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ABSTRACT In this paper, we propose a joint beamforming and power-splitter optimization technique

for simultaneous wireless power and information transfer in the downlink transmission of a multiple-input

single-output (MISO) non-orthogonal multiple access (NOMA) system. Accordingly, each user employs a

power splitter to decompose the received signal into two parts, namely, the information decoding and energy

harvesting. The former part is used to decode the corresponding transmitted information, whereas the latter

part is utilized for harvesting energy. For this system model, we solve an energy harvesting problem with

a set of design constraints at the transmitter and the receiver ends. In particular, the beamforming vector

and the power splitting ratio for each user are jointly designed such that the overall harvested power is

maximized subject to minimum per-user rate requirements and the available power budget constraints at the

base station. As the formulated problem turns out to be non-convex in terms of the design parameters, we

propose a sequential convex approximation technique and demonstrate a superior performance compared to

a baseline scheme.

INDEX TERMS Non-orthogonal multiple access (NOMA), energy harvesting, simultaneous wireless

power and information transfer (SWIPT).

I. INTRODUCTION

R
ECENTLY, non-orthogonal multiple access (NOMA)

has been identified as a promising multiple access

technique to meet the unprecedented data rate requirements

in the fifth generation (5G) and beyond [1]. In the downlink

transmission of power-domain NOMA, multiple users can be

served in the same orthogonal resources (time and frequency)

through employing superposition coding at the transmitter

[2] [3] [4]. At the receiver ends, users with stronger channel

conditions exploit successive interference cancellation (SIC)

by detecting and subtracting the signals intended to the users

with weaker channel conditions [5] [6]. Due to its potential

benefits and capabilities, NOMA has been incorporated

with different spatial multiplexing techniques to facilitate its

implementation in dense networks, while further improving

the spectral efficiency [7]. These techniques include multiple-

input multiple-output (MIMO) [8] [9] [10], and multiple-

input single-input systems (MISO) [11] [12] [13]. These

NOMA integrated systems are considered as potential solu-

tions to provide massive connectivity in 5G and beyond while
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supporting the proliferation of Internet-of-Things (IoT) [14].

With the explosive growth of data traffic and number of de-

vices, the environmental and economical concerns associated

with the power consumption have become one of the major

issues that need to be carefully addressed in the development

of new technologies [15]. Among various research directions,

one of the promising solutions considered in the literature is

the efficient utilization of the available power resources to

maximize the overall energy efficiency (EE) of the commu-

nication systems [16] [17]. This EE maximization approach

provides the flexibility to strike a good balance between

the achieved data rate of a system and the corresponding

power consumption [16]. Secondly, owing to the fact that

non-green power resources have undesirable impacts on

both environment and economy, recent solutions promote to

employ the green renewable energy resources including wind

and solar power [15]. Particularly, recent research activities

have focused on the novel energy harvesting technique

with simultaneous wireless power and information transfer

(SWIPT) technology. This technology has been identified as

one of the potential solutions to address the excessive power

consumption issues in future wireless networks [18] [19].

The underlying concept of SWIPT is to utilize the RF

signal to simultaneously transmit information and energy

through the wireless medium [19] [20]. Theoretically, this

can be accomplished by decomposing the received signal into

two parts at the receiver end, namely, information decoding

(ID) and energy harvesting (EH) [21]. This decomposition is

performed by employing either the power splitting (PS) tech-

nique or the time switching technique (TS) [22]. Although,

the PS techniques impose additional hardware complexity

at the receiver end, it is preferred over TS techniques due

to flexibility of practical implementations [21] [22]. This

is due to the fact that TS demands a tight synchronization

between the transmitter and receiver [23] [24]. Further-

more, the receiver requires the perfect instantaneous timing

information for the EH and ID, which is challenging to

achieve in practice, especially in real-time delay-tolerant

applications. SWIPT is expected to play a crucial role in

future generations of wireless networks. We provide a brief

discussion on some of its applications. Firstly, SWIPT has the

potential to wirelessly charge various medical sensors inside

a human body which will avoid any need for physical wired

connections. Replacing or charging these medical sensors is

either expensive or even impractical due to invasive surgery

requirements [25]. The SWIPT technology will become a

potential way of providing power supply to wireless-powered

sensor networks (WPSN) such as those deployed in buildings

for structural monitoring [26]. Furthermore, SWIPT can be

a viable solution for providing power supply for satellite

communication systems [25] [26]. In particular, satellites

can simultaneously transmit power and information for low-

power-consumed mobile base stations including unmanned

aerial vehicles [26]. Furthermore, EH through SWIPT can

be utilized to provide power supply for the satellites [26]

[27]. In cooperative networks, the EH through SWIPT

can enhance the performance of users with weaker channel

conditions [28] [29]. In addition, SWIPT can be an essential

energy source in low-power IoT wireless systems, where a

large number of energy-hungry devices with the limitation

of battery size has to be always charged to support different

wireless applications and services [30] [31]. In fact, SWIPT

is an appealing solution to extend billions of IoT devices’

lifetime while achieving self-sustainability [32] [33] [34].

Hence, EH through SWIPT would undoubtedly make fun-

damental impacts on the future green communications [35].

