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Abstract—This work focuses on the beamforming design for
downlink multiple-input single-output (MISO) nonorthogonal
multiple access (NOMA) systems. The beamforming vectors are
designed by solving a total transmission power minimization
(TPM) problem with quality-of-service (QoS) constraints. In
order to solve the proposed nonconvex optimization problem,
we provide an efficient method using semidefinite relaxation.
Moreover, for the first time, we characterize the optimal beam-
forming in a closed form with quasi-degradation condition,
which is proven to achieve the same performance as dirty-
paper coding (DPC). For the special case with two users, we
further show that the original nonconvex TPM problem can be
equivalently transferred into a convex optimization problem and
easily solved via standard optimization tools. In addition, the
optimal beamforming is also characterized in a closed form and
we show that it achieves the same performance as the DPC.
In the simulation, we show that our proposed optimal NOMA
beamforming outperforms OMA schemes and can even achieve
the same performance as DPC. Our solutions dramatically
simplifies the problem of beamforming design in the downlink
MISO NOMA systems and improve the system performance.

Index Terms—Nonorthogonal multiple access, transmis-
sion power minimization, multiple-input single-output, quasi-
degradation, quality-of-service

I. INTRODUCTION

The beyond fifth generation (BSG) wireless networks im-
pose high data rate requirements with the exponential growth
of data traffic for wireless communication [1]. A lot of
potential technologies, e.g., massive multiple-input multiple-
output (MIMO) [2] , small cells [3] , and device to device
communication [4], [5] are introduced to the BSG communica-
tion systems to deal with the demand of enormous data traffic.
Particularly, being able to provide the flexibility and degrees
of freedom to achieve higher spectral efficiency, multiantenna
transmission has been widely regarded as the key technology
for the upcoming BSG communication systems.
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In conventional multiantenna systems, e.g., [6], [7], orthog-
onal multiple access (OMA) schemes are often exploited.
In these OMA techniques, the resources (time, frequency,
or code) are allocated to each user exclusively and hence
multiuser interference can be avoided. However, the limited
spectral resources cannot be fully exploited by using these
traditional resource allocation strategies.

Zero-forcing beamforming (ZFBF) is another widely used
downlink precoding scheme. The ZFBF scheme uses the
spatial degrees of freedom for interference avoidance [8], [9].
Specifically, in ZFBF strategy, the users transmit data in the
null space of other users’ channels and hence the multi-user
interference is mitigated. Nevertheless, the ZFBF strategy is
efficient only in cases where the BS has no less antennas
than the receivers. In addition, dirty-paper coding (DPC) is
also widely used in the literature. Suppose the transmitter has
perfect channel state information, some works, e.g., [10], [11],
showed that the capacity region can be achieved by using
DPC. However, practically, considering the prohibitively high
complexity, the scheme of DPC is difficult to be implemented.

To overcome the shortcomings of OMA, ZF or DPC,
nonorthogonal multiple access (NOMA) was proposed, which
can efficiently use the limited spectral resources [12], [13].
Specifically, in the NOMA systems, multiple users are able to
share the same resources (time, frequency, code, or spatial).
In the literature, there are a lot of works focusing on the
technology of NOMA. For example, in [14], in order to
achieve low latency for IoT, the authors applied NOMA
in short-packet communication. [15] determined the optimal
power allocation and redundancy rate to maximize the secrecy
rate for the strong user in NOMA systems.

Since its lower complexity than DPC, NOMA based multi-
antenna transmission has attracted a lot of research interests. In
[16], the authors described that NOMA based MIMO technolo-
gies have significant potential in improving spectral efficiency.
[17] proposed a MIMO NOMA framework, where both of the
downlink and uplink transmissions were studied.The authors
in [18] studied the joint design of beamforming and power
allocation for multi-cell multiuser MIMO NOMA. The au-
thors in [19] studied a new secrecy beamforming scheme for
multi-input single-output (MISO) NOMA systems. [20] also
focused on secure performance of MISO NOMA and a novel
beamforming design by using the optimal power allocation
was proposed.

Because of the nonorthogonality of users, resource allo-
cation is a key problem in the NOMA systems, which is
challenging to solve [21], [22]. Nevertheless, in [23], the au-
thors exhibited that single-input single-output (SISO) NOMA

0018-9545 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2020.2966629, IEEE

Transactions on Vehicular Technology

systems outperform conventional SISO OMA systems in terms
of spectral efficiency, fairness, and energy efficiency. However,
most existing works on NOMA resource allocation focused on
SISO NOMA systems but the results cannot be directly applied
to MISO NOMA systems. In fact, the resource allocation
problem for MISO NOMA systems is a joint beamforming and
power optimization problem. Compared to the SISO NOMA
systems, the resource allocation for MISO NOMA systems is
more difficult to solve.

In the literature, some works investigated the resource
allocation problem in the downlink MISO NOMA systems.
Specifically, [24] studied the NOMA beamforming design
for maximizing all the strong users’ sum rate. The NOMA
beamforming design for maximizing the sum rate of all users
was studied in [25]-[27]. For example, [25] investigated the
beamforming design for sum rate maximization with quality
of service (QoS) constraints. By employing the method of
successive convex approximation (SCA), a suboptimal solution
for this formulated optimization problem was obtained in [25].
In addition, in [25], the optimality of this obtained solution
compared to the upper bound, DPC, is still unknown. However,
in this work, we not only provide the closed form optimal
solution but also proves that MISO NOMA can achieve the
same performance as DPC.

It is worthy pointing out that energy consuming is another
important performance of wireless communication systems. In
this work, we investigate the design of NOMA beamforming
for minimizing total transmission power with each user’s QoS
constraint. There are some relative works also focusing on
beamforming design for minimizing total transmission power
with QoS constraints in the MISO NOMA systems. In [28],
the authors exploited the SCA method to solve the formulated
optimization problem and provided the suboptimal solution.
In [29], the authors only considered the special case with
two users and proposed an iterative algorithm to find the
beamforming solution, which is suboptimal and complex. [30]
investigated the beamforming design for multiple users case,
where the users are classified into multiple groups. However,
in each group, the authors considered only two users and
found the optimal beamforming via search algorithm with high
complexity.

In addition, also for minimizing total transmission power
with QoS constraints in the MISO NOMA systems, [11],
[31] found the optimal beamforming vectors by studying
the dual problem of the formulated optimization problem.
The beamforming vectors were even shown in closed form
with quasi-degradation condition. However, both of the works
considered limited number of users, i.e., two users (in one
group). To the best of our knowledge, there is no work
providing the optimal beamforming solution for multiple users
case.

In this paper, we study the optimal beamforming solution
for minimizing transmission power of all the users with QoS
constraints in the MISO NOMA systems. The contributions
are summarized as follows:

o We consider minimizing total transmission power of all

users with QoS constraints in the downlink MISO NOMA
systems.

« By exploiting semidefinite relaxation (SDR), we provide
an efficient method to solve the formulated nonconvex
problem.

o We introduce the concept of quasi-degradation for multi-
ple users case, which is used to identify the gap between
the optimal performance of NOMA and that of DPC.

e Then, with quasi-degradation condition, we characterize
the optimal beamforming solution to the formulated op-
timization problem in closed form, which is proven to
achieve the same performance as DPC.

o Moreover, we provide the channel conditions to be quasi-
degraded for multiple users.

e In the special case with two users, we equivalently
transform the original nonconvex problem into a convex
one, which can be efficiently solved by using semidefinite
programming (SDP).

o Furthermore, for two users case, we provide the closed
form beamforming solution, which is proved to achieve
the same performance as DPC. Compared with [11], [31],
we derive an alternative and easier way to achieve the
optimal closed form beamforming.

The rest of the paper is organized as follows. Section II
describes the MISO NOMA system model and the formulated
problem. Section III provides the solution to the formulated
problem and investigates the optimal MISO NOMA beam-
forming with quasi-degradation condition. Section IV studies
the optimal beamforming in the special case of two users. The
performance of the proposed beamforming solution is shown
in Section V via simulation. Finally, Section VI concludes this
paper.

