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Abstract—In this paper, we study secrecy simultaneous wireless
information and power transfer (SWIPT) in downlink non-
orthogonal multiple access (NOMA) systems comprising a base
station (BS), multiple information receivers (IRs), and multiple
energy receivers (ERs) that have potential to wiretap the IRs.
The goal of this paper is to maximize the sum secrecy rate (SSR)
of the system subject to the individual IR’s minimum data rate
requirement and the individual ER’s minimum harvested energy
requirement. The corresponding problem involves resource allo-
cation via max-min function, which is non-convex and difficult
to solve directly. In order to tackle this, we first transform
the original non-convex problem to a sequence of convex sub-
problems which can be solved simultaneously. Hence, a closed-
form solution of the optimal power allocation policy is derived
based on the Karush-Kuhn-Tucker (KKT) conditions. Numerical
results validate the theoretical findings and demonstrate that
significant performance gain over the orthogonal multiple access
(OMA) scheme in terms of SSR can be achieved by the proposed
algorithm in a SWIPT-enabled NOMA system.

Index Terms—Non-orthogonal multiple access (NOMA), phys-
ical layer security, simultaneous wireless information and power
transfer (SWIPT).

I. INTRODUCTION

Orthogonal frequency division multiple access (OFDMA)
is the de facto multiple-access technology in the downlink of
existing fourth generation (4G) wireless networks. In OFDMA
systems, different users are allocated orthogonal frequency re-
sources, which can effectively mitigate inter-user interference
but in turn would restrict the system spectrum efficiency. On
the other hand, due to the extensive popularization of smart
devices and the rapid development of Internet of Thing (IoT)
technology, it is foreseen that the data traffic is anticipated
to increase by 1000-fold by 2020 for the fifth generation
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(5G) networks, and the future communication networks will
be required to support massive connected devices [1]. Given
the fact that the above requirements are far beyond the range
of 4G’s capability, non-orthogonal multiple access (NOMA),
for its superiority on substantially enhancing the system
spectrum efficiency and accommodating massive connectivity,
has received considerable attention as a promising candidate
technology for 5G [2]-[4].

Different from the conventional orthogonal multiple access
(OMA), NOMA is capable of serving multiple users by
exploiting the power-domain for multiple access with superpo-
sition coding, and thus it can further improve the system spec-
trum efficiency. Sharing the same spectrum among users leads
to a high mutual interference when decoding information.
However, by employing successive interference cancellation
(SIC) at the receiver, the information can be correctly decoded
and thus improve the throughput of the system [3]. As a
result, NOMA with the non-orthogonal resource allocation and
SIC may achieve significance interference reduction which,
together with facilitating massive connectively, translates to
higher multi-user capacity [4]. In addition, results in [5] reveal
that the system-level performance of NOMA is superior to
that of OMA in terms of the degree of proportional fairness,
the overall cell throughput and cell-edge user throughput.
Based on this study, NOMA has attracted great interest [6]—
[9]. For instance, to ensure fairness among downlink users in
NOMA systems, the authors in [6] developed low-complexity
bisection-based power iterative algorithms with both instan-
taneous channel state information (CSI) and average CSI at
the transmitter. With the objective of achieving a balance
between user fairness and capacity, the authors in [7] proposed
a joint optimization of the sub-channel assignment and power
allocation in the downlink NOMA systems. Compared to the
conventional NOMA with fixed power allocation, authors in
[8] proposed a novel dynamic power allocation scheme so as to
offer more flexibility in realizing various tradeoffs between the
fairness and throughput of the NOMA systems. Considering
the impact of the channel estimation error, the authors in [9]
proposed a joint user scheduling and power allocation scheme
to improve the energy efficiency of the NOMA system with
imperfect CSI. Furthermore, due to the distinct advantage
concerning spectral efficiency, NOMA has been linked with
some other well-known communication networks such as relay
networks [10], multiple-input single-output (MISO) networks
[11] and multiple-input multiple-output (MIMO) networks
[12].

