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Abstract: For the upcoming sixth generation (6G) networks, the application of simultaneous light-
wave information and power transfer (SLIPT) in a non-orthogonal multiple access (NOMA) system
is a potential solution to improve energy efficiency (EE). In this paper, we propose a novel SLIPT-
enabled NOMA multi-user system with power splitting (PS) protocol and investigate the effect of
system parameters on EE. In addition, to enhance the energy harvesting and information receiving
performance of the proposed system, we build up an optimization framework that aims to maximize
the EE of the system by jointly optimizing the power allocation of the users and the PS coefficient.
We introduce a two-step particle swarm optimization (PSO) algorithm to solve this problem while
satisfying the constraints of maximum transmit power, the minimum achievable data rate, and the
minimum harvested energy. The numerical results demonstrate the SLIPT-enabled NOMA system
using PSO algorithm has significantly improved up to 3.83 × 106 bit/s/J in terms of EE over the
traditional orthogonal multiple access (OMA) systems.

Keywords: non-orthogonal multiple access; simultaneous lightwave information and power transfer;
visible light communication; energy efficiency

1. Introduction

The swift advancement of mobile Internet has resulted in an exponential surge in the
number of intelligent terminals, thereby creating a pressing need for reduced system latency
and enhanced security access [1]. Concurrently, the battery capacity of network devices is
constrained, necessitating a greater emphasis on optimizing the energy consumption of the
system. To relieve the pressure of rapid battery consumption and to achieve passive power
supply for communication systems, energy harvesting has become a solution to extend the
battery operating time. Traditional energy harvesting methods use resources of wind [2]
and solar [3], which are less stable due to their dependence on uncontrollable natural
resources [4]. Therefore, researchers have proposed simultaneous wireless information and
power transfer (SWIPT) in radio frequency (RF) communication [5]. However, traditional
RF communication has the disadvantages of scarce spectrum resources and poor secu-
rity [6]. Hence, there is an urgency for more efficient and secure wireless communication
technologies to make up for the shortcomings of RF communication.

Visible light communication (VLC) is recognized as a highly promising technology
due to its low cost, abundant spectrum resources, high security, and absence of electro-
magnetic interference [7]. Based on the vigorous progress of SWIPT, a new framework of
simultaneous lightwave information and power transfer (SLIPT) was first proposed in [8].
The SLIPT system is capable of both information receiving and energy harvesting. Due to
the high detection sensitivity of the photodiode (PD), PDs are used as receivers in the SLIPT
system [9]. Furthermore, the problem of maximizing the sum rate in the downlink visible
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light communication (VLC) system under minimum rate and harvested energy constraints
was also investigated. To extend the achievable communication range, a two-hop under-
water optical wireless communication (UOWC) with SLIPT system was presented in [10],
which has achieved a higher rate by using relay nodes. The drawbacks of the system,
however, are the low photoelectric conversion efficiency of the PD and the inferior ability
to harvest energy. In addition, the system using PDs as receivers requires external power to
operate, whereas the solar panel can achieve photoelectric conversion without an external
power supply. Therefore, a self-powered receiver based on a solar panel was designed
and introduced in [11], by which a communication link of 11.84 Mbps was established,
proving that the solar panel can simultaneously realize information receiving and energy
harvesting with a lower peak-to-peak amplitude of the received optical signal. For further
improving system performance, three effective protocols are discussed in [12] to achieve
the separation of signals used for energy harvesting and information detecting in three
different domains of time, power and photoelectric converters. The results indicated that
the energy harvested from the power domain separation protocol is greater than that of the
time-switching protocol. However, it is worth noting that the investigated parameters of
the splitting protocols remain constant throughout the evaluation process, which deserves
further investigation and potential optimization.

Simultaneously, it is crucial to acknowledge that the capacity of VLC systems faces sig-
nificant constraints due to the restricted modulation bandwidth of the light-emitting diode
(LED) transmitters [13]. Consequently, to accommodate a larger number of users within the
VLC system, the implementation of multiple-access techniques becomes imperative. The
widely used multiplex access is orthogonal multiple access (OMA), which splits time and
frequency domain resources orthogonally [14]. Orthogonal frequency division multiple
access (OFDMA) within the OMA scheme is commonly adopted in multi-user systems
that achieve higher spectrum efficiency [15]. Nevertheless, since the spectrum is divided,
the VLC system with OFDMA scheme has the drawbacks of a limited number of users
and low data rate. A promising multiple access is needed to enhance the capacity of VLC
system. The non-orthogonal multiple access (NOMA) scheme has garnered considerable
attention and interest among researchers with its potential applications and advancements.
NOMA allocates power to users based on their channel conditions, which enables multiple
users to multiplex in the power domain and exploits entire time and frequency resources.
It actively introduces inter-user interference at the transmitter to achieve non-orthogonal
splitting of the power domain. Meanwhile, at the receiver, serial interference cancellation
(SIC) is used to detect and separate individual user signals [16]. It is observed that NOMA
is capable of enhancing the capacity and spectral efficiency of the system whilst satisfying
the requirements of multi-user communication [17] through complex design of the receiver,
accordingly causing more energy consumption. On this basis, a SLIPT-enabled NOMA
scheme for downlink VLC system was proposed in [18], which performed with superior
performance compared to the orthogonal multiple access (OMA) scheme. However, opti-
mizing system energy efficiency is rarely addressed in existing studies of SLIPT-enabled
NOMA systems.