Notations: We respectively use lower case letters and
boldface capital to denote vectors and matrices. a”f denotes
the Hermitian transpose vector a; A > O indicates that A
is a positive semidefinite matrix; Rank(A) and Tr(A) are
respectively the rank and trace of matrix A; |.| and |.]]
respectively denote the absolute value of a complex scalar
and the Euclidean vector norm;CT denotes the set of complex
numbers; Iy is the N x N identity matrix.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a downlink NOMA system in which a base
station (BS) with 7" antennas serves IV single-antenna users. s;
is the message to be received by user i (UE;) with E||s;|?] =1
and w; € CT be UE;’s complex beamforming vector. In the
NOMA systems, the BS transmits the superposition coding
and hence each UEy receives the signal

N
ye = »_hflwis; +ny, k=1,--- N, @)

i=1
where h, = d, “gr € CT (column vector) contains the

channel coefficients from the BS to UE, dj is the distance
between UE; and the BS, « is the exponent of path loss, g
follows a Rayleigh distribution, and n; ~ CN(0,0?) is the
additive white Gaussian noise (AWGN).

In NOMA systems, each user employs successive interfer-
ence cancellation (SIC) to decode their own signals. Without
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loss of generality, the order of users’ channel gains is given
by

[hally > [[haly > - > [fhnly, 2)

i.e., UE; and UEy are respectively the strongest and weakest
users. In the SISO NOMA systems, the optimal signal de-
coding order is same as the ascending order of the channel
gains. However, in the MISO NOMA systems, it is difficult
to know the optimal decoding order. Actually, the optimal
decoding order is determined by the product of channel gain
and beamforming vector [32]. Note that, in this paper, our
focus is not the optimal decoding order and we still assume
the decoding order as the ascending order of the channel gains.
This also reduces the complexity of beamforming design.
Therefore, UE; can decode signals of UE, for n > k and
remove them from its own signal, but treats the signals from
UE,, for n < k as interference. The achievable rate of UE;
for k=1,2,--- , N using SIC is therefore

R;. = log (1 +  min k}SINRn,k) , 3)

ne{l
where )
[ w |

k—1 2 J
Zj:l [hffw;|” + o2
denotes the signal interference noise ratio (SINR) of UE,, to
decode UEy for k=1,--- ,N,n=1,--- k.

The performance of the MISO NOMA scheme relies on the
design of beamforming vectors. In this work, we investigate
the optimization of beamforming vectors for NOMA systems
and assume that the perfect channel state information (CSI) is
available at all nodes. We consider the total BS transmission
power minimization (TPM) problem subject to guaranteeing
the target rate for each user, which is formulated as follows

SINR,, ;, = )

N
P, = mi 2 5
NOM A glvlﬁg w3, @)

st. Rp > RM™ k=1,2--- /N,  (6)

where R}j‘in represents the QoS threshold of UE. The similar
problems have been studied in [11], [28]-[31], whereas the
optimal beamforming was only found for limited number of
users, i.e., two users, but it is unknown for the general multiple
users case.

In fact, the optimization of beamforming vectors for TPM
is a difficult nonconvex problem. To the best of the authors’
knowledge, the optimal beamforming for TPM for multiple
users (more than two users) has not been achieved in the
existing literature. In this paper, we first exploit the SDR
to find the solution to (5). Then, we focus on the quasi-
degradation condition, which was firstly defined in [11] for
two users and used to describe the gap between the optimal
performance of NOMA and that of DPC. For multiple users,
we investigate the optimal beamforming when the channels of
users are quasi-degraded. In addition, in the special case with
two users, compared to [11], we provide an alternative way to
obtain the optimal beamforming. Specifically, we transfer the
original nonconvex problem into an equivalent problem, which

3

is convex and can be solved easily via SDP. Furthermore,
we characterize the optimal beamforming in closed form with
the quasi-degradation condition. Our results will dramatically
simplify the problem of beamforming design in the downlink
MISO NOMA systems and improve the system performance.

III. BEAMFORMING DESIGN FOR TPM

In this section, we study beamforming design for mini-
mizing transmission power with multiple users. The similar
problems have also been considered in [11], [28]-[31], while
[11], [29]-[31] only considered the special case with two users
and in [28], the authors proposed the suboptimal beamforming
via successive approximations. The TPM problem, in problem
(5), is indeed a nonconvex problem, which is difficult to
find its solution. In this section, we firstly find the solution
using semidefinite relaxation (SDR). Then, we will provide
the optimal beamforming vectors in closed form for the cases
where the channels of users are quasi-degraded. The definition
of quasi-degradation was firstly proposed in [11] for two users.
In this work, we further introduce this concept for multiple
users.

A. Beamforming design via SDR

Here, we will use the SDR approach to solve problem (5).
Firstly, we introduce the following variable transformation:
Q. = wiywil. Therefore,

for k=1,--- ,N,n=1,--- k. With Amin = 28" _ 1 the
original TPM problem (5) is rewritten as

SINR,, , =

)

N
min Tr (Q,), (8)
{Qu-0) &~ (@)
k—1
st W Quh, — Ap™ | Y hlQh, + 0% | >0,
j=1

kzl,"',N,TL:17"',k, (9)
Rank (Q,) <1,k=1,---,N. (10)
Problem (8) is still a nonconvex problem due to the rank

constraints (10). We first consider the optimization problem
(8) without the rank constraints (10), i.e.,

N
min Tr , (11
{Q,=0} (@)
k—1
st hQuh, — AP™ | Y "hfQ;h, +0” | >0,
j=1
k=1,-- ,Nn=1,--- k. (12)

One can easily find that problem (11) is a standard SDP, which
is efficiently solved by using convex optimization techniques,
e.g., CVX. However, the solution to problem (11) can not
always satisfy the rank constraint (10). In general, if we obtain
a set of rank-one matrix solutions to the relaxed problem
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in (11), then these matrices are also the optimal solutions
to problem (8). Otherwise, we can use the randomization
technique [33] to produce a set of rank-one solutions. After
obtaining the solution: {Q k}g:p the beamforming vectors can
be obtained by using the singular value decomposition (SVD)

of Q.

B. The optimal beamforming in closed form with quasi-
degraded channels

In this subsection, the closed form beamforming solution is
characterized when the channels of users are quasi-degraded.
The definition of quasi-degradation was firstly proposed in
[11], [31] for the special case with two users. In this paper,
we will apply this concept to the general multiple users case
in the downlink MISO NOMA systems.

In order to introduce the definition of quasi-degradation
for multiple users, we propose the DPC transmission scheme.
Above all, in order to describe DPC scheme, a encoding order
(N,---,1) is assumed at the BS, which is consistent with
the NOMA decoding order. Specifically, for UEy, the BS first
encodes the information intended to UE; for [ > k , and then
encodes the information intended to UE; by pre-subtracting
the information of UE; for [ = k + 1,--- , N. Therefore, the
achievable rate of UEy is:

hfwkw,ljhk (13)
o+ 21;;11 hifw;wihy,

and the problem of beamforming design for TPM with QoS
constraint is formulated as

Cy = log <1+

N
Pppc = min Z [welf3
w

(14)
k=1
st. Cp > R k=1,--- N, (15)
The QoS constraints, (15), is in fact:
F=1l g

j=1

1
_thwkwfhk,kzl,m ,N. (16)

The optimal solution to problem (14) is obtained by using
Lemma 1 and Proposition 1 presented in the following.

In general, the optimal solution to problem (5) is difficult to
obtain. Here, however, by introducing the following definition,
we can provide the optimal beamforming in closed form.

Definition 1. Assume a decoding order (IV, - - - , 1) of NOMA
and a encoding order (N,--- ,1) of DPC, then the broadcast
channels {h;},_, are quasi-degraded with respect to the target
QoS thresholds {R}fi”}g:l if and only if the minimum total
transmission power of MISO NOMA is equal to that of MISO
DPC, ie., Pnoma = Ppope.