A. LITERATURE REVIEW

In order to fully exploit the potential benefits offered by the

combined NOMA and SWIPT, several research studies have

been performed recently. In particular, different resource

allocation techniques have been proposed for SWIPT-based

NOMA systems to realize their capabilities. For example,

the authors in [36] have considered a single-input single-

output (SISO) TS-based SWIPT system in which time and

power are jointly allocated to maximize the overall EE of the

system with minimum-rate and minimum harvested-power

constraints. Furthermore, a sum-rate maximization problem

for SWIPT-based MISO-NOMA system has been considered

in [37], where the users could either harvest energy or receive

the corresponding information. Similarly, the authors in [38]

have considered the sum-rate maximization for a SWIPT-

based MISO-NOMA system with a PS approach where two

users are grouped into a cluster. In each cluster, the near-user

has the potential to simultaneously harvest energy and decode

information, whereas the weaker user can decode only its

corresponding information. In [39], a power minimization

problem has been considered for a SWIPT-based MISO-

NOMA cognitive network. Robust beamforming algorithms

for maximizing the weighted sum rate and for minimizing

the total power consumption have been investigated in [40].

A cooperative transmission of SWIPT based MISO-NOMA

has been considered in the downlink in [41]. In this cooper-

ative communication scenario, the stronger users utilize the

harvested energy to forward the signals of the weaker users

after decoding them through SIC [41] [42]. In fact, the strong

users operate as relays to further improve the performance of

the weaker users.

B. CONTRIBUTIONS

In SWIPT, the received RF signal, including both the useful

and the interference components, is utilized to harvest energy.

In particular, undesired interference is converted into a useful

resource in SWIPT-based communication systems [29]. The

SWIPT technology perfectly aligns with the fundamental

concept of NOMA as the users are served by sharing the same

orthogonal resources [43]. This non-orthogonal resource

sharing introduces more interference at the receivers com-
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pared to that of the conventional orthogonal multiple access

systems. The additional interference can be exploited to

harvest energy with SWIPT technology. Therefore, SWIPT

perfectly suits the NOMA systems for offering complemen-

tary benefits to the users [3]. Furthermore, the interference

and the additional degrees of freedom with multiple-antenna

techniques can also support the core concept of SWIPT

[44]. Motivated by the promising capabilities of combining

a multi-antenna NOMA system with the SWIPT technique,

we consider a SWIPT based MISO-NOMA system. For

this system model, we propose a joint beamforming and

power-splitting optimization technique for a non-cooperative

transmission of SWIPT based MISO-NOMA system. In

particular, the EH capabilities of the MISO-NOMA system

are considered with users having the ability to decode in-

formation and harvest energy simultaneously. This scenario

perfectly aligns with the requirements of WPSN, in which a

set of sensors demands to be always charged through maxi-

mizing the harvested energy while achieving minimum-rate

constraints [25]. The developed optimization problem turns

out to be non-convex in its original form. Hence, a sequential

convex approximation (SCA) is adopted to tackle this non-

convexity issue. Additionally, we investigate the feasibility of

the problem prior to solving it. Furthermore, we investigate

the efficiency of the proposed SCA technique by evaluating

its performance. The performance of the proposed MISO-

NOMA beamforming design is evaluated versus a baseline

MISO system with zero forcing beamforming (ZFBF) in

terms of the overall harvested energy [45].

The remainder of the paper is organized as follows. Section

II introduces the system model of a SWIPT based MISO-

NOMA system and formulates the harvested power maxi-

mization problem. Section III provides the technical details

of the proposed algorithms to examine the feasibility and

present the solution of the original optimization problem.

Section IV presents simulation results, which demonstrate

the effectiveness of the proposed beamforming design and

evaluate its performance versus a baseline design. Finally,

conclusions are drawn in Section V.

C. NOTATIONS

We use lower case boldface letters for vectors and upper case

boldface letters for matrices. (·)H denotes complex conjugate

transpose. ℜ(·) and ℑ(·) stand for real and imaginary parts

of a complex number, respectively. The symbols C
N and

R
N denote N -dimensional complex, and real spaces, respec-

tively. || · ||2 and | · | represent the Euclidean norm of a vector

and absolute value of a complex number, respectively.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. SYSTEM MODEL

We consider the downlink transmission of a MISO-NOMA

system, in which a BS with N transmit antennas communi-

cates simultaneously with all K single-antenna users. Each

user performs energy harvesting and decoding as shown in

𝑦𝑘 𝑦𝑘 ത𝑦𝑘
1 − 𝛽𝑘

SIC
EH×

×

X

X

ො𝑦𝑘
ID

𝛽𝑘
FIGURE 1: SWIPT receiver with PS technique.

Fig. 1. The BS encodes the symbol intended to each user

by multiplying with its corresponding beamforming vector.

Therefore, the transmitted signal from the BS is given by

x =

K
∑

i=1

bisi, (1)

where si and bi ∈ C
N×1 denote the symbol intended for

the ith user (Ui) and the corresponding beamforming vector,

respectively. The received signal at Uk can be written as

yk = hH
k

K
∑

j=1

bjsj + nk, (2)

where nk is zero mean circularly symmetric complex addi-

tive white Gaussian noise (AWGN) with variance σ2
i , while

hk ∈ C
N×1 represents the channel vector between the BS

and Uk. This channel vector can be expressed as

hk = (
1

dk
)φgk, (3)

where dk denotes the distance (in meter) between the BS and

Uk, φ is the path loss exponent, gk represents the small scale

fading coefficient, assumed to be complex-valued normal

distributed with zero mean and unity variance. Furthermore,

we assume that each user has a power splitter such that a

fraction (βk) of yk is utilized to decode the data in the ID

stage, i.e., 0 ≤ βk ≤ 1. In addition, the fraction (1−βk)yk is

used to harvest the energy through the EH circuit, as depicted

in Fig. 1. We provide further details of the PS technique in the

following discussions.

