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Abstract—In this paper, we investigate joint power allocation
and time switching (TS) control for energy efficiency (EE)
optimization in a TS-based simultaneous wireless information
and power transfer (SWIPT) non-orthogonal multiple access
(NOMA) system. Our aim is to optimize the EE of the system
whilst satisfying the constraints on maximum transmit power,
minimum data rate and minimum harvested energy per-terminal.
The considered EE optimization problem is formulated and
then transformed according to the duality of broadcast channels
(BC) and multiple access channels (MAC). The corresponding
non-linear and non-convex optimization problem, involving joint
optimization of power allocation and time switching factor, is
difficult to solve directly. In order to tackle this problem, we
develop a dual-layer algorithm where a convex programming-
based Dinkelbach’s method is proposed to optimize the power
allocation in the inner-layer and an efficient search method is then
applied to optimize the TS factor in the outer-layer. Numerical
results validate the theoretical findings and demonstrate that
significant performance gain over orthogonal multiple access
(OMA) scheme in terms of EE can be achieved by the proposed
algorithm in a SWIPT-enabled NOMA system.

I. INTRODUCTION

The exponential growth of wireless data services driven

by mobile Internet and connected devices has triggered the

investigation of fifth generation (5G) cellular networks. How-

ever, the available spectrum resources are far from enough

to support the communication systems with the increasing

demand for high data rate. This trend makes spectral efficiency

(SE) to be one of the main performance indicator for the design

and optimization of wireless systems. A prominent strategy for

improving the SE is non-orthogonal multiple access (NOMA),

where each subchannel is allowed to serve multiple terminals

at the same time [1], and hence it has received considerable

attention as a promising candidate for 5G [2].

On the other hand, the pursuit of ever higher data rate

constitutes to ever-rising network power consumption which

has severe implications in terms of both economic and ecolog-

ical costs, and thus energy saving has been recognized as an

urgent issue worldwide. In order to meet these requirements,

the evolving 5G cellular wireless networks are envisioned to

provide higher efficiency of resource utilization, including both

SE and energy efficiency (EE) [3]. The recent progress in the

research on wireless power transfer (WPT) provides possibility

of improving EE [4]. Furthermore, it is known that the radio

frequency (RF) signals are the carriers of both information

and energy, which makes it possible to combine WPT and

wireless information transmission (WIT) in wireless commu-

nication systems. Motivated by this, an advanced technology

named simultaneous wireless information and power transfer

(SWIPT), has emerged recently in [5], aiming to save energy

as well as prolong the battery-life of devices by achieving the

parallel transmission of information and energy. As a result,

SWIPT is regarded as a potential energy-efficient solution for

the forthcoming 5G, which has attracted extensive attention in

both academia and industry.

With the extensive fundamental studies on both SWIPT and

NOMA, the combination of these two techniques has aroused

great interest recently and it was verified that combining

SWIPT with NOMA could bring plenty of advantages, i.e.,

user fairness [6], data rate [7], secrecy rate [8], etc. However,

its impact on the EE performance has not been investigated,

which is still an open question. Unlike the rate or secrecy

rate optimization problem in existing literatures which may

not be energy-efficient, the EE optimization problem requires

the balancing of the achievable rate and the overall power

consumption. Motivated by this, we consider joint power al-

location and time switching (TS) control for QoS-constrained

EE optimization in the downlink of SWIPT-enabled NOMA

systems, where maximum transmit power constraint, minimum

rate constraints and minimum harvested energy constraints are

taken into consideration.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, the SWIPT-enabled NOMA system model

with TS-based receivers is presented firstly. Then we formulate

the EE optimization problem mathematically.

A. System Model

The considered SWIPT-enabled NOMA system with TS-

based terminals includes one base station (BS) and K different

terminals; all are equipped with single antenna. The total

transmit power of the BS is limited to Pmax. We assume

the power allocated to the kth terminal in NOMA system is

Pk. Furthermore, every terminal consists of an information

decoding (ID) circuit and an energy harvesting (EH) rectifi-

cation circuit. TS scheme is adopted to achieve ID and EH



in two orthogonal time slots. Let α denotes the portion of

transmission time allocated to the ID time slot, and thus, 1−α
corresponds to that for the EH time slot.