Meanwhile, 5G use cases such as automation factory and
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smart city require long life battery to support the demand of
high data rate services. Recent progress in the research on
wireless power transfer (WPT) provides a new possibility for
improving the lifespan of energy-constrained wireless devices
[13]. Furthermore, it is known that the radio frequency (RF)
signals carry both information and energy, which makes it
possible to combine WPT and wireless information trans-
mit (WIT) in wireless systems. Motivated by this, an ad-
vanced technology named simultaneous wireless information
and power transfer (SWIPT), has emerged recently, aiming
to achieve the parallel transmission of information and en-
ergy. Based on this idea, an information-theoretic study on
SWIPT was first investigated in [14]. Ever since SWIPT has
attracted great interest recently, e.g. in the context of relay
networks [15], OFDMA systems [16], MISO systems [17],
[18] and MIMO systems [19], [20]. More specifically, the
works in [15] proposed two relaying protocols to enable the
wireless energy harvesting (EH) and information decoding
(ID) in the wireless amplify-and-forward relaying network. In
[16], the authors studied the weighted sum rate maximization
problem in multiuser SWIPT OFMDA systems under a set
of harvested energy and transmission power constraints. In
MIMO broadcast systems, the authors in [19] proposed a joint
antenna selection and transmit covariance matrix optimization
for SWIPT in order to maximize the achievable rate of the ID
receiver. In [17], the authors developed a joint information and
energy transmit beamforming design to maximize the weighted
sum-power harvested in a SWIPT-enabled multiuser MISO
broadcast system. Due to the immense potential of SWIPT and
NOMA, the combination of these two techniques has attracted
great interest to explore more reliable and more efficient net-
works for 5G networks [21]—-[23]. In [21], the authors investi-
gated the integration of SWIPT and two cooperative networks,
i.e., NOMA with fixed power allocation and cognitive radio
inspired NOMA, and analyzed the effect of power allocation
on their outage performance. The work in [22] demonstrated
that the integration of SWIPT into NOMA can improve the
reliability of the far NOMA users’ without draining the near
users batteries. In [23], the authors employed a hybrid time-
switching/power-splitting SWIPT architecture for a two-user
MISO-NOMA system to improve the performance of the cell-
edge users in terms of outage probability and diversity gain.
Nevertheless, the broadcast characteristics of wireless trans-
mission which makes the information vulnerable to eavesdrop-
ping, poses a challenge to realize robust secure transmission
for wireless networks, especially in SWIPT systems. Due to
the practical requirements, energy receivers (ERs) generally
locate closer to the transmitter than information receivers
(IRs), thus it is more likely to cause the information security
problem since ERs with better channel conditions would be
prone to wiretap the information transmitted to IRs. Based
on that, the concept of physical layer security, which can
efficiently prevent information from eavesdropping by utilizing
the uniqueness and reciprocity of the fading channels, has at-
tracted extensive attention in both academia and industry [24]-
[28]. As demonstrated in [24], secrecy communication would
be achievable when the legitimate channel condition is better
than the wiretapping channel condition. Based on this theorem,
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the work in [25] proposed a joint power and subcarrier
allocation to simultaneously maximize the average aggregate
information rate of multiple normal users and guarantee the
basic average secrecy rate requirements of multiple secrecy
users. In [26], a joint information and energy beamforming
strategy has been proposed to maximize the harvested sum-
energy by multiple ERs subject to a predefined secrecy rate
constraint at the IR. It has been extended in [27] to the case
of a MISO-SWIPT system comprising multiple IRs and ERs.
In particular, a joint information and artificial noise (AN)
beamforming design was proposed for the sum secrecy rate
(SSR) maximization. Besides, the SSR maximization problem
was studied for NOMA systems with power allocation in [28].

A. Motivation and Contribution

In contrast to the existing literature, which focuses on
optimizing the SWIPT-enabled NOMA systems without eaves-
dropping, e.g. outage performance [21]-[23], transmission rate
[29]-[31], and harvested energy [32], in this paper, we study
the physical layer security of SWIPT-enabled NOMA systems.
In particular, we investigate the SSR maximization problem by
means of downlink power allocation, subject to the minimum
data rate requirements of the IRs and the minimum harvested
energy requirements of the ERs. The main contributions of
this paper can be summarized as follows.

¢ The formulated SSR maximization problem involves re-
source allocation via the max-min function, and thus is
non-convex and difficult to solve directly.

o To overcome the non-convexity of the primal SSR maxi-
mization problem, we transform the original non-convex
problem into a sequence of convex sub-problems which
can be solved simultaneously. We then develop an effi-
cient power allocation algorithm where the corresponding
closed-form expressions are derived by invoking the
Karush-Kuhn-Tucker (KKT) conditions.

o Numerical simulation results validate the theoretical find-
ings and demonstrate that significant performance gains
in terms of SSR can be achieved by adopting the proposed
algorithm, and hence showcases the promising potential
from the integration of SWIPT technology in NOMA
systems.