ID Stage

The signal at the output of the ID stage ỹk is given as

ỹk =
√
βyk + ñk, where yk is corrupted by the AWGN

ñk. This noise is due to processing of yk in the ID circuit

[21]. In particular, ñk is AWGN with variance σ̃2
k. Based on

the fundamental concepts of NOMA, the users with stronger

channel conditions have the capability to decode and subtract

the signals intended for the weaker users through employing

SIC [46]. Therefore, users’ ordering based on the channel

conditions is a crucial factor which significantly influences
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the performance of NOMA systems. Based on this key fact,

we order the users such that U1 has the strongest channel

condition, whereas UK has the weakest channel condition.

This can be expressed as follows:

||h1||22 ≥ ||h2||22 ≥ · · · ≥ ||hK ||22. (4)

Following this user ordering in (4), Uk has the capability to

sequentially decode and subtract the symbols of the weaker

users Uk+1, Uk+2 · · ·UK , prior to decoding its own signal.

The user Uk performs SIC by firstly decoding the signal

of the weakest user, and then subtracts the corresponding

portion of the received signal. Hereafter, the stronger users

refer to the users with stronger channel conditions. This

SIC process is continued with the other weaker users (i.e.,

UK−1, · · · , Uk+1, Uk) until yk+1 is correctly decoded and

subtracted from the received signal [47] [2]. Then, Uk de-

codes its own signal, and the received signal at Uk after

employing SIC technique with other weaker users can be

written as

ȳk = (
√

βk) (h
H
k

k−1
∑

i=1

bisi + nk) + ñk. (5)

The received signal-to-noise and interference ratio (SINR)

of the decoding signal intended for the weaker user Uj , i.e.,

j ≥ k, at Uk (SINRk
j ) can be written as

SINRk
j =

βk|hH
k bj |2

βk(
∑j−1

z=1 |hH
k bz|2 + σ2

k) + σ̂2
k

, ∀k ∈ K. (6)

Note that K = {1, 2, · · · ,K} defines the set of all users.

Furthermore, the signal of Uj is successfully decoded at

U1, U2 · · ·Uj if-and-only-if the SINR of decoding this signal

is larger than a certain pre-defined threshold. Then, this

should be satisfied at all other stronger users in order to

correctly decode the signal. As a result [2],

SINRj= min {SINRk
j }jk=1, ∀j ∈ K. (7)

Note that the SIC process could not be practically imple-

mented unless the SINR of the decoding signal intended for

the weaker user signal at Uk (SINRk
j ) is higher than that of

the stronger users. This can be guaranteed by imposing the

following constraints [48]:

|hH
k bK |2 ≥ |hH

k bK−1|2 ≥ · · · | ≥ |hH
k b1|2, ∀k ∈ K. (8)

It is worth mentioning that the constraint in (8) is referred to

as SIC constraint in the literature.

With this successful implementation of SIC, the achieved

rate at Uj can be expressed as

Rj = Bw log(1 + SINRj), ∀j ∈ K, (9)

where Bw denotes the available bandwidth. Additionally, the

achieved sum rate of the system can be defined as

R =

K
∑

j=1

Rj . (10)

EH Stage

The EH circuit utilizes the EH part to harvest energy at the

EH stage. The received signal after EH stage can be written

as

ŷk =
√

1− βkyk + n̂k, (11)

where n̂k is the AWGN with zero mean and variance σ̂2
k

introduced by the processing of yk in the EH stage. The

EH circuit mainly consists of a matching network, a radio

frequency to direct current (RF-DC) and a storage unit [24].

By ignoring the noise power (i.e., σ̂2
k and σ2

k) [49], the

harvested power at Uk can be expressed as [50]

Pk,H = η

K
∑

i=1

(1− βk)|hH
k bi|2, (12)

where η denotes the efficiency of the RF-DC converter in

the EH stage. It is worth mentioning that the practical ex-

periments reveal that the harvested energy first grows almost

linearly with the input power, and then saturates when the

input power reaches to a certain level [50] [51]. In fact,

several models have been considered to reflect such non-

linear characteristics of the EH circuit, including non-linear

EH (NL-EH) model based on the logistic (sigmoid) function

[40]. In particular, it was shown that the non-linear model

can provide higher performance gain than that of the linear

model [52], [53]. As such, the performance gains of linear

EH model can be viewed as a benchmark performance for

the techniques developed with non-linear EH model. To this

end, a linear model is considered in this paper to establish a

benchmark performance. Hence, the overall harvested power

by all the users in the above MISO-NOMA system can be

written as

PH = η

K
∑

k=1

K
∑

i=1

(1− βk)|hH
k bi|2. (13)

Note that the total harvested energy at all users can be defined

as

EH = T (η
K
∑

k=1

K
∑

i=1

(1− βk)|hH
k bi|2), (14)

where T denotes the transmission time. 1 It is worth pointing

out that our analysis is performed based on the harvested

power.

B. PROBLEM FORMULATION

We investigate the energy harvesting capabilities of the

MISO-NOMA system. A joint design of the beamforming

vectors {bi}Ki=1 and the PS ratios {βi}Ki=1 is considered to

maximize the harvested power PH with a minimum-rate re-

quirement at each user, referred to as Rmin
k . This requirement

ensures that the received power is shared between ID and EH

instead of being fully used for EH. It is worth mentioning

that the ignorance of this constraint leads to a significant

1In this paper, T is assumed to be one, and thus, energy and power carry
the same meaning.
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degradation in the achieved rate at the corresponding user.