Remark 1. Tt has been shown in [10] that the capacity region
can be achieved by using DPC and hence DPC is commonly
used as a benchmark. Definition 1 is used to identify the gap
between the optimal performance of NOMA and that of DPC.

4

Specifically, if the channels of users are quasi-degraded, the
optimal performance achieved by NOMA is same as DPC.

In order to obtain the closed form beamforming with quasi-
degraded channels in the MISO NOMA systems, we introduce
the following Lemma.

Lemma 1. If {w,’;NOMA}szl is the optimal solution to
problem (5), and the broadcast channels {hk}szl are quasi-

degraded, there exists the optimal solution {sz P C}jcvzl to
problem (14), such that
«xDPC\ N _ *xNOMA N
{wi }k:1 = {w; }kzl' (17)
Proof. Please refer to Appendix A. O

According to Lemma 1, with quasi-degradation condition,
the optimal solution to (5) can be obtained by solving the
problem (14). Therefore, we can focus on solving problem
(14).

However, problem (14) is also nonconvex and can not be
directly solved. In order to characterize the hidden convexity
of problem (14), we present the following Lemma.

Lemma 2. The inner product of {h,{{ Wk}iv:l can be trans-
ferred to a real value without loss of optimality in (14).

Proof. Please refer to Appendix B. O

Using Lemma 2, we then find out the hidden convexity of
problem (14) in the following Proposition.

Proposition 1. The problem (14) can be written as

N
minZHwng, (18)
Rl gt
k-1 1
s.t. Zl/a2h,€1w]~w§{hk+l < 7.thwk,
j=1 ' o4/ Amin
fork=1,--- /N, 19)

where APM = QR _ 1,k=1,---,N and (18) is a convex
optimization problem.

Proof. Please refer to Appendix C. O

Corollary 1. The convex form of problem (18) has the same
Lagrangian as the original form of problem (14).

Proof. Please refer to Appendix D. O

Consequently, according to Proposition 1, one can easily
find the optimal solution to problem (14) via standard op-
timization tools, e.g., CVX. Moreover, from Corollary 1, the
optimal beamforming can even be characterized in closed form
by exploiting the Lagrangian of problem (14). Therefore, with
the condition of quasi-degradation, we can obtain the optimal
beamforming solution to problem (5) by solving problem (14)
(or (18)). To the best of the authors’ knowledge, there is no
work finding out the optimal beamforming in the downlink
MISO NOMA systems. In the following Proposition, with
quasi-degradation condition, we will characterize the optimal
beamforming vectors in closed form.
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Proposition 2. Suppose that the channels of users are quasi-
degraded, then the optimal solution to problem (5) is wj, =
\/pk"ﬂk, k=1,---,N, where

) —1
(IT N %hjhf) hy

wy, = F— ~ 20)
‘ (IT + D ikt G—%hjhf) hy,
is the normalized directions for UE), with
2Amin
Ap = Tk ——— k=1,--- ,N—1
hf (IT + Z;V:k+1 %hjhf> hy,
(21
O.QAmin
AN = N 22
N hThy (22)
and
AminO.Q
M= (23)
h{{wlwl h1
miny, H k—1 ~ ~H min 2
AP hy (Zj:1 PjW,; W; ) h, + Ao
P = ~ w H )
thwkwk hk
k:27"'7N7 (24)
are the optimal transmit powers.
Proof. Please refer to Appendix E. O

Corollary 2. Given |hi||, > --- > ||hn|l, the optimal
transmit powers always satisfy p1 < --- < py if

Cl: AN + AP AR > A, (25)
Proof. Please refer to Appendix F. O

Therefore, for multiple users, when the channels are quasi-
degraded, the optimal beamforming for TPM can be charac-
terized by Proposition 2. In addition, Corollary 2 shows that,
with reasonable value of QoS thresholds, the optimal allocated
power to the weak users is higher. This contributes into
fairness of resource allocation in the MISO NOMA systems.

With the optimal beamforming proposed in Proposition 2,
Proposition 3 provides an explicit necessary and sufficient
condition for quasi-degraded channels with multiple users.
Compared to [11], [31], where the quasi-degradation condition
was for two users, but we provide the quasi-degradation
condition for multiple users.

Proposition 3. The broadcast channels {hk}é\’:l are quasi-
degraded with respect to {A?in}gzl , if and only if

k—1
C2 : hwiw;h, — Am» Z hfw;-"w;th +o%| >0
j=1
fork=2,-- ,Nn=1,-- k-1,
(26)
where wy, is given in Proposition 2.
Proof. Please refer to Appendix G. O
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With perfect CSI available at the transmitter, it has been
shown that the best performance can be achieved by using
DPC [10], [11]. However, DPC is hard to be used practically
in communication systems. Proposition 3 shows that, with the
quasi-degradation condition, the proposed downlink NOMA
transmission scheme can simultaneously yield performance of
the performance region of MISO system.

In the general case of multiple users in the downlink MISO
NOMA systems, since the number of constraints is very large,
we only provide the optimal beamforming when the channels
are quasi-degraded. In the following section, we the optimal
solution for a system with two users is provided.

IV. OPTIMAL BEAMFORMING FOR TPM wITH TwoO USERS

In this section, we focus on the special case that there are
two users performing NOMA in a MISO system. Note that the
additional complexity of SIC is proportional to the number of
users. Therefore, the case with two users is often adopted in
some works [11], [29]. In this case, the TPM problem is

min [lwy|[3 + w23, @7
{w1,w2}
s.t. Ry > R™™ Ry > RP™ (28)
where
hw,wfh
Ry =log (1 + 1“’12’”11> , (29)
g
Ry =min{log (1 + SINR; 5),log (1 + SINR2 )}, (30)
and
hngthl
SINR; o =—1 2 , 31
"2 752 L hw wilh, D
h¥wowlh
SINRy 5 =——2 022 112 (32)

02 + hilwwihy

This problem was also studied in [11], [29]-[31], however,
[29], [30] only gave the suboptimal solution. In this section,
we provide the optimal beamforming solution, which is also
characterized in closed form. In addition, compared with
[11], [31], we directly deal with the original optimization
problem instead of the dual problem and propose an alternative
approach to solve (27).

A. Optimal beamforming via SDR

Although the original TPM problem (27) is nonconvex, we
obtain its optimal solution by considering its equivalent prob-
lem using variable transformation: Q, = wkwkH JkE=1,2.
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Setting A™n — 28" _ 1k = 1,2, the original problem,
(27), is transferred into

i T
(@,70.Q,-0} Qi+ Q). 33
t. APg? —hfQ h; <0, (34)
1 1
;h{{thl YT ———h{'Q,h; +1 <0,
(35)
1
—hi'Q hy — gy T ——hi’Q,h, +1 <0,
o Al
(36)
Rank (Q,) <1,k =1,2, (37)

which is also a nonconvex problem because of the rank
constraint in (37). Here, we set aside the rank constraints,
the SDR of problem (33) is

min ~ Tr(Q; +Q,), (38)
P R (Q +Qy)
s.t. AMng2 —hilQ h, <0, (39)
1 1
ﬁh{{thl YT ———h{'Q,h; +1 <0,
(40)
1
ghngth sy ——hi’'Q,h, +1<0.

(41)

Note that problem (38) is a standard SDP. Hence, we can find
the optimal solution to (38) by using convex optimization tools
and software such as CVX. Furthermore, we will prove that
(33) without the rank constraints is tight.

Proposition 4. Without rank constraints (37), the optimal
solution to problem (38) always satisfies Rank (Q},) = 1,k =
1,2.

Proof. Please refer to Appendix H. [

Proposition 4 shows that the rank relaxation is always
tight and the optimal solution to problem (38) is same as
(33). Therefore, the optimal solution to the original problem
(27) or (33) can be achieved by solving a convex problem.
Specifically, one can first achieve the optimal {Q7,Q5} to
problem (38) by using, e.g., the tool of CVX. Then, using
the SVD of @,k = 1,2, one can easily obtain the optimal
beamforming solution for TPM.