B. Organization

The rest of this paper is organized as follows. In Section II,
we describe the SWIPT-enabled NOMA system and present
the formulation of the SSR maximization problem under
consideration. In Section III, we transform the original non-
convex problem into a sequence of convex sub-problems, and
develop an efficient power allocation algorithm. In Section IV,
the numerical results are presented to assess the validity of the
theoretical findings. Finally, we conclude this paper in Section
V.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we first present the SWIPT-enabled NOMA
system model and then mathematically formulate the SSR
maximization problem.
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Fig. 1. A downlink SWIPT-enabled NOMA system.

A. System model

As shown in Fig. 1, we consider a downlink SWIPT-
enabled NOMA system, consisting of one base station (BS)
with a single antenna, M single-antenna IRs and K single-
antenna ERs. In practise, since the ERs usually have a shorter
access distance to the BS than IRs, it enables ERs not only
to harvest energy but also attempt to wiretap information
from the received signals. Therefore, all the ERs are potential
eavesdroppers for each IR. It is assumed that the channel state
information (CSI) of all receivers is perfectly known at the BS.
Here we consider the effects of large-scale fading and small-
scale fading during the transmission process. The channel
coefficients from the BS to the m-th IR and the k-th ER are
denoted by hy,(m € {1,2,..., M}) and gi(k € {1,2,..., K}),
respectively. More specifically, we define hy,, = dm? v, and
gr = d,, * vi, where d,,, and dj, are the distances from the BS
to m-th IR and the k-th ER, respectively, « is the path loss
exponent, v, and vy, are the Rayleigh fading coefficients from
the BS to m-th IR and the k-th ER, respectively.

Utilizing the principle of NOMA, the BS would broadcast a
linear combination of M signals to the IRs, and the transmitted
superimposed signal can be expressed as Z%zl vV P2y,
where a,, P denotes the transmit power of the m-th IR’s signal
with power allocation coefficient a,, subject to fo:l Qm <
1, P is the total transmit power of the BS, and z,, is the
message symbol to the m-th IR.

Thus the received signal at the m-th IR can be formulated
as

M
Ym = hm Z V CLmPZL'm + nmvvm~ (1)
m=1

where n,, is the additive white gaussian noise (AWGN) with
zero mean and variance o2. Similarly, the signal received at
the k-th ER, which acts as a potential eavesdropper, can be
expressed as

M
Yk = Gk Z V A Py + TLk,Vk‘. 2
m=1

where ny, is the AWGN with zero mean and variance o2. Then

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/ACCESS.2018.2859935, IEEE Access

the harvested energy at the k-th ER can be denoted by

M
E™ = nPlgel* Y am, k. 3)
m=1
where 77 (0 < n < 1) is the energy conversion efficiency of
the ERs.

B. Sum secrecy rate of the system

Similar to [28], without loss of generality, we sort the
channel gains as 0 < |hi|* < |hof> < ... < |hy]” and
0 < |g1]* < lg2)® < ... < |gk|®. After receiving signals,
all the IRs are applying SIC to decode their own signal.
Particularly, the m-th IR would first detect the ¢-th IR’s
message with ¢ < m, and then remove this message from its
observed mixture in a successive way; while for the ¢-th IR
with ¢ > m the message would be treated as noise. Therefore,
the achievable rate of the m-th IR can be derived as follows:

Pl am
Ry =logy | 1+ | M‘ - m. (4
]D|hm|2 Z a‘i + 02
i=m-+1

Meanwhile, the achievable rate of the k-th ER wiretapping
the m-th IR can be expressed as

1+

2
P‘gk| Ay,
9 M
Plg|” > a;+0?
1=m-+1

RPT =log, Yk, (5)

Thereby, the achievable secrecy rate of the m-th IR under
the k-th ER eavesdropping and the SSR of the system can be,
respectively, given by

Z,m = [R’{nR - RE?L] * ) (6)
M
Ry= ) min B, (7)
m=1

where [z]* £ max(0,z). From above, the achievable secrecy
rate is the IR’s achievable rate minus the wiretap rate, when
anR < RkEﬁ, Z,m will be zero, and R, is the sum of worst
secrecy rate.