This minimum rate requirement can be formulated as the

following constraint in terms of SINR:

SINRk ≥ SINRmin
k , ∀k ∈ K, (15)

where SINRmin
k = 2Rmin

k −1. Furthermore, the beamforming

design should consider the available power budget at the BS,

PA
, which can be defined through the following constraint:

K
∑

k=1

||bk||22 ≤ PA
. (16)

With the above constraints and the SIC constraints in (8),

the design parameters (i.e., {βi}Ki=1 and {bi}Ki=1) can be

determined by solving the following optimization problem:

OPH: maximize
{bk,βk}K

k=1

η

K
∑

k=1

K
∑

i=1

(1− βk)|hH
k bi|2 (17a)

subject to SINRk ≥ SINRmin
k , ∀k ∈ K, (17b)

K
∑

k=1

||bk||22 ≤ PA
, (17c)

(8). (17d)

There are a number of challenges associated with solv-

ing the optimization problem OPH defined in (17). First,

the feasibility of the problem should be examined prior to

solving OPH to ensure that the required minimum-rates

can be achieved with the given power budget. The second

challenge is the non-convexity of the objective function and

the constraints in (17b) and (17d). This means that OPH

is a non-convex optimization problem, which could not be

directly solved via available software. Finally, once the prob-

lem is solved, an evaluation process has to be carried out

to verify the effectiveness of the obtained solution. With

these challenges, we develop a comprehensive methodology

to determine a feasible solution in the following section.

III. THE PROPOSED METHODOLOGY

In this section, we first examine the feasibility of the op-

timization problem OPH . Then, we propose an efficient

algorithm to solve the problem OPH and determine the

design parameters, i.e., {bi, βi}Ki=1. Finally, we evaluate the

effectiveness of the proposed approach through numerical

simulations.

A. FEASIBILITY OF OPH

It is apparent that the optimization problem OPH is only

feasible when the available power budget (i.e., PA
) is suf-

ficient to achieve the minimum rate requirements of all

users. Otherwise, the problem becomes infeasible. Once the

feasibility of the optimization problem is verified, it can be

solved. In order to examine the feasibility, we first assume

that all the users are completely switched to ID mode (i.e.,

βi = 1, ∀i). Then, we evaluate the corresponding required

minimum transmit power (Pmin
t ) to meet the minimum rate

requirements. In this setting, when Pmin
t exceeds PA, the

harvested power maximization problem OPH turns out to be

infeasible. As such, we evaluate Pmin
t through solving the

following power minimization (P-Min) problem:

OPP : Pmin
t = minimize

{bi}K

i=1

K
∑

k=1

||bi||22 (18a)

subject to SINRk ≥ SINRmin
k , ∀k ∈ K,

(18b)

(8). (18c)

Note that OPP was solved in [8], however, the solution of

this non-convex problem can be found throughout this paper.

If Pmin
t ≤ PA, then the optimization problem OPH is obvi-

ously feasible and worthy to solve at least under the worst-

case scenario, i.e., the users can achieve their minimum rate

requirements without EH. On the other hand, if Pmin
t > PA,

then OPH becomes infeasible and cannot be solved with

the available power budget. In this case, the BS has two

choices: either to notify the users that the available power

budget cannot support their minimum rate requirements and

does not transmit, or to maximize the sum rate of all users

without considering the minimum rate requirements. In this

work, we alternatively design the beamforming vectors to

maximize the sum rate for the case of Pmin
t > PA

. These

beamforming vectors can be determined through solving the

following sum-rate maximization (SRM) problem:

OPR : maximize
{bi}K

i=1

K
∑

k=1

Rk (19a)

subject to

K
∑

i=1

||bi||22 ≤ PA
, (19b)

(8). (19c)

Note that the solution of the SRM problem OPR can be found

in the context of this paper, whereas the full detailed solution

is available in [48] [54].

B. THE PROPOSED ALGORITHM TO SOLVE OPH

We consider a feasible optimization problem OPH and its

feasibility can be validated through the feasibility check

introduced earlier in this section. Thus, it is worthy to solve

the feasible OPH . However, there are a number of issues

that needs to be addressed before solving OPH , including the

non-convexity, the joint design of the beamforming vectors,

and the PS ratio. In particular, the OPH in (17) is a non-

convex problem due to the non-convex objective function and

the constraints in (17b) and (17d), respectively. Therefore,

the non-convex optimization problem OPH cannot be solved

directly using the existing software. We deal with these non-

convexity issues by developing an iterative algorithm based

on the SCA technique. In this SCA algorithm, each non-

convex term is approximated with a lower convex-concave

(linear) approximation using the first-order Taylor series, and

VOLUME 4, 2016 5
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the original optimization problem is iteratively solved [55].