B. Optimal beamforming in closed form with quasi-degraded
channels

In the following Proposition, the optimal beamforming
vectors are obtained in closed form.

Proposition 5. The optimal solution to problem (27) is

Amin 2 ~
*
wy = ~ ~H ~H WYL (42)
h1 wiw; hjw; w;

Aminpy H N Hh hH A Hh
1 hywiwy hy +hiwiwr hy

) Aing?2

h23

~ ~ H
h{{wlwl hlhghghghg

6
70
0 10 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 80
4
Figure 1. The function of f (0)
where .
hoht
(17 +apmistl) hy
w, = — 43)
min h2h
(Ir+ Agn i) h
Proof. Please refer to Appendix 1. O

Corollary 3. The optimal beamforming proposed in (42)
achieves the same performance as DPC.

Proof. Please refer to Appendix J. [

In the special case with two users, since the TPM problem
is equivalently transformed into a convex problem, we can
achieve the global optimal beamforming, which is even char-
acterized in closed form. In addition, according to Corollary
3, the optimal beamforming solution achieves the same perfor-
mance as DPC. Hence, according to Definition 1, the channels
of users are quasi-degraded at this optimal point. However, the
optimal beamforming in Proposition 5 can be achieved only
with some condition of channel gains and QoS thresholds,
which is described in the following.

Proposition 6. The optimal beamforming solution in (42) can
be achieved if and only if

ArinpHp h o h T hoht

3: AP 5
((1+ Ag™) B hih hy — AFR{TRoRY e )
hi hyhi h
_ # <0. (44)
Proof. Please refer to Appendix K. O

Remark 2. The same as the quasi-degradation condition pro-
posed in Proposition 3 if the number of users is two. In the
other words, in the special case with two users, the optimal
closed form solution to (27) can be achieved if and only if the
users’ channels are quasi-degraded.

In addition, to elaborate another important insight, condition
C3 is rewritten as

h 2
Iha > f(0), (45)

2 -
[zl
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Figure 2. Total Transmission Power versus the Number of Users.

where
Amin + 1 Amin
FO) = =5~ — 7> (46)
cos ((1 + Aern) cos® Arinn Cos 0)
and " "
hi haohsy' h
cos? 0 = #, 47)
hi hihy hy

and 6 denotes the angle between the channels of UE; and
UE;. In Fig. 1, we show the figure of function f () and it is
easy to find that fi,in (0) = fmin (0) = 1. Therefore, in order
to satisfy C3, we must have HZle > 1, which is consistent
with our assumption. In this papezr, if the channels of two users
have the same direction, condition C3 will be satisfied, i. e.,
the optimal beamforming proposed in Proposition 5 can be
achieved. Furthermore, if the two users do not have the same
channel direction, to achieve the optimal beamforming, the
channel gain between the two user should be large enough to
satisfy condition C3.

V. SIMULATION RESULTS

In this section, we show the performance of our proposed
beamforming solution to the TPM problem in the down-
link MISO NOMA systems. In our simulation, the single-
antenna users are distributed uniformly within the circle and
the radius of the circle is 50 meters around the BS. The
channel coefficient follows an i.i.d. Gaussian distribution as
gr ~ CN (0,1) for k = 1,--- , N and the exponent of path
loss is a = 3. The noise power is 02 = 0.0001. In addition,
for multiple-users case, the QoS threshold of user n is given
as R™M™ = (0.2 +0.01(n — 1)) bps/Hz. For two-users case,
the QoS thresholds of user 1 and user 2 are respectively set as
RP® = 1bps/Hz and RY™ = 1.2bps/Hz. In the simulations,
we compare the proposed beamforming design, i.e., the beam-
forming using SDR method and the optimal beamforming in
closed form, with the OFDMA scheme and the two widely
used schemes, including DPC and the regularized ZF [34].

Fig. 2 depicts the total transmission power of MISO NOMA
systems versus the number of users with different numbers of
antennas, i.e., 7' = 10 and 7" = 20. It is seen that the proposed

DPC
O NOMAOP
NOMA SDR b
Regularized ZF
OFDMA

o
T

IS
T

Total Transmission Power (W)
w

Number of Users

Figure 3. Total Transmission Power versus the Number of Users.
3 ‘
DPC
O NOMAOP
25 NOMASDR |

Regularized ZF
OFDMA

Total Transmission Power (W)
(6]

0.5

Number of Antennas

Figure 4. Total Transmission Power versus the Number of Antennas for
Multiple Users.

beamforming using SDR in the downlink MISO NOMA
systems slightly results in a performance loss compared to
the optimal DPC scheme. Compared with ZF and OFDMA
schemes, MISO NOMA beamforming yields a significant
performance gain, particularly when the number of users is
large and the number of antennas is small.

In Fig. 3, we focus on the situation where the channels
of users are quasi-degraded. In this figure, the number of
antennas is 7' = 10. As expected, the optimal beamforming
proposed in this paper indeed achieves better performance
than the SDR method in which the SDR method solves the
optimization problem by omitting the rank constraint, which
induces the suboptimal solution. Furthermore, it is easy to
find that our proposed optimal beamforming solution achieves
the same performance as DPC, which means with quasi-
degradation condition, the downlink MISO NOMA scheme
is able to achieve the best performance of MISO systems.
In addition, there are similar phenomenons as in Fig. 2 that
NOMA scheme can bring better performance than the existing
ZF and OFDMA schemes, especially when the number of
users is large.

Fig. 4 shows the total transmission power versus the number
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of antennas. In this figure, the channels are assumed to be
quasi-degraded and the number of users is N = 6. One can
observe the similar phenomenons as in Fig. 3 that NOMA
outperforms OFDMA and ZF scheme, the proposed optimal
beamforming lead to lower power than the SDR method and
the MISO NOMA scheme can achieve the same performance
as DPC. In addition, with the increasing of the number
of antennas, the gap between the NOMA scheme and the
conventional scheme, i.e., the OFDMA and ZF, will increase.

Fig. 5 displays the total transmission power versus the
number of antennas in the special case with two users. In
this figure, the channels of these two users are assumed to be
quasi-degraded. Different from Fig. 3 and Fig. 4, the proposed
beamforming using SDR is also optimal and achieves the same
performance as the proposed optimal beamforming in closed
form and the DPC scheme. This is because, in the scenario
where the number of users is N = 2, the rank relaxation is
always tight. Therefore, in the special case with two users,
the optimal beamforming can be obtained either using SDR
method or using our proposed optimal beamforming in closed
form.

In Fig. 6, we depict the impact of QoS thresholds for the
two-users MISO NOMA case. In this figure, the QoS threshold
of user 1 is given as RI™" = 1bps/Hz while the QoS threshold
of user 2, i.e., R, ranges from 0.4bps/Hz to 1.2bps/Hz.
As expected, NOMA always outperforms ZF and OFDMA
whenever RPM > RN or RN < RMIn In addition, one
can easily find out that the gap between NOMA and ZF
or OFDMA becomes larger when user 2’s QoS threshold
increases.

VI. CONCLUSION

In this paper, in order to obtain the minimum transmission
power of all users, we optimized the beamforming vectors in
the downlink multi-users MISO NOMA systems. Specifically,
we first provided the beamforming via SDR method. Then,
we introduced the definition of quasi-degradation for multiple
users and characterized the optimal beamforming in closed
form with quasi-degradation condition. In addition, in the
special case with two users, we showed that the original
nonconvex TPM problem could be solved via transferring into
an equivalent convex problem and the optimal beamforming
was also characterized in closed form with quasi-degradation
condition.