C. Problem formulation

The goal of this paper is to maximize the SSR of the
SWIPT-enabled NOMA system subject to the IRs’ rate con-
straints and the ERs’ harvested energy requirements. There-
fore, the corresponding SSR maximization problem in the con-
sidered SWIPT-enabled NOMA system can be mathematically
formulated as

M
_ § ’ : s
Ry = m]}n Rk:,nb

am,{%%}ng = (82)
st.  RIM>Q,, ¥Ym (8b)
EICER > EkaVk (80)
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M
Z am < 1. (8d)
m=1

where @,,, and Ej are the minimum data rate required by the
m-th IR and the minimum harvested energy required by the
k-th ER, respectively.

The considered SSR maximization problem, with power
allocation through a max-min function in the presence of inter-
user interference, is non-convex. The solution is therefore non-
trivial and cannot be obtained directly. In order to solve this
problem, one may rely on an exhaustive search method over all
the possible power allocations. Nevertheless, it is obvious that
this exhaustive search method incurs intensive computational
complexity in the number of users (IRs and ERs). As a result,
an efficient power allocation policy is proposed to achieve the
maximum SSR of the SWIPT-enabled NOMA system in the
following section.

III. POWER ALLOCATION ALGORITHM

In this section, we propose an efficient power allocation
scheme for the SSR maximization of the SWIPT-enabled
NOMA system. In particular, we first simplify the original
optimization problem and identify the feasible region of the
total transmit power. The corresponding non-convex SSR
maximization problem is then transformed to a sequence of
convex sub-problems, which can be solved simultaneously.
Finally, the optimal closed-form power allocation solution is
derived with the help of KKT conditions.

A. Problem simplification

In order to achieve a constraint convex set of problem (8),
we reformulate the constraints (8b) and (8c) as follows:

M
am > Ay, <P|hm|2 Z a; +02> ,Vm. )

1=m-+1

(10)

P Z A > |2,Vk

_20m — 1
" Plhm|?

Therefore, the constraint set formed by the original con-
straint (8d) and the reformulated constraints (9) and (10) is
convex. In order to further facilitate addressing problem (8),
we propose the following theorem to simplify its objective

function.
Theorem 1: For all IRs, the following equation holds:

where A4,,

min R; = Rj Vm.
1<k<k  Bm T THKmo

Proof: According to (5), we can define the function

x
f(.’L‘) = 10g2 <1+W> Pa,,, B =

pyM +1; and © = |gi|*. Then the first-order derivative
of f(x) on x can be derived as

df(z) _
v 9 <1 +

, where A =

2
Ao an

- :
_ V(B 2)2
Bx+02>( z+02)
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Apparently, f(z) is a monotonically increasing function of z

since

> 0. In other words, the better the channel gain

lgk|? is, the greater REE is. Therefore, we can conclude that

- RK,m

Let us denote the channel gains from the BS to IRs and the
K-th ER with 0 < [hq]? < |he|? < ... < |hag,|? < gk |* <
|har41]? < ... < has|?% According to (4), (5) and (6), we
can observe that if |h,,|? < |gk|?, the secrecy rate of m-th IR
is zero. Therefore, the SSR of the considered SWIPT-enabled
NOMA system, i.e., (6), can be rewritten as

ming Ry, = . The proof is completed. [ ]

M
R,= > (RIF-RER). (12)
m=Mj+1

Now, the original SSE maximization problem in (8) can be
transformed as follows:

M
— IR _ pER
am,ﬂ%Qsz_ Z (Rm RK,m) (13a)
T m=My+1
M
SL a2 A <P|hm|2 > ai+02>,vm
1=m-+1
(13b)
P ) am = 5, Vk (13c)
Z 77|9k|2
(13d)

Z A, < 1.
m=1

B. Minimum transmit power

From the constraints (13b) and (13c), it can be observed
that there exists a minimum power threshold that enables the
transformed problem (13) feasible. That is, once the total
transmit power P is less than this threshold, problem (13)
would be infeasible. Therefore, in this section, we first identify
the feasible set of the total transmit power P before addressing
problem (13).

According to (13b), P should be no less than a predefined
minimum power, denoted by P,;y_ir, to satisfy the minimum
data rate requirements. This threshold can be obtained when
the constraints (8b) are active, i.e RIF = Q,,,¥m [28]. In
particular, let ™" be the power allocation coefficient of the
m-th IR at which the right-hand side (RHS) and the left-hand
side (LHS) of (9) are equal, thus P,,;,_i» can be calculated

by
mzn Z’I‘ - Z am1nP

It should be noted that noted that a™"(m € {1,2,...,M})
can be determined sequentially in the order of M, M —1,...,1
when the inequality in (9) is set to equality.