Since all the terminals are sharing the same bandwidth (B),

they will interfere with each other when decoding information.

Here successive interference cancellation (SIC) is applied to

reduce mutual interference and improve the performance of the

system. It has been shown in [9] that the capacity region of

broadcast channels can be achieved when successive decoding

in the order of increasing channel gains is applied. Without

loss of generality, we assume that the channel gains satisfy

the following condition: h1 ≥ h2 ≥ . . . ≥ hK . In order to

achieve the capacity boundary, the decoding order is set to

(K,K−1, · · · , 1) in which the Kth terminal is decoded first.

Channel state information (CSI) is assumed to be perfectly

known at the BS and all the terminals. Note that the CSI at the

receivers can be obtained from the channel estimation of the

downlink pilots, while CSI at the transmitter can be acquired

via uplink channel estimation in time division duplex (TDD)

mode.

Based on the system model presented above, the achievable

data rate of the kth terminal can be denoted as

Rk = αB log2

(

1 +
Pkhk

σ2 + hk

∑k−1
i=1 Pi

)

, (1)

where σ2 denotes the power of the additive Gaussian white

noise (AWGN).

On the other hand, the power harvested by the kth terminal

can be expressed as

Ek = (1− α) ηhk

K∑

k=1

Pk, (2)

where η is the power conversion efficiency of the EH receivers.

The total data rate and harvested power of the system can

thus be expressed as

Rtotal =
K∑

k=1

Rk, (3)

Etotal =
K∑

k=1

Ek. (4)

Generally, the power consumption of the conventional wire-

less communication system is defined as the sum of the total

power transmitted by the transmitters and the power consumed

by the system hardware to complete the communication pro-

cess, i.e.,

Ptotall = ζ
K∑

k=1

Pk + PC , (5)

where ζ accounts for the reciprocal of the power amplifier

drain efficiency, PC denotes the power consumed by the

system hardware (circuit power).

Different from the conventional wireless communication

system, the power consumption in a SWIPT system can be

compensated by the transferred energy, i.e., harvested power

at all the receivers. As a result, similar to the approach in [10],

the total system power consumption is given by

Ptotal = ζ
K∑

k=1

Pk + PC − Etotal. (6)

B. Problem Formulation

According to [11], the EE of the system can be defined

as the ratio of the total achievable rate and the total power

consumption of the communication system. Therefore, the EE

of the considered SWIPT-enabled NOMA system with TS-

based receiver can be formulated as follow

ηEE =
Rtotal

Ptotal

=
αB

∑K

k=1 log2

(

1 + Pkhk

σ2+hk

∑
k−1

i=1
Pi

)

(

ζ − (1− α) η
∑K

k=1 hk

)
∑K

k=1 Pk + PC

.

(7)

The objective of this work is to maximize the EE of the

TS-based SWIPT-enabled NOMA system with the constraints

of total transmitted power obtained from BS as well as the

quality of service (QoS) demanded by the terminals, including

the minimum data rate constraints and the minimum harvested

energy per terminal. Hence, the EE optimization problem can

be mathematically formulated as follows

max
α,Pk

αB
∑K

k=1 log2

(

1 + Pkhk

σ2+hk

∑
k−1

i=1
Pi

)

(

ζ − (1− α) η
∑K

k=1 hk

)
∑K

k=1 Pk + PC

(8)

s.t. αB log2

(

1 +
Pkhk

σ2 + hk

∑k−1
i=1 Pi

)

≥ Rmin,

∀k ∈ K, (9)

(1− α) ηhk

K∑

k=1

Pk ≥ Emin, ∀k ∈ K, (10)

K∑

k=1

Pk ≤ Pmax, (11)

0 ≤ α ≤ 1. (12)

where K = {1, 2, . . . ,K} denotes the set of all terminals.

Equation (9) corresponds to the minimum rate constraint

for each ID receiver, and (10) corresponds to the minimum

harvested power constraints for each EH receiver. Rmin and

Emin denote the minimum rate target and the minimum

harvested power requirement respectively. In (11), the total

power budget is set to Pmax, while constraint (12) limits the

range of the time switching factor to [0, 1].