In particular, the SCA algorithm has been widely utilized to

solve several resource allocation problems in the literature

[56] [57], [58] and [47]. We start handling the non-convexity

of the objective function of OPH by decomposing it into

two parts:
∑K

i=1(1− βk) and |hH
k bi|22. Then, each part is

bounded by a slack variable as follows:

|hH
k bi|2 ≥ αk,i, ∀k ∈ K, ∀i ∈ K, (20a)

1− βk ≥ Γ2
k, ∀k ∈ K. (20b)

With these new slack variables, we define the objective

function in OPH as follows:

Γ2
kαi,k ≥ χi,k, ∀k ∈ K, ∀i ∈ K. (21)

Without loss of generality, the objective function of OPH can

be equivalently expressed as

(17a) ⇔











maximize η

K
∑

k=1

K
∑

i=1

χi,k (22a)

subject to (20a), (20b), (21). (22b)

Obviously, the non-convex objective function in the original

problem OPH has been replaced by the lower bounded slack

variable χi,k. However, the non-convex constraints (20a),

(20b), and (21) are now included in OPH . Therefore, we

handle these non-convex constraints in the following dis-

cussion. In fact, the non-convexity of (20a) can be handled

by approximating its left-hand side with a lower convex-

concave (linear) expression using the first-order Taylor series

as follows:

α
(t+1)
i,k ≥

∣

∣

∣

∣

∣

∣

∣

∣

[

̺
(t)
i,k , ρ

(t)
i,k

]

∣

∣

∣

∣

∣

∣

∣

∣

2

2

+

2

[

̺
(t)
i,k , ρ

(t)
i,k

]T [

̺
(t+1)
i,k − ̺

(t)
i,k , ρ

(t+1)
i,k − ρ

(t)
i,k

]

, (23)

where

̺
(t)
i,k = ℜ{hH

i b
(t)
k }, ∀k ∈ K, ∀i ∈ K, (24a)

ρ
(t)
i,k = ℑ{hH

i b
(t)
k }, ∀k ∈ K, ∀i ∈ K. (24b)

Note that the superscript (·)(t) denotes the approximation at

the tth iteration Similarly, the non-convexity of the constraint

in (20b) can be handled using the same technique that was

utilized for the previous constraint. With this approximation,

the non-convex constraint in (20b) can be equivalently writ-

ten as

1− βk ≥ Γ2
k

(t)
+ 2Γ

(t)
k (Γ

(t+1)
k − Γ

(t)
k ).∀k ∈ K. (25)

Now, we approximate the left side of the inequality (21) as

follows:

Γ2
k

(t)
α
(t)
i,k + Γ2

k

(t)
(

α
(t+1)
i,k − α

(t)
i,k

)

+

2Γ
(t)
k α

(t)
i,k

(

Γ
(t+1)
k − Γ

(t)
k

)

≥ χi,k, ∀k ∈ K, ∀i ∈ K. (26)

To summarize, we have replaced the non-convex objective

function of OPH by the convex slack variable, (22a), subject

to the convex constraints provided in (23), (25), and (26).

Next, we handle the non-convex constraints in (17b) and

(17d) in the original OPH problem. By introducing the slack

variable κk, the minimum SINR constraint in (17b) can be

decomposed into a set of constraints as follows:

βi|hH
i bk|2 ≥ γkκ

2
k, ∀k, i ≤ k, (27a)

κ2
k ≥ βi(

k−1
∑

z=1

|hH
i bz|2 + σ2

i ) + σ̂2
i , ∀k, i ≤ k, (27b)

where γk = SINRmin
k . The non-convexity of the constraint

in (27a) can be handled through incorporating new slack

variables, namely Υj and ̟i,k, such that this constraint can

be reformulated as the following set of constraints:

βi ≥ Υ2
i , ∀i, (28a)

Υ2
iαk,i ≥ ̟k,i, k ∈ K, i ≤ k, (28b)

̟k,i ≥ γkκ
2
k, k ∈ K, i ≤ k. (28c)

By reformulating each non-convex term with a linear approx-

imation using the first-order Taylor series, the non-convex

constraints in (28) can be transformed into the following

convex constraints:

βi ≥ Υ2
i

(t)
+ 2Υ

(t)
i (Υ

(t+1)
i −Υ

(t)
i ), ∀i, (29a)

Υ2
i

(t)
α
(t)
k,i +Υ2

i

(t)
(

α
(t+1)
k,i − α

(t)
k,i

)

+ 2α
(t)
k,iΥ

(t)
i

(

Υ
(t+1)
i −Υ

(t)
i

)

≥ ̟k,i, k ∈ K, i ≤ k, (29b)

̟k,i ≥ γk

(

κ2
k

(t)
+ 2κ

(t)
k (κ

(t+1)
k − κ

(t)
k )

)

, k ∈ K, i ≤ k.

(29c)

Similarly, the non-convex constraint in (27b) can be approx-

imated by the following convex constraint:

κ2
k

(t)
+ 2κ

(t)
k (κ

(t+1)
k − κ

(t)
k ) ≥

k−1
∑

z=1

̟i,z + σ2
i

(

Υ2
i

(t)
+

2Υ
(t)
i (Υi

(t+1) −Υi
(t)
)

+ σ̂2
i , k ∈ K, i ≤ k. (30)

Based on the above approximations, the non-convex con-

straint in (17b) is transformed into the following set of convex

constraints:

(17b) ⇔ (29a), (29b), (29c), (30). (31)

Finally, the SIC constraint in (17d) can be formulated as

a convex one by replacing each term in the inequality by the

lower slack variable αi,k. Therefore, this constraint can be

written as

αk,K ≥ αk,K−1 ≥ · · · ≥ αk,1, ∀k ∈ K. (32)
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With these multiple slack variables, the approximated con-

vex form of the original non-convex problem OPH can be

defined as follows:

ˆOPH : maximize
Π

η

K
∑

k=1

K
∑

i=1

χi,k

subject to (17c), (23), (25),

(26), (31), (32),

where Π includes all the design parameters, such that

Π = {bk, αj,k,Υk,Γk, κk, βk, ̺j,k, ρj,k, χj,k, ̟i,k}Kk=1.