Similarly, there is another predefined minimum power
threshold at the BS, denoted by Pp,ir_er, to meet the ERs’ har-
vested energy demands. This minimum power F,,;,_.» can be
obtained when the equality in (8c) holds, i.e EE R = F.. Vk.
Based on (8d) and (10), we can derive the expression of

(14)
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P, min_er aS
ko nlgxl? (1
In summary, the SSR maximization problem in (8) is
feasible only when the total transmit power P is no less than
the minimum power P,,;, requested by the QoS constraints
of IRs and the harvested energy constraints of ERs, i.e.,

FE
Prin_er = max{ k } .

P > szn = ma'X{Pmin_ir7 Pmin_er}- (16)

and the achieved SSR for the considered SWIPT-enabled
NOMA system is set to zero for the case of P < Pp;p,.

C. Optimal power allocation strategy

In this section, we aim to propose an optimal power
allocation strategy for the SSR maximization under the given
feasible set of the total transmit power P > P,,;,. Thus
problem (13) can be further rearranged as follows:

M
max Rs= § RIF _ RER 17a
am,1<m<M ° (B Kom) (172)
m=Mj+1

M
st Gy > A <P|hm|2 > ai—|—02> ,¥Ym (17b)

i=m-+1

M
Z am < 1. (17¢)
m=1
In the following, we first substitute (4) and (5) into (12) and
reformulate the objective function of (17) as follows:

M Pl [am

Z logy [ 1+ o M 5
m=Mj+1 P|hm| Zz’=7n,+1 a; +o

(18)

R, =

P 2a
—logy | 1+ 5 \g]\14<| = 5
P|gK| Zi:m—‘ﬂ a; +o

M
Z a; + 02>

= 10g2 <Pth+1 |2

i=Mj,+1
M
o (Pll? 3 o)
i=Mpr+1
M-1 M
+ Z llogQ <P|hm+1|2 Z ai—|—02>
m=M;+1 i=m-+1
M
—log, <P|hm|2 Z ai+02> .
1=m-+1

To obtain a simplified expression of (18), we define
C é P|gK|27 m = Mk
Pl My +1<m < M

M
t 2 Z ai, M, <m< M -1

1=m-+1

and

Jm(tm) = log, (Cm+1tm + 02) —log, (Cmtm + 02) .

Then, (18) can be rewritten as
M—1

m:Mk.

(19)

From (19), it can be observed that the current objective
function R, is the sum of M — M} subfunctions. Therefore,
we can divide the optimization problem (17) into M — My
subproblems, which are separately maximizing the f,,(¢,,) for
the m-th IR (M}, < m < M —1) subject to all the constraints
in (17). The optimal power allocation policy to problem (17)
can be derived on a basis of the solutions to these M — M
subproblems. In the following, we would provide a detailed
solution procedure of these subproblems.

For the objective function f,,(¢,,) of the m-th subproblem,

we can easily obtain its first-order derivative on t,, which is
shown as follows:

dt,, In2(Crs1tm + 02)(Crtn + 02)
From (20), we can conclude that M > 0 due to

Cms1 > Cp. So, fr(ty) is a monotoﬁically increasing
function with respect to ¢,,. Thus, maximizing the f,,(¢,,)
is equivalent to maximizing the ¢,,. Consequently, the sub-
problem for maximizing the f.,(¢,,) subject to the system
constraints can be reformulated as follows:

max tim (21a)
am,1<m<M
M
St am > Ay [ Plh)? Z a; +02|.,Ym
j=m+1

(21b)
M

Z am < 1. (2lc)

m=1

Moreover, the optimization problem (21) is convex. There-
fore, we can invoke the KKT conditions from (21) and arrive
the following expressions which enables us to find the optimal
solutions to (21):

D S APl 1<k <m 22)
Tk = AP+ 1, m <k < M.
M
i Az P|hi|22aj+a2 — a; :0,1§’L§M
j=i+1
(23)
>0, 1<i< M (24)
M
A(Zai—1> =0 (25)
=1
A>0 (26)

where {p;}M, and X\ are the Lagrange multipliers for the

inequality constraints (21b) and (21c), respectively.
Motivated by the results in [28], the closed-form solution

to our SSR maximization problem in (21) can be derived as
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TABLE I
OPTIMAL POWER ALLOCATION SCHEME

1) Initialization:

2) Sort the channel gains h,, and g, respectively;

3) Compute the minimum transmit power Py, iy, ir
according to (14);

4) Compute the minimum transmit power Pp,in_er
according to (15);

S)IF P < maX{Pmin_ira sz’n_er}

6) Infeasible;

7) ELSE

8) Compute a,, according to (29) for each m € [1, M].