APPENDIX
A. Proof of Lemma 1

Let Cn and Cp respectively denote the feasible region of
the optimization problem (5) and (14). It is easy to find that
Cn C Cp. Therefore, the optimal solution to (5) is also a
feasible solution to (14). According to the definition of quasi-
degradation in Definition 1, we have Pyoara = Pppc, which
N OMA};CVZI can achieve the optimal value of (14).

means {w}
N . . .
Therefore, {wZN oM A} et 18 also the optimal solution to

(14), ie., {szPC}Q’:1 = {wZNOMA};V:r

B. Proof of Lemma 2

Note that, adding an arbitrary phase rotation to the beam-
forming vectors has no effect to the rate of UEj. In other
words, if {wy,} is optimal, so is {wkej‘b’“} [35], [36]. Without
loss of optimality, we apply this phase ambiguity to rotate the

. . H N
beamforming vectors such that the inner product {hffwy},
are real valued and positive.

C. Proof of Proposition 1

Since the cost function Zgil ||'w;€||§ in (14) is a convex
function, the non-convexity lies in the QoS constraints. To
find out the hidden convexity of the QoS constraints, we use
a method from [8]. First, according to Lemma 2, we can
add an arbitrary phase rotation to the beamforming vectors
without affecting the rate of UEg, i.e., if {wy} is optimal, so
is {w,el?} . Without loss of optimality, we rotate the phase
such that the inner product th wy, is real valued and positive,
implying ’thwkIQ =hlw fork=1,--- N.

Hence, we may take square root of the constraints (16)
in (14) and then the constraints become second-order cone
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9
programming constraints [8], [35], [36], which is in fact
convex. Therefore, the TPM problem can be equivalently -1
. S A
rewritten as (18), which is convex. wy = | Iy + Z J I, hH hy 2k A hk wy. (54)
j= k+1

D. Proof of Corollary 1

H
The Lagrangian of problem (18) is given by By wj can be a scalar

Here, according to Lemma 2, W
value and hence the optimal beamfé)rmmg for UEy, is parallel

N -1
L= w2 o (Ir+ 3 41 2405h!) By, i, the optimal beam-
forming for UEj can be given as
k—1 — 0
1 Wi = \/Pr Wk, (55)
+ o | (| D 1/0?hfwwihy +1— ———h{wy |, N
j=1 o/ Agﬁn where wj, denotes the uniformed beamforming direction for
(48) UEj and given as
-1
where py for k = 1,--- | N are the Lagrangian multipliers. N (IT + ZJ k1 a;h h! ) h;
Let wy = ) . (56)
— ‘(IT + N 1 24hh! ) hy,
e = 1/o2hHw;wihy, +1+ ———h"w,, (49)
]Z:; [o* Iy w, J o/ Amin K Here, the Lagrangian multipliers A\ for £ = 1,--- /N is
obtained from (54), i. e.,
then (48) can be rewritten as 1
N Ajy v H Ak m
L= o PR BT
k—1 The Lagrangian multipliers A\; for k = 1,--- | N is then given
+ i Z 1/02thij§Ihk +1— — h,k WiwWy Hp, | . asin (21). In addition, in (55), py denotes the optimal power
tk j=1 A allocated to UEg, which can be obtained from (53) with Ax >
(50) O, ie.,
Note that ¢t for £ = 1,---, N are strictly positive, hence I I 1 i
we can change the optimization variable to A\, = g /tr, k = Z ﬁhk wjw; hy +1 - o2 Anin —5m e wrwi hi =0, (58)
1,---,N. Under this change of variables, the Lagrangian of ~ 7=!
the convex form of problem (18) is then exactly the same as implying
the Lagrangian of the original form of problem (14). pih! 11711171Hh1 APing? — 0, (39)
E. Proof of Proposition 2 Amm o~ o~ H
The Lagrangian of (14) is given by ij b/ w]wj hk +0” | —pehfwewy by =0,
N
(60)
L= wi |
Z” kHz kE=2--- N.
k=1 o . 1 i . Therefore the optimal powers are obtained as in (23).
A —h,ww:’hy+1— ———h h
+ Ag Z; 52 M wiw; hy + o2 A F Wpwy g |,
= &1 F. Proof of Corollary 2
) According to Proposition 2, the optimal transmit powers are
where Ay > 0 for k¥ = 1,--- N are the Lagrangian given in (23), hence, for k = 2,--- , N, we have

multipliers. The corresponding Karush-Kuhn-Tucker (KKT)

conditions are: . k-1 " .
pkhk wkwk hk = Ammh ijw]w] hk—‘rAIkan' s
Jj=1
Ak (61)
= ’h hifw — -k _ph.hH 0
8 =Wt Z o2 Apin FUWE =D therefore
j= k+1
(52) o ~ H k—1 o ~ H Amin0.2
a prwpwy  — AR pavw; = thTIT. (62)
Z hk 'LUJw hk—'_l_TIknlnhk WrWwi, hk: =0. j=1 k 1k
(53) Since wk, for k _Hl -, N, are normalized vectors, i.e.,
From (52), we obtain, Tr wkwk ) = u7k u7k =1, then
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Amm Zp] - hHh (63)
which implies
Pr+1 Z o?
min (64)
Ak+1 j=1 e k+1hk+1
Subtracting (63) from (64) yields
1 1
i (Pr41+ B) = 2o T 1) (pr + B), (65)
k+1 k
where
_ ot (ffhy b ) Apmapn
Bl i ahfThy (AR AP + AP 4 AT
(66)
Given condition C1 is satisfied, one can write
i AminAmin Amin
Pt B A App + Ay >, 67)

Dk + B Aznin

Since B > 0, we always have px1 > pi as in condition Cl1.

G. Proof of Proposition 3

First, we prove the sufficiency of the condition. According
to Proposition 2, we provides the optimal solution to (14).
Here, if condition C2 is satisfied, one can easily find that
the optimal solution, wj, for k = 1,---, N, in Proposition
2 is also a solution to problem (5). Therefore, according
to Definition 1, the broadcast channels, {hk}fj:l, are quasi-
degraded.

To prove the necessity of the condition, if the broad-
cast channels {hk}g:1 are quasi-degraded with respect to
{A?i“}:[:l , according to Definition 1 and Proposition 2, the
proposed beamforming is the optimal solution to (5). There-
fore, the proposed beamforming should satisfy the constraints
in (5), which then implies condition C2 and completes the
proof.

H. Proof of Proposition 4

It is shown in [37] that there exists an optimal solution
{Q7,Q5} of the SDR problem (38) such that

rank? (Q7) + rank? (Q3) < 3 (68)

We also note that, in order to meet the positive QoS con-
straints, Q) # 0, i.e., rank (Q}) > 1,k = 1,2. Therefore,
there must exist an optimal solution such that rank (Q7) =

rank (Q35) = 1.

10
L. Proof of Proposition 5
The Lagrangian of the convex problem (38) is
1
L=Tr(Q,+ Q)+ (1 - Qminh{{Qﬂh)
02 A}
1 1
A2 (2h{{Q1h1 o2 Amin hHQ2h1 * 1)
o Ab
1.y 1
+ A3 | Zhy Q hs — 2T ———hi’'Q,hy + 1
o Ab
—Tr(T1Q; + Y2Q,), (69)

where \; > 0,l = 1,...,3, and X, = 0, k = 1,2, are
the Lagrangian multipliers. Applying KKT conditions of (38)
yields

OL A A
—~~ =I—\hhf+ 2h1hH+ 3h2 —Y; =0, (70)
0Q,
oL A g s "
=]————hh ——————hyhy’ — Yy =0, (71
8Q2 02A12nm 1 2Am1n 2 2 ? ( )
1
A1 (1 - JzArlrmhllHthl) =0, (72)
L. u 1 H
A2 | hy Qhy — 2 — o hiQhy +1) =0, (73)
o Aj
1., 1
A3 ﬁhz Q hy — o2 Apin ———hJQyh, +1) =0, (74)
T1Q, =0,k =12 (75)

Multiplying both sides of equation (70), and (71), by @, and
Q. , respectively, we obtain

A A
Qi — Mbih{Q, + ZShih{Q, + ZShohi'Q, =0, (76)