We can observe that the objective function (8) is a rather

complicated fraction, and thus it is a non-linear optimization

problem. Besides, the problem involves two sets of variables,

i.e., the time switching factor α and transmitted power alloca-

tion Pk. Jointly optimizing the two variables makes the opti-

mization (8)-(12) non-convex and therefore difficult to obtain

the optimal solution directly. In the following sections, we

will develop resource allocation schemes to jointly optimize

α and Pk in order to obtain the maximum EE. To overcome

the difficulty, as stated in [12], for any optimization problems



with multiple variables, we can analyze and solve the problem

over some variables, regarding the rest as constants; and then

solve the problem over the remaining variables. Therefore, we

will separate the optimization procedure of Pk and α. In other

word, we firstly optimize Pk with a fixed α, and then turn to

deal with α with the updated power allocation.

III. JOINT POWER ALLOCATION AND TIME SWITCHING

CONTROL ALGORITHM

In this section, we consider the joint power allocation and

time switching control for the SWIPT-enabled NOMA system

with multiple TS-based receivers.

A. Transformation of the Optimization Problem

The objective function given in (8) is complicated due to its

unwieldy summation form of numerator. Hence, we develop a

transformation method to simplify the optimization problem,

according to the duality of BC and MAC. Specifically, for the

considered downlink SWIPT-enabled NOMA system (BC), the

expression of achievable rate and harvested power given in (1)

and (2), as well as the optimization problem given in (8)-(12),

can be rewritten by replacing Pk, Rk, Ek using PB
k , RB

k and

EB
k respectively.

According to [9], the duality of BC and MAC is expressed

as follow: i) The channel bandwidth of BC is equivalent to the

one of MAC. ii) The channel gain from BS to the kth terminal

in BC is equivalent to the one from the kth terminal to BS

in MAC, both denoted as hk. iii) The total power allocated

to all terminals by BS in BC is equivalent to the total power

transmitted to BS by all terminals in MAC, i.e,

K∑

k=1

PB
k =

K∑

k=1

PM
k , (13)

where PM
k denotes the power transmitted by the kth terminal

in MAC. iv) When SIC technique is adopted, the ID order in

BC is opposite to the one in MAC. v) The power allocated to

the kth terminal PB
k in BC and the power transmitted by the

kth terminal PM
k are related to each other as follows

PB
k = PM

k ·
σ2 + hk

∑k−1
i=1 PB

i

σ2 +
∑K

i=k+1 hiPM
i

. (14)

Based on the duality described above, the achievable sum

rate in the BC is equivalent to that of MAC, which is expressed

as follows

RB
k = RM

k = αB log2

(

1 +
hkP

M
k

σ2 +
∑K

i=k+1 hiPM
i

)

, (15)

K∑

k=1

RB
k =

K∑

k=1

RM
k

=

K∑

k=1

αB log2

(

1 +
hkP

M
k

σ2 +
∑K

i=k+1 hiPM
i

)

= αB log2

(

1 +

∑K

k=1 hkP
M
k

σ2

)

.

(16)

Note that since
∑K

k=1 P
B
k =

∑K

k=1 P
M
k , we can rewrite (2)

as (here we replace Ek with EB
k )

EB
k = (1− α)ηhk

K∑

k=1

PM
k . (17)

The EE of the system can be rewritten as

ηEE =
αB log2

(

1 +
∑

K

k=1
hkP

M

k

σ2

)

(

ζ − (1− α) η
∑K

k=1 hk

)
∑K

k=1 P
M
k + PC

. (18)

Now, with BC-MAC duality, the transformation of the

original downlink optimization problem in (8)-(12) can be

expressed as follows

max
α,PM

k

αB log2

(

1 +
∑

K

k=1
hkP

M

k

σ2

)

(

ζ − (1− α) η
∑K

k=1 hk

)
∑K

k=1 P
M
k + PC

(19)

s.t. αB log2

(

1 +
hkP

M
k

σ2 +
∑K

i=k+1 hiPM
i

)

≥ Rmin,

∀k ∈ K, (20)

(1− α)ηhk

K∑

k=1

PM
k ≥ Emin, ∀k ∈ K, (21)

K∑

k=1

PM
k ≤ Pmax, (22)

0 ≤ α ≤ 1. (23)

where the variables to be optimized are changed to α and PM
k .