9) END

follows:

A [Pl (1= 12 ;) + 7]
2Qi

m
tm = 1—Zai
i=1

According to (27), it is clear that the optimal power allo-
cation coefficient a} for the i-th IR (1 < ¢ < m) can be
determined uniquely. Furthermore, since the equality condition
holds for constraint (21c¢), i.e., Zf\nlzl am = 1, the optimal
power allocation coefficient a}, for the M-th IR is also unique.

In summary, we have obtained the unique optimal solution
to simultaneously maximize the f,,(¢,,) for each IR subject
to all the constraints in (17), where the problem (17) can
be addressed sequently [28]. Therefore, the optimal power
allocation coefficients of each IR for maximizing the SSR of
the system can be obtained by

27)

a; =

J1<i<m.

(28)

(297 =1) [Pl (1-575" a7) +07)
af,= Py |?29m )
1<m<M-1,
1—2?1;1%*, m= M.

IV. SIMULATION RESULTS AND DISCUSSION

In this section, simulation results are provided in order to
validate the SSR performance of the proposed power allocation
policy in the considered SWIPT-enabled NOMA systems.
All the results are obtained from various random locations
of the users with identical and independent Rayleigh block
fading channels and Log-Normal shadowing with standard
deviation of 8 dB. The path-loss exponent « is set to 2.5
for a practical line-of-sight SWIPT scenario [33]. In addition,
the EH efficiency is set to n = 10% [34]. For simplicity
purposes, all IRs and ERs are considered to have the same
QoS requirements, i.e., @, = Q, 1 < m < M, E, = E,
1 < k < K. Note that, as shown in Section III-B, there exists
a minimum transmit power P,,;, at the BS due to the QoS
constraints. Therefore, for the case of P < P,,;,, the achieved
SSR R; is set to zero. It should also be noted that these system
parameters are merely chosen to demonstrate the performance
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Fig. 2. SSR versus the total transmit power of the BS P for different numbers
of IRs with Q = 2.5 bits/s/Hz, £ = —50 dBm and K = 2.

in an example and can easily be modified to any other values
depending on the specific scenario under consideration.

We first evaluate the SSR of SWIPT-enabled NOMA
network as a function of the total transmit power P under dif-
ferent numbers of IRs. It can be seen from Fig. 2 that the SSR
achieved by the proposed optimal power allocation scheme is
monotonically non-decreasing with respect to P. Specifically,
in the low transmit power region, the achieved SSR is zero,
which is mainly due to the fact that the corresponding P does
not meet the system’s minimum transmit power requirement
P in; once P > P,,;,, the achieved SSR is increasing as P
increases. On the other hand, when P is large enough, i.e.,
P > 36 dBm, the SSR performance of the system becomes
better with the increasing number of IRs. Although it needs
more transmit power to meet the minimum QoS requirements
if the number of IRs M increases, the enhanced diversity gain
is capable of compensating this loss, and hence improve the
overall performance.

Next, the SSR performance of the proposed optimal power
allocation algorithm with various QoS demands are evaluated
and shown in Fig. 3 and Fig. 4. We first investigate the
impact of the minimum data rate requirement on the achieved
SSR. As shown in Fig. 3, the achieved SSR decreases as
(@ increases. This is because, with the increasing @), more
transmit power would be allocated to the IRs with the poor
channel conditions in order to satisfy their QoS requirements,
and thus it would in turn degrade the system performance.
Besides, as we expected, the more IRs exist in the network,
the more quickly the achieved SSR declines. We then study the
impact of the minimum harvested energy requirement E on the
achieved SSR. As it can be seen from Fig. 4, the SSR presents
a decrease trend as E increases. Moreover, the achieved SSR
would gradually decrease to zero as E becomes larger. This
is mainly due to the fact that when E is very large, the BS
with given total transmit power cannot afford enough power
to meet all ERs’ minimum harvested energy requirements.
Therefore, combing the results in Fig. 3 and Fig. 4, there is a
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Fig. 4. SSR versus the minimum harvested energy requirement E,ie., Ej,
for different numbers of IRs with P = 30 dBm, Q = 2.5 bits/s/Hz and
K =2

balance between the individual QoS requirements of IRs and
the achieved SSR, and thus the system parameters should be
selected appropriated in order to achieve a good performance.