A2 A3

Q2 2Amln 1h1 Q2 2Amm

——=—hyhi’Q, =0. (77
Since the SDR problem in (38) is always tight, it is easy to
have Q,, = 'wk.w,lj, k = 1,2. Therefore, (76), (77), and the

KKT conditions, i.e., (72) to (74), are reduced to

H H H, AQ H H, )\3 H H.
wlwl—)\lhlhl wlwl—l—;hlhl wlwl—&—;hghg wiw; =0,

(78)
A2 A3
/lUngl — Wh hl /lUngl — WthQ /UJQ'LUQ = O
(79)
A (AP"0? — hi'wiw{'hy) =0, (80)
1 H H 1 H H
)\2 ?hl wiwy h1 +1-— Whl WwowWs hl = 07
: 81)
1 1
)\3 (0_2h§1W1w{{h2 + 1-— mh?ﬂ}zwglhg =0.
’ (82)
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Furthermore, from (78) and (79), with wy # 0 for k =1,2,
we have

Ao A3
— Ah hfaw, + = hthwl + thhle =0, (83)

Ao A3
2Am1nh h1 w2 — 2Am1n

It is also seen in (83) and (84) that \;y > 0 and Ay = 0,
A3 = 0 are not possible. Therefore, three cases are possible,
ie., A\ > 0,)\2 > 0,)\3 > 0; A\ > 0,)\2 = 0,3 > 0; and
A1 > 0,2 > 0,3 =0.

1) The case of Ay > 0,A3 > 0,A3 > 0: Using (81) and
(82), we have

wy — —=° _hyhffw, =0. (84)

1
ﬁhf[wlw{[hl +1- hfwywih, =0, (85)

0.2A12nin

1
;hQ wiwihy + 1 — ———hfw,wlhy, =0.  (86)

2Am1n
However, with ||hy||, > |[/hsa]|,, (85) and (86) can not be
satisfied simultaneously. This is because, by subtracting (86)
from (85), we have

1 1
;h{{w1w¥h1 - OQTglinh{IwaQ h1
1
— (21'15[1.1)1'[1){11’12 +1- 21’nlnh2Hw2w£{h2>
o o2 A}
_ihH H 1 )y
0_2 1 w1w1 AénianwQ 1
ihH wiw? — 1 2y
272 1wy Amin WaW; 2
2
1 1
:;Tr ((wlwl Amlnw2w2 ) (hth h2h2 ))

87)

Since ||hy [, > ||h2,, we have hihiT —hoh¥ 5& 0. In addi-
tion, it follows from (85) or (86) that wlw{{ — Amm w2w2 #*
0. Hence, (87) can not be equal to zero, 1é the KKT
conditions (81) and (82) can not be satisfied simultaneously.
Therefore, the case A\; > 0, A\ > 0, A3 > 0 is not possible.

2) The case of A\1 > 0,\2 > 0, A3 = 0: Using (83) and
(84), we have

A
— Alhlh{{'wl + %hlh{{’wl =0, (88)

o
w Az —22 _phfw =0, (89)

2 2Amm 1 2=
therefore
A —1
<1T+ “h hH> hadhfw,, (90)
A2

= b1 gt w2 1)
Here, according to Lemma 2, A\ h1 w; and 5T Amm hH wo

can be both scalars. Hence, (90) and (91) show that
the optimal w; and ws must be respectively parallel to

11

-1
(IT + %hlh{{) h1, and h;. In the other words, the op-
\/p1’ll71, wo = \/Pz’l;z,

timal beamforming vectors are wi =
where

(IT+ hth) hy

w = , (92)
‘(IT n hth) hy
~  h
wo = _— 93)
2 7] (

denote the normalized beamforming directions and from (89),
the Lagrangian multiplier is given as Ay = o2AQ® /hfl hi.
The unknown optimal powers are then obtained by using (80)
and (81) with Ay > 0,2 > 0, i.e.,

in 2 H~ o
Ao — prhy wiwi hy =0,

(94)

1 ~ 1 ~ 7
gplh{{wl'w{{hl +1- mpgh{{wgwefhl =0. (95
07 A3
Hence, the optimal powers can be given as
Amin02
pr=——n (96)
hflwlw{[hl
AminAminO.2 +Arni110.2
pp= 97)
hfwgwfhl

However, in this case, i.e., Ay > 0, Ay > 0, A3 = 0, the
corresponding optimal beamforming solution fails to hold the
constraint (36) in problem (33). Specifically, the normalized
beamforming direction for UE; is

N (IT—I—AgliIlhlhf/hfhl) hl Ah1 08
W= i H /3 H -1 B |Ah1|. %)
(IT + Apinp pt /! hl) hi

Using the Sherman-Morrison equation, we have

A= (Ir+ AF™hih Rl )

APh ki /hi'h
_g, o A thy [hi by (99)
1+ Apin
Therefore,
1 1
7h£{w1w{{h2 +1- WhSIWQ’UJé{hQ
hlewl h2 Wh2 'LU2U72 h2 +1
AP wiwihy (AP +1) hf wywll by o
h{{'l;ll’w{{hl hf'ﬁgwfhl
_APRI AR R AT Ry (AP + 1) By hahiThy O
R AR RE AT By hh,hf h,
APnhY hihi'hy (AP + 1) hy'hihi'hy
= " H - " )i +1
hih ki hy hh,hi by
h¥hhih
=1- 21125, (100)
hh i h,
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Therefore, the constraint in (36) is not held. The case \; >
0,A2 > 0,A3 = 0 is also impossible. Therefore, the only
possible case is Ay > 0, A2 =0, A3 > 0.

3) The case of \1 > 0,2 = 0,3 > 0: According to (83)
and (84), we have

A3

wi — )\1h1h1 w1 + h2h2 wi = O (10])

A3
w9 — 2Amm h2h2 wo = O (102)

therefore,
A\ -1

wy = <IT+ BthH> hidhHw,, (103)
woy = hzﬂ.hf’wg. (104)

O-2A12mn 2

According to Lemma 2, Alhl w;y and QAmm h2 wsy can be
both scalars and the optimal w1 and wo must be respectively

parallel to (I T+ U—gthS’ ) hi and hs. In the other words,

the optimal beamforming vectors are w; = ,/plfwl, wy =

\/P2ws, where

(IT n %hghf) hy

w, = — , (105)
‘(IT + %hzhg) h,
Wo = ha (106)

[ha|

are the normalized beamforming directions for users with
Lagrangian multiplier A3 = 62A3"™ /h¥ h,, which is obtained
from (102). In addition, using (80) and (81) with Ay > 0, A3 >
0, i.e.,

~

in 2 H,~ H
Arlmna_ —p1h1 wi1wq h1 = O,

(107)

1/o?hfwiwthy +1 — ———hE¥wowl hy =0, (108)

2Am1n

the optimal transmit powers are given as

min 2
p= e (109)
h{{wlwl h1
(ArlninhQH,J;l,l;thQ + h{{’L;l’l;th1> Ar2nino.2
P2 =  w H .
h{{wl'wl h1h2Hh2
(110)

Therefore, the optimal beamforming vectors are as in (42),
which completes the proof.

J. Proof of Corollary 3

It was shown in the proof of Proposition 5 that the optimal
beamforming is achieved for A; > 0, A2 = 0, A3 > 0. Then,
according to the DPC scheme formulated in (14), it is easy
to find that the optimal beamforming vectors proposed in (5)
achieves the same performance as DPC.

12

K. Proof of Proposition 6

First, we prove sufficiency of the condition. If condition C3
is satisfied, according to the proof of Proposition 5, we find
that the relaxed constraint, i.e., (36), can be also satisfied,
implying the optimal solution can satisfy all the proposed
constraints in problem (27). Therefore, with condition C3,
the optimal beamforming proposed in Proposition 5 can be
achieved.