It is clear that the optimization problem ˆOPH is iteratively

solved, such that the obtained solutions at the tth iteration are

used as initialization for the next t+ 1th iteration. Consider-

ing this iterative algorithm, three important issues need to be

clearly addressed. First, the iterative algorithm based solution

requires appropriate selection of the initial parameters, i.e.,

Π(0). Note that a random selection of the initial parameters

might make the ˆOPH infeasible. The inappropriate selection

of initial parameters has a direct impact on the convergence

speed of the iterative algorithm. Secondly, with this SIC algo-

rithm, the solution is obtained and the algorithm is terminated

when the difference between two successive solutions is less

than a pre-defined accuracy. Finally, as the original non-

convex optimization problem OPH is approximated by the

convex one ÔPH , it is important to validate the effectiveness

of the proposed iterative algorithm. All the above issues are

addressed in the following subsections.

C. INITIALIZATION, COMPLEXITY ANALYSIS AND

PERFORMANCE EVALUATION

1) Initial Parameters and Convergence

As highlighted in the previous subsection, an inappropriate

selection of the initial parameters Π(0) for the proposed

SCA algorithm might make the original problem infeasible

and not provide a solution. Therefore, we present a sys-

tematic approach to select the initial parameters. As such,

the beamforming vectors obtained through solving OPP ,

{bmin
i }Ki=1, are utilized to initialize the parameters, such

as {b(0)
i }Ki=1 = {bmin

i }Ki=1. Consequently, all slack vari-

ables can be determined by substituting {b(0)
i }Ki=1 at each

inequality that defines the corresponding slack variables. For

example, the initial slack variable α
(0)
k,i can be determined as

follows:

α
(0)
k,i = hH

k b
(0)
i , ∀k, ∀i. (34)

Additionally, this initialization not only ensures the feasi-

bility of the proposed SCA algorithm, but also speeds up

its convergence to yield a feasible solution. This will be

confirmed through simulation results in Section IV. Note that

the proposed iterative algorithm terminates when the absolute

difference between two successive solutions is less than a

pre-defined threshold ν. As such, the corresponding solution

is denoted as Π(∗). We summarize the proposed algorithm in

Algorithm 1.

Algorithm 1 Harvested power maximization algorithm

Step 1: Feasibility check examination.

1) Evaluate Pmin
t through solving OPP .

a) If Pmin
t > PA ⇒ OPH is infeasible

Find beamforming vectors that solve OPR.

b) If Pmin
t ≤ PA ⇒ OPH is feasible

Go to Step 2.

Step 2: Evaluating Π(∗).

1) Initialization (i.e., Π(0)).

2) Repeat

a) Solve the optimization problem ˆOPH .

b) Until the required accuracy is achieved.

Step 3: End of the Algorithm.

2) Complexity Analysis of the Proposed SCA Technique

The original optimization problem OPH is solved using an

iterative SCA algorithm, in which different approximations

and slack variables are introduced. In particular, the solution

of OPH is obtained by iteratively solving the approximated

convex optimization problem ˆOPH . With linear objective

function and constraints, the problem ˆOPH turns out to be

a linear program which is solved using the Dantzig’s simplex

method [59]. Note that the number of arithmetic operations

required to solve a linear program cannot be exactly defined;

however, its complexity for one iteration is bounded by

an order O(n2m), where m and n are the numbers of

constraints and the optimization parameters, respectively

[59]. Considering this, the complexity of solving the original

optimization problem OPH is bounded by O
(

n2m log( 1
ν
)

)

,

where m = K3 + 6K2 + K + 1 and n = 7K2 + 5K.

Note that the computational complexity increases as the pre-

defined threshold ν decreases.

3) Performance Validation

In this subsection, we discuss how to evaluate the perfor-

mance of the proposed algorithm. This evaluation can be

carried out by comparing the performance of the proposed

algorithm with that that of an exhaustive search. However,

note that the exhaustive search is not suitable for practical

implementation due to its high computational complexity.

Hence, we propose a novel approach to evaluate the perfor-

mance of the proposed SCA algorithm. This approach can be

summarized as follows:

• Firstly, by solving OPH via the proposed SCA algo-

rithm, we evaluate the harvested power at each user

(i.e., Pk,H
(∗)), the power splitting ratio {β(∗)

k }Kk=1, the

beamforming vectors and the corresponding power al-

locations for all user ({P t
k

(∗)}Kk=1), such that P t
k

(∗)
=

||bk
(∗)||22.
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• Next, we update OPP by including the minimum har-

vested power constraints to the original P-Min problem

in (18). These constraints are formulated as follows:

(1− β∗
k)η

K
∑

j=1

hH
k bj ≥ Pk,H

(∗), ∀i ∈ K. (35)

With these additional constraints, the modified OPP can

be now defined as

∼

OPP : Pmin
t = minimize

{bi}K

i=1

K
∑

k=1

||bi||22 (36a)

subject to SINRk ≥ SINRmin
k , ∀k ∈ K,

(36b)

(1− β∗
k)η

K
∑

j=1

hH
k bj ≥ Pk,H

(∗)
, ∀i ∈ K.