We then investigate the impact of number of ERs on the
achieved SSR and the total energy harvested. As can be seen
from Fig. 5, the achieved SSR decreases as the number of
ERs K increases. This is because an extra diversity gain
can be obtained when a larger number of ERs exists in the
system, which would naturally degrade the system’s SSR
performance due to the eavesdropping ability. On the other
hand, the total harvested energy presents a liner growth as
K increases. Therefore, there exists an optimal number of
ERs which depends on both the minimum harvested energy
requirements and minimum rate requirements.

We also study the effect of the channel gain and the
number of IRs on the selection of the optimal power allocation
coefficients. The results in Fig. 6 reveal that the corresponding
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Fig. 5. SSR versus the number of ERs K for different numbers of IRs with

P =30 dBm, Q = 2.5 bits/s/Hz and E = —50 dBm
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Fig. 6. Correlation between power allocation coefficient a,, and channel gain
|hm|? with Q = 1.5 bits/s/Hz and M = 4 .

power allocation coefficient is inversely proportional to the
channel gain. This is because the IR with poor channel gain
needs more transmit power to guarantee its minimum data
rate requirement, and thus the corresponding power allocation
coefficient should be increased. While in Fig. 7, it can be
observed that the sum of the power allocation coefficients as
and a4 in the system with four IRs is equal to the coefficient
ag in the system with three IRs. According to (29), the m-th
IR with 1 < m < M —1 only needs to meet the minimum data
rate requirement, while the remaining transmit power P—P,,;,,
would be only used for increasing the M-th IR’s secrecy rate.
Therefore, when M increases, the transmit power allocated
to the M-th IR, i.e., that with best channel gain, would
be redistributed. However, when the total transmit power P
increases, more transmit power would be allocated to M-th
IR, and this will raise more interference to the other IRs in
return. To avoid such a situation, the power allocation policy
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Fig. 8. SSR versus the total transmit power of the BS P for different downlink
schemes with QQ = 2.5 bits/s/Hz and E = —50 dBm

is almost invariable, and thus the M-th IR would only get a
small increment of the transmit power when P increases.
Finally, To further verify the effectiveness of the proposed
power allocation policy, we compare the SSR of the pro-
posed algorithm (marked as *SWIPT+NOMA’) with two other
downlink schemes, i.e., conventional OMA scheme and the
combination of SWIPT and conventional OMA (marked as
*SWIPT+OMA’). In the conventional OMA scheme, the IRs
are assumed to uniformly apportion the spectrum resource and
utilize the same power allocation policy. Fig. 8 shows the SSR
achieved with three aforementioned schemes versus the total
transmit power of the BS P. From Fig. 8, it can be seen that,
when the system has sufficient power resource, i.e., P > 28
dBm, the SSR performance of the proposed scheme is much
better than those of two other schemes. On the other hand, in
a low transmit power region, the conventional OMA scheme
has a better SSR performance. This is because, compared
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with the proposed scheme and the 'SWIPT+OMA’ scheme,
the conventional OMA scheme doesn’t consider the minimum
harvested energy requirements of ERs, which would consume
part of the transmit power and thus reduce the SSR.

V. CONCLUSION

In this paper, we have addressed the SSR maximization
problem for SWIPT-enabled NOMA systems. Our target is
to maximize the SSR of the system while satisfying all the
IRs’ and ERs’ QoS demands. Due to the highly correlated
variables, the SSR maximization problem is recognized as
non-convex and thus difficult to obtain the optimal solution
in polynomial time. In order to overcome this difficulty, we
first identify the feasible set for the total transmit power with
the system QoS constraints. With this set, we then transform
the original non-convex problem to a sequence of convex sub-
problems, where the closed-form expression of optimal power
allocation policy is derived based on the KKT conditions.
Numerical results demonstrate the SSR performance of the
proposed strategy. More importantly, compared to the con-
ventional OMA approach, our findings have illustrated that
significant performance gains can be achieved by our proposed
algorithm.
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