 5 10 15 20 25 30

SNR P [dB]

Fig. 6. Worst-case AWSR versus SNR with Unequal weights for hy =40m,
h, =120 m and P,,,, =0.9.

17 T T T T T T T
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—HB— OMA scheme for SVUM

Worst-case AWSR [bit/c.u.]

10 1 1 1 1 1 1 1
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Distance of CE user from BS [m]

lfig. 7. Worst-case AWSR versus distance of CE user (h,) for SNR=5dB and
h;=40m

Its also good to note that the user fairness of the RABF scheme out-
performs the ZFBF scheme.

Fig. 9 exemplifies the effect of uncertainty values on the worst-
case AWSR with g = 0 dB. Simulations are carried out for 20 itera-
tions at SNR =10 dB. It can be noticed that the worst-case AWSR
value decreases for all the considered schemes while increasing
the channel uncertainty. Results from Fig. 6 emphasize that the
proposed scheme performs better than the ZFBF scheme and the
conventional OMA scheme for the entire range of uncertainty
€mn values. At €, = 0.05, the proposed scheme achieves AWSR
performance gain of 1 [bit/c.u.] as compared with the ZFBF scheme.
This was expected because the proposed IMM algorithm is
designed in such a way to obtain the optimal beamforming matrix
even in the worst-case conditions.

We plot worst-case AWSR versus the inter-cell channel gain g
with SNR =10dB in Fig. 10. Results obtained illustrate that our
proposed scheme performs exceedingly well for the unified range

0.95 F —O- Proposed scheme for SVUM |
’ —+— RABF scheme for SVUM
09t —¥— ZFBF scheme for SVUM
— - -
0.85 _ 4
5 . /O/i
x L o~
o 08 — /;1(
e} - _
£ pe //*/ ~
B0751 - - — 7
“é __® = ~
g 0.7’///9/ /*// d
8 ! -
5 065 r 3 i
*{* -
O.S;E/ — 4
0.55 4
0.5 L L I I |
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Power allocation Coefficient P 2mn

Fig. 8. Worst-case AWSR versus power allocation coefficient for SNR=10dB,
h; =40 m and h, =120 m.
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Fig. 9. Worst-case AWSR versus uncertainty € for iterations =30, SNR =10 dB and
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Fig. 10. Worst-case AWSR versus inter-cell channel gain for SNR = 10 dB, fy=40m
and h, =120 m.

of g as compared with the ZFBF scheme and the conventional OMA
scheme. When p=-5dB, the proposed scheme achieves AWSR
performance gain of 0.9 [bit/c.u.] as compared with the ZFBF
scheme. This observance can be elucidated by taking into account
that the ZFBF scheme performs well only when single BS is present
and it is also worth to mention that as f decreases, multicell sys-
tem advances to a system composed of Ny parallel single cell net-
works. Moreover, the proposed scheme consistently outperforms
the conventional OMA scheme for all the values of 8.

7. Conclusion

In this paper, a robust beamforming design was examined to
solve the WSRM problem in multicell MIMO-NOMA system with
the imperfect CSI at BSs for 5G communications. In particular, we

have considered the SVUM for the inclusion of CSI errors. We have
proposed an efficient JUCPA algorithm which considers MDF and
channel correlation to select the best user pair as a cluster. The
proposed JUCPA algorithm not only maximize the worst-case
WSR but also reduces IUI and ICRI. We have also proposed an
IMM algorithm based on MM technique to find the optimal trans-
mit beamforming matrix that further enhance the worst-case WSR
and also solve the objective problem formulated with SVUM. Via
numerical results, it was confirmed that the AWSR achieved by
the proposed scheme for NOMA consistently outperforms the
AWSR attained by the existing NOMA schemes and the conven-
tional OMA scheme. Furthermore, the proposed scheme reduces
ICI and also ensure the best user fairness compared to the ZFBF
and RABF scheme.
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