(36c)

(8). (36d)

• Next, we reformulate
∼

OPP in a semi-definite program-

ming (SDP) form [60]:

≈

OPP : P ∗ =

minimize
{Bi}K

i=1

K
∑

i=1

Tr[Bi] (37a)

subject to Tr[HkBi]− γi

i−1
∑

j=1

Tr[HkBj ] ≥

γiσ
2
k, ∀i ∈ K, k ≤ i, (37b)

Tr[HiB1] ≤ Tr[HiB2] ≤ · · ·
≤ Tr[HiBK ], ∀i ∈ K, (37c)

(1− β∗
k)η

K
∑

j=1

Tr[HkBj ] ≥ Pk,H
(∗)

(37d)

Bi = BH
i ,Bi � 0, ∀i ∈ K, (37e)

where Bi = bib
T
i and Hi = hih

T
i . By relaxing rank-

one constraints, referred to semi-definite relaxation in

the literature, OPP turns out to be a convex problem,

and thus, the solution is optimal [61] [60] [62].

The optimal power allocation and the corresponding

beamforming vectors obtained by solving
≈

OPP are de-

noted by {P t
k

(∗∗)}Kk=1 and {bk
(∗∗)}Kk=1, respectively.

• Finally, if the beamforming obtained through solving

ˆOPH and
≈

OPP are similar, then, we can confirm that

the iterative algorithm to solve the original non-convex

optimization problem OPH provides a near-optimal so-

lution.

The simulation results confirm that the proposed algorithm

with the SCA technique to solve OPH yields a near-optimal

solution with a small number of iterations.

IV. SIMULATION RESULTS

In this section, we evaluate the efficacy of the proposed

technique and compare its performance against a baseline

scheme. In particular, we examine the impacts of several pa-

rameters on the harvested power and verify the convergence

of the proposed iterative algorithm. The CVX-package [63] is

used to generate all the simulation results and the parameters

considered in these simulations are summarized in Table 1.

Note that for the numerical results, we have selected the

simulation parameters the same as those in [41].

ZERO FORCING BEAMFORMING (ZFBF) BASELINE

SCHEME

We use a ZFBF based transmission technique as a baseline

scheme. For a ZFBF design with EH, the beamforming vector

for each user and the corresponding PS ratio are determined

such that overall harvested power is maximized [50]. The

only requirement for such a system is that the number of

transmit antennas should be equal to or less than the total

number of users. Full details on this ZFBF design can be

found in [49].

TABLE 1: Parameter values used in simulations.

Parameter Value(s)

Number of users (i.e., K) 3
Transmit Antennas (i.e.,N ) 3

User Distances [30 20 10] (m)
Path Loss exponent (i.e., φ) 3.0

ID Noise Variance of Users (i.e., σ̂2

k
), ∀k −80 dBm/Hz

User Noise Variance of Users (i.e., σ̂2), ∀k −80 dBm/Hz

Threshold for Algorithm 1 (ν) 10−5

RF-DC Efficiency (i.e., η) 0.8
Minimum SINR Thresholds ( i.e., γk), ∀k 0 dB

Bandwidth (i.e.,Bw) (MHz) 1

Fig. 2 depicts the performance of the MISO-NOMA

and ZFBF based MISO systems in terms of the harvested

power. As seen, the MISO-NOMA system outperforms the

conventional ZFBF based MISO system. This performance

enhancement is due to the following two facts. Firstly, the

beamforming vectors with the ZFBF design are orthogonal

to each other and the co-channel interference introduced by

combining the signals at the BS is completely eliminated.

Therefore, this interference mitigation significantly degrades

the EH capabilities of the ZFBF based MISO systems com-

pared to the MISO-NOMA system. Secondly, the users in

MISO-NOMA system exploit the co-channel interference

through superposition coding and SIC to achieve a better

performance. In fact, this enhances the EH capabilities at the

receivers of the MISO-NOMA system where the users take

advantage of the co-channel interference to harvest energy.

For example, as seen in Fig. 2, with PA = 20 dB, the

harvested power at the MISO-NOMA system is around 1
(i.e., PH = 1 Watt), whereas the harvested power is less than

0.4 Watt with the ZFBF design.
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FIGURE 2: Harvested power of the MISO-NOMA system

and the conventional ZFBF based MISO system against

various available power levels.

Next, in Fig. 3, we demonstrate the impact of the minimum

SINR requirements (i.e., γk) on the harvested power. As

expected, the harvested power decreases with higher values

of γ. This is due to the fact that the BS consumes more

power to meet the SINR requirements, which results in

a degradation of the total harvested power. An important

observation is that there is a range of SINR for which the

harvested energy remains more or less the same. However,

with the increase of of SINR levels, the harvested power

begins to drop significantly. Accordingly, the optimization

problem OPH tends to become infeasible due to insufficient

power budget. With this trend, the harvested power settles

down to zero, and we refer to this SINR requirement as γF .

For example, as seen in Fig. 3, γF is 10 dB when PA = 10
dB, whereas it reaches 12 dB with PA = 15 dB.

To further understand the behaviour of OPH with different

SINR requirements, we provide more detailed results in

Table 2. It can be observed that the users in the considered

MISO-NOMA design can harvest power while meeting

the minimum SINR requirements provided sufficient power

budget is available at the BS. However, with higher SINR

requirements and lower power budget PA, the problem turns

out to be infeasible as these requirements cannot be met with

the available power budget. In this case, the BS alternatively

chooses another option to maximize the sum rate of the

system. Provided the original problem is infeasible, the users

would be able to neither meet the SINR requirements nor the

harvest the energy. Instead, the BS aims to maximize the sum

rate of the system.