It is reasonable to solve the transformation problem (19)-

(23) first to obtain the optimal α and PM
k , and then transform

the optimal PM
k back to PB

k according to (14). Although

the dual MAC problem seems to be easier than the original

problem to a certain extent, it is still a non-linear and non-

convex optimization problem with multiple variables, and thus

difficult to obtain the solution directly. As a result, we develop

a dual-layer iterative method where power allocation PM
k is

obtained in the inner-layer and the time switching factor α is

controlled in the outer-layer, which is shown as the following

processes:

(i) Inner-loop: To find the optimal power allocation of prob-

lem (19)-(23), under fixed time switching factor α;

(ii) Outer-loop: To obtain the optimal TS factor α.

This process is repeated until convergence, i.e., no further

improvement in EE.

B. Convex Programming-based Dinkelbach’s Method for Op-

timal Power Allocation

In this section, the time switching factor α is considered as

a constant (denoted as α0) in [0, 1] so that the transformation

problem (19)-(23) can be regarded as a power allocation

problem. The fractional objective function makes the trans-

formed problem neither linear nor convex and thus difficult

to solve straightforwardly. Since Dinkelbach’s method [13]

has been widely applied to solve non-linear fractional opti-

mization problem, we apply it to tackle our transformed dual

MAC problem. Particularly, we convert the fractional objective



1) Initialize q = 0, and ∆ as the stopping criterion;

2) REPEAT

3) For a given q, solve (26)-(29) to obtain the power

allocation P
M ;

4) IF UR(P
M )− qUT (P

M ) ≤ ∆
5) Convergence = TRUE;

6) RETURN P
M ∗

= P
M ;

q∗ = UR(PM )

UT (PM )
;

7) ELSE

8) Set q = UR(PM )

UT (PM )
and n = n+ 1,

Convergence = FALSE;

9) END IF

10) UNTIL Convergence = TRUE.

TABLE I: Proposed iterative power allocation algorithm based on
Dinkelbach’s method

function into a subtractive form of numerator and denominator,

and the iterative algorithm based on Dinkelbach’s method is

concluded in Table I, where we let

UR(P
M ) = α0B log2

(

1 +

∑K

k=1 hkP
M
k

σ2

)

, (24)

UT (P
M ) =

(

ζ − (1− α0) η
K∑

k=1

hk

)
K∑

k=1

PM
k +PC . (25)

As it can be seen from Table I, the crucial step for the

developed Dinkelbach’s method-based algorithm is to deal

with the following equivalent optimization problem with a

given q (step 3 in Table I)

max
PM

k

α0B log2

(

1 +

∑K

k=1 hkP
M
k

σ2

)

−q

((

ζ − (1− α0) η
K∑

k=1

hk

)
K∑

k=1

PM
k + PC

)

(26)

s.t. α0B log2

(

1 +
hkP

M
k

σ2 +
∑K

i=k+1 hiPM
i

)

≥ Rmin,

∀k ∈ K, (27)

(1− α0)ηhk

K∑

k=1

PM
k ≥ Emin, ∀k ∈ K, (28)

K∑

k=1

PM
k ≤ Pmax. (29)

Proposition 1: For a fixed parameter q, the objective

function (26) is strictly concave in PM
k (∀k ∈ K).

Since the objective function is a concave function and the

constraints form a convex set, the equivalent optimization

problem in (26)-(29) is a standard form of convex optimiza-

tion problem, which can be solved by standard numerical

methods such as the interior-point method [14]. Therefore, the

transformed optimization problem (19)-(23) (given α) can be

solved by the proposed iterative power allocation algorithm

based on the Dinkelbach’s method in Table I.

C. Time Switching Factor Assignment under Fixed Power

Allocation

Similar to the works in OMA systems, e.g. MIMO systems

[11] and OFDMA systems [15], an exhaustive search method

can be applied here to find the optimal time switching factor

α. However, the exhaustive search method is computationally

complicated, which depends on the iteration step of α. It is

true that the complexity decreases with increasing iteration

step, however, it will bring a negative impact on the accuracy

of the result. Motivated by this, we develop an efficient

searching algorithm for obtaining the optimal time switching

factor according to the relationship between EE and the time

switching factor α.