To prove the necessity of the condition, we note that in
the proof of Proposition 5, only in the case of A\; > 0, Ay =
0, A3 > 0, we can achieve the optimal solution to (27). In this
case, the constraint (36) is relaxed, hence the optimal solution
should satisfy this constraint, i.e.,

1/o*nwiwifh; +1 - ———hfwiw;Th; <0, (111)

2Am1n

which is in fact condition C3 if the optimal beamforming
vectors proposed in Proposition 5 are substituted .

REFERENCES

[1] J. G. Andrews, S. Buzzi, W. Choi, S. V. Hanly, A. Lozano, A. C. K.
Soong, and J. C. Zhang, “What will 5G be?,” IEEE J. Sel. Areas
Commun., vol. 32, pp. 1065-1082, Jun. 2014.

[2] S. He, Y. Huang, J. Wang, L. Yang, and W. Hong, “Joint antenna se-
lection and energy-efficient beamforming design,” IEEE Signal Process.
Lett., vol. 23, pp. 1165-1169, Sep. 2016.

[3] J. Wang, W. Guan, Y. Huang, R. Schober, and X. You, “Distributed
optimization of hierarchical small cell networks: A GNEP framework,”
IEEE J. Sel. Areas Commun., vol. 35, pp. 249-264, Feb. 2017.

[4] X. Wang and X. Zhang, “Linear transmission for rate optimization in
MIMO broadcast channels,” IEEE Trans. Wireless Commun., vol. 9,
pp. 3247-3257, Oct. 2010.

[5] H. Dai, Y. Huang, Y. Xu, C. Li, B. Wang, and L. Yang, “Energy-
efficient resource allocation for energy harvesting-based device-to-device
communication,” [EEE Trans. Veh. Technol., pp. 1-1, Nov. 2018.

[6] D. W. K. Ng, E. S. Lo, and R. Schober, “Dynamic resource allocation in
MIMO-OFDMA systems with full-duplex and hybrid relaying,” IEEE
Trans. on Commun., vol. 60, pp. 1291-1304, May 2012.

[71 X. Chen, L. Wu, Z. Zhang, J. Dang, and J. Wang, “Adaptive modulation
and filter configuration in universal filtered multi-carrier systems,” IEEE
Trans. on Wireless Commun., vol. 17, pp. 1869-1881, Mar. 2018.

[8] A. Wiesel, Y. C. Eldar, and S. Shamai, “Linear precoding via conic
optimization for fixed MIMO receivers,” IEEE Trans. on Signal Process.,
vol. 54, pp. 161-176, Jan. 2006.

[91 Q. H. Spencer, A. L. Swindlehurst, and M. Haardt, “Zero-forcing meth-
ods for downlink spatial multiplexing in multiuser MIMO channels,”
IEEE Trans. on Signal Process., vol. 52, pp. 461-471, Feb. 2004.

[10] H. Weingarten, Y. Steinberg, and S. S. Shamai, “The capacity region
of the gaussian multiple-input multiple-output broadcast channel,” IEEE
Trans. Inform. Theory, vol. 52, pp. 3936-3964, Sep. 2006.

[11] Z. Chen, Z. Ding, P. Xu, and X. Dai, “Optimal precoding for a
QoS optimization problem in two-user MISO-NOMA downlink,” IEEE
Commun. Lett., vol. 20, pp. 1263-1266, Jun. 2016.

[12] L. Dai, B. Wang, Y. Yuan, S. Han, C. I, and Z. Wang, “Non-orthogonal
multiple access for 5G: solutions, challenges, opportunities, and future
research trends,” IEEE Commun. Mag., vol. 53, pp. 74-81, Sep. 2015.

[13] Z. Ding, X. Lei, G. K. Karagiannidis, R. Schober, J. Yuan, and V. K.
Bhargava, “A survey on non-orthogonal multiple access for 5G networks:
Research challenges and future trends,” IEEE J. Sel. Areas Commun.,
vol. 35, pp. 2181-2195, Oct. 2017.

[14] X. Sun, S. Yan, N. Yang, Z. Ding, C. Shen, and Z. Zhong, “Short-
packet downlink transmission with non-orthogonal multiple access,”
IEEE Trans. on Wireless Commun., vol. 17, pp. 45504564, Jul. 2018.

[15] Y. Feng, S. Yan, and Z. Yang, “Secure transmission to the strong
user in non-orthogonal multiple access,” IEEE Commun. Lett., vol. 22,
pp. 2623-2626, Dec. 2018.

[16] Y. Huang, C. Zhang, J. Wang, Y. Jing, L. Yang, and X. You, “Signal
processing for MIMO-NOMA: Present and future challenges,” IEEE
Wireless Commun., vol. 25, pp. 32-38, Apr. 2018.

0018-9545 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2020.2966629, IEEE

(171

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

0018-9545 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Transactions on Vehicular Technology

Z. Ding, F. Adachi, and H. V. Poor, “The application of MIMO to non-
orthogonal multiple access,” IEEE Trans. on Wireless Commun., vol. 15,
pp. 537-552, Jan. 2016.

X. Sun, N. Yang, S. Yan, Z. Ding, D. W. K. Ng, C. Shen, and Z. Zhong,
“Joint beamforming and power allocation in downlink NOMA multiuser
MIMO networks,” IEEE Trans. on Wireless Commun., vol. 17, pp. 5367—
5381, Aug. 2018.

Y. Sun, D. W. K. Ng, J. Zhu, and R. Schober, “Robust and secure
resource allocation for full-duplex MISO multicarrier NOMA systems,”
IEEE Trans. on Commun., vol. 66, pp. 4119—4137, Sep. 2018.

Y. Feng, S. Yan, Z. Yang, N. Yang, and J. Yuan, “Beamforming design
and power allocation for secure transmission with NOMA,” IEEE Trans.
on Wireless Commun., vol. 18, pp. 2639-2651, May 2019.

F. Fang, H. Zhang, J. Cheng, and V. C. M. Leung, “Energy-efficient re-
source allocation for downlink non-orthogonal multiple access network,”
IEEE Trans. on Commun., vol. 64, pp. 3722-3732, Sep. 2016.

K. Wang, J. Cui, Z. Ding, and P. Fan, “Stackelberg game for user
clustering and power allocation in millimeter wave-NOMA systems,”
IEEE Trans. on Wireless Commun., vol. 18, pp. 2842-2857, May 2019.
J. Zhu, J. Wang, Y. Huang, S. He, X. You, and L. Yang, “On optimal
power allocation for downlink non-orthogonal multiple access systems,”
IEEE J. Sel. Areas Commun., vol. 35, pp. 2744-2757, Dec. 2017.

J. Cui, Z. Ding, and P. Fan, “Beamforming design for MISO non-
orthogonal multiple access systems,” IET Commun., vol. 11, pp. 720-
725, Apr. 2017.

F. Zhu, Z. Lu, J. Zhu, J. Wang, and Y. Huang, “Beamforming design for
downlink non-orthogonal multiple access systems,” IEEE Access, vol. 6,
pp. 10956-10965, Jan. 2018.

M. F. Hanif, Z. Ding, T. Ratnarajah, and G. K. Karagiannidis, “A
minorization-maximization method for optimizing sum rate in the down-
link of non-orthogonal multiple access systems,” IEEE Trans. on Signal
Process., vol. 64, pp. 76-88, Jan. 2016.

Y. Sun, D. W. K. Ng, J. Zhu, and R. Schober, “Robust and secure
resource allocation for full-duplex MISO multicarrier NOMA systems,”
IEEE Trans. on Commun., vol. 66, pp. 4119—4137, Sep. 2018.

F. Alavi, K. Cumanan, Z. Ding, and A. G. Burr, “Beamforming tech-
niques for nonorthogonal multiple access in 5G cellular networks,” IEEE
Trans. on Veh. Technol., vol. 67, pp. 9474-9487, Oct. 2018.

J. Choi, “Minimum power multicast beamforming with superposition
coding for multiresolution broadcast and application to NOMA systems,”
IEEE Trans. on Commun., vol. 63, pp. 791-800, Mar. 2015.