Furthermore, we investigate the impact of the users’ dis-

tances on the harvested power. To study this impact, we fix

the positions of the first and the second users, i.e., d1 and d2
at 20 meters and 30 meters, respectively, while the distance
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FIGURE 3: Harvested power versus different minimum

SINR thresholds.

of the strongest user (i.e., d3) is varied. The harvested power

is evaluated with different values of d3, as shown in Fig. 4.

Note that the minimum distance of the strongest user in Fig. 4

is assumed to be 2 meters. In particular, the harvested power

dramatically decreases with the increase of the strong user’s

distance. This is due to the fact that the increase of user’s

distance has a direct impact on the deterioration of its channel

strength. Consequently, more power will be utilized by the

strongest user to meet the corresponding minimum SINR

requirement. As a result, this will degrade the corresponding

amount of the harvested power. As evidenced in Fig. 4, with

PA = 10 dB, the harvested power decays dramatically from

around 2 Watts at a distance of 1 meter to less than 0.1 Watt

at 15 meters. Moreover, at lower PA levels, the increasing

of distance makes OPH infeasible, and thus, the harvested

power approaches zero. For example, with PA = 1 dB, the

harvested power becomes zero when the distance of the third

user is larger than 4 meters.

FIGURE 4: Harvested power versus the distance of the

strong user for different available power budgets.

Next, we study the performance of the proposed SCA al-

gorithm to solve the harvested power maximization problem

OPH . In Table 3, we provide the harvested power at the

receiver of each user (i.e., PH
i ∀i ∈ {1, 2, 3}), the required

transmit power, and the corresponding PS ratios obtained by

solving OPH via Algorithm 1 for a set of five random chan-

nels. In this simulation, we use the same design parameters

in Table 2 to solve the power minimization problem
≈

OPP via
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TABLE 2: Harvested power, achieved rate, and PS ratio with different SINR requirements.

Available power PA = 10 dB PA = 20 dB
❵
❵
❵
❵
❵
❵

❵
❵

❵
Parameters

SINR
γ=5 dB γ=10 dB γ=15 dB γ=5 dB γ=10 dB γ=15 dB

R (Mbps) 5.4264 8.5895 11.9559 5.4362 9.1158 14.6196

PH (Watt) 0.0902 0.0832 0 0.9293 0.9229 0.2890

β1 0.0389 0.0287 1.0000 0.0015 0.0200 0.0798

β2 0.0952 0.6874 1.0000 0.0220 0.0612 0.1151

β3 0.0084 0.1561 1.0000 0.0014 0.0135 0.5468

TABLE 3: Power allocations and the power splitting ratios for different channels via solving OPH with PA = 5 dB.

USER USER 1 USER 2 USER 3
❵
❵

❵
❵
❵

❵
❵

❵
❵

Channel
Parameters

P1 (Watt) β1 P1,H (Watt) P2(Watt) β2 P2,H (Watt) P3(Watt) β3 P3,H (Watt)

Channel 1 8.2488 0.0018 0.0068 1.2825 0.0057 0.0171 0.4687 0.0022 0.0789

Channel 2 7.1811 0.0212 0.0008522 2.1370 0.0054 0.0101 0.6819 0.0015 0.0783

Channel 3 7.1925 0.0088 0.0021 2.1237 0.0066 0.0082 0.6837 0.0015 0.0780

Channel 4 7.7821 0.0054 0.0027 1.5554 0.0070 0.0123 0.6625 0.0015 0.0790

Channel 5 7.9333 0.0031 0.0045 1.4871 0.0056 0.0156 0.5797 0.0018 0.0783

SDP. The solutions of the P-Min problem
≈

OPP are included

in Table 4. By drawing comparisons between the results

presented in Tables 2 and 4, we conclude that both designs

show similar results in terms of power allocations. This

observation confirms that the proposed SCA algorithm is an

efficient approach to jointly design beamforming vectors and

PS ratios.

TABLE 4: Power allocations and the power splitting ratios

obtained by solving
≈

OPP with PA = 5 dB.

CHANNEL P1 (Watt) P2 (Watt) P3 (Watt) Total power

Channel 1 8.2589 1.2800 0.4607 9.9995

Channel 2 7.1800 2.1453 0.6810 10.0064

Channel 3 7.1649 2.1611 0.6842 10.0102

Channel 4 7.7231 1.5963 0.6745 9.9938

Channel 5 7.9014 1.5258 0.5822 10.0094

Finally, we investigate the convergence of the proposed

SCA algorithm in Fig. 5. In particular, we evaluate the

convergence with the same set of five random channels

considered in the previous simulations. As seen in Fig. 5, the

proposed algorithm converges to the solution within a few

number of iterations, i.e., less than 6 iterations.

FIGURE 5: Convergence of the proposed algorithm when

the available power PA= 5 dB.

V. CONCLUSION

In this paper, we proposed a PS based SWIPT for MISO-

NOMA system and provided an optimization technique for

the joint design of the beamforming vectors and the corre-

sponding PS ratios. To overcome the non-convexity issue of

the original problem, an iterative algorithm was developed

with the SCA approach. Furthermore, we devised system-

atic approaches to examine the feasibility, the convergence,

and the evaluation of the proposed SCA algorithm. The

simulation results confirmed that the MISO-NOMA system

outperformed the conventional ZFBF based MISO system in

terms of EH capability. We examined the impact of different

system parameters on the harvested power. Furthermore, we

showed that the proposed SCA technique obtains the solution

of the problem with only a few number of iterations.
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