Assuming that we have obtained an optimal power allo-

cation P
M from the last iteration, we attempt to obtain the

optimal time switching factor α based on a fixed P
M , and

hence the problem in (19)-(23) is accordingly converted to

max
α

αB log2

(

1 +
∑

K

k=1
hkP

M

k

σ2

)

(

ζ − (1− α) η
∑K

k=1 hk

)
∑K

k=1 P
M
k + PC

(30)

s.t. αB log2

(

1 +
hkP

M
k

σ2 +
∑K

i=k+1 hiPM
i

)

≥ Rmin,

∀k ∈ K, (31)

(1− α) ηhk

K∑

k=1

PM
k ≥ Emin, ∀k ∈ K, (32)

0 ≤ α ≤ 1. (33)

To develop an efficient searching algorithm for obtaining

the optimal TS factor, we investigate the relationship between

EE and the TS factor α, which is summarized in the following

Proposition.

Proposition 2: With a fixed power allocation P
M that

satisfies the constraints in (27)-(29), EE is monotonically

increasing or decreasing with respect to the TS factor α.

Based on this observation, we first decide the trend of EE

according to the optimal power allocation P
M obtained in the

last step. Meanwhile, it’s not difficult to derive the feasible

region of α based on the constraints (31)-(33). Therefore, for

the case that EE is monotonically increasing in α, we obtain

the corresponding optimal time switching factor α⋆ at the

maximum available α that meets the QoS demands. On the

contrary, the optimal time switching factor α⋆ is set to the

minimum available value for the case of decreasing trend.

D. Joint Power Allocation and Time Switching Solution

The joint power allocation and time switching strategy for

the transformed problem (19)-(23) is written as follows

α[0] → P
M ⋆

[0], η⋆EE [0]
︸ ︷︷ ︸

Initialization

→ · · · → α[t] → P
M ⋆

[t], η⋆EE [t]
︸ ︷︷ ︸

Iteraetion t

→ · · · → α[tmax] → P
M ⋆

[tmax], η
⋆
EE [tmax]

︸ ︷︷ ︸

Iteraetion tmax

(34)

where tmax denotes the maximum number of iteration. With

the developed power allocation algorithm and TS control
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Fig. 1: The performance of the proposed algorithm with different
power constraints (EE vs transmitted power constraint).

strategy, the updated process is repeated until no further

improvement can be obtained.

Therefore, the algorithm about joint power allocation and

time switching control for the transformed dual MAC prob-

lem (19)-(23) has been developed completely. We denote

the optimal power allocation and the optimal TS factor as

P
M opt

and αopt respectively. In order to further obtain the

optimal resource allocation scheme for the original downlink

problem, including the time switching factor and the power

allocation, we just need to transform P
M opt

into P
Bopt

using

(14). Besides, the optimal time switching factor remains αopt.

Therefore, the original optimization problem (8)-(12) can be

successfully tackled.

IV. SIMULATION RESULTS

In this section, numerical results are presented to demon-

strate the performance of the theoretical findings and the

superiority of the proposed algorithms in terms of EE. The

drain efficiency of the power amplifier ζ is set to 38% whereas

the EH efficiency is taken to be η = 50%. In addition, the

bandwidth of the system is set to B = 1MHz. The static

circuit power at the transmitter PC is assumed to be 10 W.

Firstly, the EE performance of the proposed joint power

allocation and time switching control algorithm with various

QoS demands are evaluated. In these simulations, the circuit

power is fixed to PC = 10W and the number of terminals is

set to one, three and five for comparison. We first investigate

the EE performance of the proposed solution with different

power budgets. In particular, we set the total transmit power

within a range of 1 ≤ Pmax ≤ 100W , and the minimum

rate constraint and harvested energy constraint are set to

Rmin = 2Mbits/s and Emin = 0.2W respectively. As shown

in Fig. 1, the optimal EE achieved by the proposed scheme

are monotonically non-decreasing in the total transmit power

constraint. Particularly, the EE increases dramatically with

a smaller power budget, and then approaches an asymptotic

value where a balance among the achievable rates and the total

power consumption is obtained. In other words, the additional

power budget does not constitute to extra gain in EE. Besides,
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Fig. 2: The performance of the proposed algorithm with different
harvested power constraints (EE vs harvested power constraint).
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Fig. 3: The performance of the proposed algorithm with different
minimum rate constraints (EE vs minimum rate constraint).

if there are more terminals in the network, the maximum

power budget Pmax to reach the maximum EE is required

to be higher. These two results make sense when we expect

to achieve better EE performance with a limited power.