J. Choi, “A suboptimal approach for minimum transmit power NOMA
beamforming,” in Proc. IEEE Veh. Technol. Conf., pp. 1-5, Sep. 2017.
Z. Chen, Z. Ding, X. Dai, and G. K. Karagiannidis, “On the application
of quasi-degradation to MISO-NOMA downlink,” IEEE Trans. on Signal
Process., vol. 64, pp. 6174-6189, Dec. 2016.

Y. Liu, H. Xing, C. Pan, A. Nallanathan, M. Elkashlan, and L. Hanzo,
“Multiple-antenna-assisted non-orthogonal multiple access,” IEEE Wire-
less Commun., vol. 25, pp. 17-23, Apr. 2018.

Y. Huang and D. P. Palomar, “Rank-constrained separable semidefinite
programming with applications to optimal beamforming,” IEEE Trans.
on Signal Process., vol. 58, pp. 664—678, Feb. 2010.

C. B. Peel, B. M. Hochwald, and A. L. Swindlehurst, “A
vector-perturbation technique for near-capacity multiantenna multiuser
communication-part i: channel inversion and regularization,” [EEE
Trans. on Commun., vol. 53, pp. 195-202, Jan. 2005.

E. Bjornson, M. Bengtsson, and B. Ottersten, “Optimal multiuser trans-
mit beamforming: A difficult problem with a simple solution structure
[lecture notes],” IEEE Signal Process. Mag., vol. 31, pp. 142—148, Jul.
2014.

W. Yu and T. Lan, “Transmitter optimization for the multi-antenna
downlink with per-antenna power constraints,” [EEE Trans. Signal
Process., vol. 55, pp. 2646-2660, Jun. 2007.

Z.Luo, W. Ma, A. M. So, Y. Ye, and S. Zhang, “Semidefinite relaxation
of quadratic optimization problems,” IEEE Signal Process. Mag., vol. 27,
pp. 20-34, May 2010.

13

Jianyue Zhu (S’17) received the B.S. degree from
Nanjing Agricultural University in 2015. She is
currently working towards the Ph.D. degree in in-
formation and communication engineering at the
School of Information Science and Engineering,
Southeast University, Nanjing, China. During 2018-
2019, Dr. Zhu was visiting the School of Computing
and Communications, Lancaster University, UK. Her
current research interests include non-orthogonal
multiple access, intelligient reflecting surface, and
optimization theory.

Jiaheng Wang (M’10-SM’14) received the Ph.D.
degree in electronic and computer engineering from
the Hong Kong University of Science and Technol-
ogy, Kowloon, Hong Kong, in 2010, and the B.E.
and M.S. degrees from the Southeast University,
Nanjing, China, in 2001 and 2006, respectively.

He is currently a Full Professor at the Na-
tional Mobile Communications Research Labora-
tory (NCRL), Southeast University, Nanjing, China.
From 2010 to 2011, he was with the Signal Process-
ing Laboratory, KTH Royal Institute of Technology,
Stockholm, Sweden. He also held visiting positions at the Friedrich Alexander
University Erlangen-NAErnberg, NAErnberg, Germany, and the University
of Macau, Macau. His research interests include optimization in signal
processing and wireless communications.

Dr. Wang has published more than 100 articles on international journals
and conferences. From 2014 to 2018, he served as an Associate Editor for
the IEEE Signal Processing Letters. From 2018, he serves as a Senior Area
Editor for the IEEE Signal Processing Letters. He was a recipient of the
Humboldt Fellowship for Experienced Researchers and the best paper awards
of IEEE GLOBECOM 2019, ADHOCNETS 2019, and WCSP 2014.

Yongming Huang (M’10-SM’17) received the B.S.
and M.S. degrees from Nanjing University, China, in
2000 and 2003, respectively. In 2007 he received the
Ph.D. degree in electrical engineering from South-
east University, China. Since March 2007 he has
been a faculty in the School of Information Science
and Engineering, Southeast University, China, where
he is currently a full professor. During 2008-2009,
Dr. Huang was visiting the Signal Processing Lab,
Electrical Engineering, Royal Institute of Technol-
ogy (KTH), Stockholm, Sweden.

His current research interests include MIMO wireless communications,
millimeter wave wireless communications and Intelligent mobile commu-
nications. He has published over 200 peer-reviewed papers, hold over 80
invention patents. He submitted around 20 technical contributions to IEEE
standards, and was awarded a certificate of appreciation for outstanding
contribution to the development of IEEE standard 802.11aj. He has served
as an Associate Editor for the IEEE Transactions on Signal Processing,
IEEE Wireless Communications Letters, EURASIP Journal on Advances
in Signal Processing, and EURASIP Journal on Wireless Communications
and Networking, and a guest editor for the IEEE Journal Selected Areas in
Communications.




This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2020.2966629, IEEE
Transactions on Vehicular Technology

14

Keivan Navaie (S’00-M’04-SM’10) is with the
School of Computing and Communications, Lan-
caster University, UK. His research seeks innovative
inter-disciplinary solutions to address fundamental
technical and design challenges in Intelligent Cyber
Physical Systems and their integrations into day-
to-day life to improve its sustainability and anti-
fragility. Keivan’s research covers topics including
Distributed Cloud and Edge Computing, Connectiv-
ity Resilience in Cyber-Physical Systems and IoT,
Applications of Machine Learning and Artificial
Intelligence, and Cognitive Communications Networks. He is on the editorial
board of the IEEE Comm. Letters, IEEE Comm. Surveys and Tutorials, Trans.
on Wireless Communications, and IEEE Access. Keivan is also advocate
of evidence-based policy making through his involvement with the EU
Environment Agency and EU Parliament as an Independent Scientific Expert.
He is a Senior member of IEEE, a Fellow of IET and a Chartered Engineer
in the UK.

P Zhiguo Ding (S’03-M’05-F’20) received his B.Eng
in Electrical Engineering from the Beijing University
of Posts and Telecommunications in 2000, and the
Ph.D degree in Electrical Engineering from Impe-
rial College London in 2005. From Jul. 2005 to
Apr. 2018, he was working in Queen’s University
Belfast, Imperial College, Newcastle University and
Lancaster University. Since Apr. 2018, he has been
with the University of Manchester as a Professor
in Communications. From Oct. 2012 to Sept. 2020,
he has also been an academic visitor in Princeton

University.

Dr Ding’ research interests are 5G networks, game theory, cooperative and
energy harvesting networks and statistical signal processing. He is serving as
an Area Editor for the /JEEE Open Journal of the Communications Society,
an Editor for IEEE Transactions on Communications, IEEE Transactions on
Vehicular Technology, and Journal of Wireless Communications and Mobile
Computing, and was an Editor for IEEE Wireless Communication Letters,
IEEE Communication Letters from 2013 to 2016. He received the best paper
award in IET ICWMC-2009 and IEEE WCSP-2014, the EU Marie Curie
Fellowship 2012-2014, the Top IEEE TVT Editor 2017, IEEE Heinrich Hertz
Award 2018, IEEE Jack Neubauer Memorial Award 2018 and IEEE Best
Signal Processing Letter Award 2018.

Luxi Yang (M’96) received the M.S. and Ph.D.
degree in electrical engineering from the South-
east University, Nanjing, China, in 1990 and 1993,
respectively. Since 1993, he has been with the
Department of Radio Engineering, Southeast Uni-
versity, where he is currently a full professor of
information systems and communications, and the
Director of Digital Signal Processing Division. His
current research interests include signal processing
for wireless communications, MIMO communica-
tions, cooperative relaying systems, and statistical
signal processing. He has authored or co-authored of two published books
and more than 100 journal papers, and holds 30 patents. Prof. Yang received
the first and second class prizes of science and technology progress awards of
the state education ministry of China in 1998, 2002 and 2014. He is currently
a member of Signal Processing Committee of Chinese Institute of Electronics.

0018-9545 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