We next show in Fig. 2 and Fig. 3 the optimal EE

under different rate and harvested energy requirements. It

can be seen in Fig. 2 that the optimal EE drops as the

minimum demanded harvested power increases. To satisfy a

higher minimum harvested energy demand, extra power is

required. It has been shown in Fig. 1 that this additional power

cannot provide any EE gain. More precisely, this EE loss is

mainly due to the increased energy allocated to EH, which

leads to an imbalance between the numerator (transmission

rate) and the denominator (power consumption) of the EE

metric. A similar trend can also be seen for the case of

varying the minimum rate constraint, where the optimal EE

achieved by the proposed approach remains unchanged up to a

certain minimum transmission rate requirement, but decreases
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Fig. 4: Impact of the maximum transmit power on the EE perfor-
mance under different resource allocation approaches.

thereafter. Additionally, we can draw a conclusion that EE is

non-increasing with respect to the number of terminals from

Fig. 1, Fig. 2 and Fig. 3. The reason for this result is that

the ID receivers will interfere with each other when decoding

information in NOMA system, and hence more transmit power

is required to obtain the data rate per terminal.

Finally, we compare the EE performance among different

approaches. The curve marked as “Proposed SWIPT-enabled

NOMA EE-opt” denotes the EE performance of the proposed

joint power allocation and TS control scheme for SWIPT-

enabled NOMA system, and the curve “SWIPT-enabled NO-

MA Rate-opt” represents the sum rate maximization scheme

in the same system. It can be observed that with the increas-

ing total transmit power budget Pmax, the EE achieved by

“SWIPT-enabled NOMA Rate-opt” first increases and then

decreases with Pmax. That is because for the rate maximiza-

tion approach, the whole transmit power will be allocated for

all the terminals to obtain the maximum data rate. However,

when the transmit power is increased to a certain extent, the

effectiveness on the improvement of data rate is not significant

due to the property of log function. Therefore, the achieved EE

drops after certain power level. On the other hand, since the

additional power budget does not contribute to extra gain in

EE, the EE achieved by the proposed joint power allocation

and time switching control algorithm is monotonically non-

decreasing in the total transmit power constraint Pmax. In

addition, the EE performance of OMA system is also studied.

In particular, we take into account the approach that maximize

the EE in SWIPT-enabled OFDMA system [16] and the

approach that maximize the EE in a conventional OFDMA

system [15], which are marked as “SWIPT-enabled OFDMA

EE-opt” and “conventional OFDMA EE-opt” respectively. It

is clear that the EE achieved by the proposed SWIPT-NOMA

scheme outperforms both the SWIPT-OFDMA scheme and the

conventional OFDMA-based scheme, which has demonstrated

the applicability of our proposed approach and confirmed the

advantages of integration SWIPT into NOMA system.

V. CONCLUSIONS

In this paper, we have addressed the EE optimization prob-

lem for SWIPT-enabled NOMA systems with TS-based re-

ceiver. The corresponding EE optimization problem, which in-

volves joint optimization of the TS factor and power allocation,

is non-convex and thus the solution is non-trivial and cannot be

obtained directly. In order to obtain a feasible solution for this

problem, we develop a dual-layer iterative resource allocation

algorithm based on the principle of BC-MAC duality. In

particular, a convex programming-based Dinkelbach’s method

has been developed to obtain the optimal power allocation for

the inner-layer, whilst a novel TS control strategy has been

proposed for the outer-layer. Numerical results demonstrate the

EE performance of the proposed strategy of jointly optimizing

the power allocation and the TS factor. More importantly,

compared to the conventional OMA approach, our findings

have illustrated that significant EE gain can be achieved by

our proposed algorithm, and this has confirmed the advantages

of integration SWIPT into NOMA systems.
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