In this paper, we propose a novel SLIPT-enabled NOMA multi-user system with
power-splitting (PS) protocol, which can simultaneously ensure communication and energy
harvesting performance for each user. The performance of the proposed system is evaluated
by changing fields of view (FoV), number of users and LEDs and consumed power of
hardware. Furthermore, we optimize energy efficiency (EE) of the system while satisfying
the required achievable data rate and the harvested energy by jointly controlling the power
allocation strategy in NOMA and the PS coefficient in SLIPT. In addition, the only EE of the
SLIPT-enabled NOMA system is compared with that of SLIPT-enabled OFDMA system.

The rest of the paper is organized as follows. Section 2 introduces the model of the
SLIPT-enabled NOMA system. Section 3 describes the formulation of the optimization
problem. Section 4 shows the simulation results and discussions. Finally, Section 5 draws
the conclusions.
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2. System Model
2.1. Transmitter

The block diagram of the SLIPT-enabled NOMA system is shown in Figure 1. We
assume that the maximum number of superposed users on the sub-band is K. At the
transmitter, data streams are first modulated. Power domain NOMA is employed on the
modulated signals consequently. The total transmit power is limited to Ps. The superposed
signal x(t) can be expressed as

x(t) =
K

∑
k=1

√
αkPssk(t), (1)

where sk(t) and αk (∑K
k=1 αk = 1) denote the modulated signal and the allocated power

coefficient of the k-th user, respectively. In addition, a DC bias current B is added to
the superposition mixture of signal to obtain non-negative transmission signal [19]. The
transmitted optical signal y(t) is given by

y(t) = PLED ×
(

K

∑
k=1

√
αkPssk(t) + B

)
, (2)

where PLED is the power of LED. In addition, to prevent the LED from producing truncation
distortion, input signal needs to be placed within the operating current interval specified
for the LED, i.e.(IH + IL)/2 ≤ B ≤ IH [20], where IL and IH denote minimum DC bias and
maximum DC bias, respectively.

LED

Solar Panel

User 1 data

Power Domain

Superposition

DC bias

NOMA

…

User K data

Power 

Splitter



1 −

Energy Harvesting Circuit

SIC of Users’ Signal

Information Decoding

Energy Harvesting

Figure 1. Block diagram of the proposed SLIPT-enabled NOMA system.

2.2. Channel Model

In the VLC system, the power of the received signal transmitted via a direct path
accounts for over 95% of the total power. The line-of-sight (LoS) link is considered in this
paper. The channel gain between the LED and the k-th user is denoted by [21]

Hk =
(m + 1)A

2πdk
2 cosm(Φk) cos(Ψk)Ts(Ψk)G(Ψk), (3)

where m = − ln 2/ ln(cos ϕ1/2) is the Lambertian index, ϕ1/2 is the semi-angle of half
power, A is the physical area of the solar panel and dk is the transmission distance from the
LED to the solar panel. Φk and Ψk denote radiance angle and incidence angle of k-th user,
respectively. Ts(Ψk) is the gain of the optical filter and is set to 1. G(Ψk) is the gain of the
optical concentrator given by
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G(Ψk) =

{
n2

sin2(ϕc)
, 0 ≤ Ψk ≤ ϕc

0, Ψk ≥ ϕc
, (4)

where n is the refractive index and is set to 1.5. Without loss of generality, it is assumed
that the channel gains of users are in order as H1 > H2 > . . . > HM.

2.3. Receiver

At the receiver, the received optical signal is firstly converted to electrical signal
through the solar panel. After photoelectric conversion, the electrical signal of the k-th user
at the receiver based on the solar panel can be written as

rk(t) = ηHkPLED ×
(

K

∑
k=1

√
αkPssk(t) + B

)
+ zk(t), (5)

where η is the responsivity in A/W. zk(t) is created from background shot noise and
thermal noise, which can be modeled as additive white Gaussian noise (AWGN) with
zero mean and variance σ2. In this paper, we adopt PS protocol to ensure that each user
achieves information receiving and energy harvesting simultaneously. Specifically, a power
splitter is used to divide the power into ρ and (1− ρ) components for energy harvesting
and information receiving. For better information receiving, the DC component is first
filtered [19]. Successive interference cancellation (SIC) is applied at the receiver to improve
the performance since all the users will interfere with each other while sharing the same
bandwidth [22]. Channel state information (CSI) is assumed to be perfectly known. Based
on the system model proposed before, the signal of the i-th user (i < k) is considered as
interference with the k-th user. When k = 1, there is no interference from other users.
Therefore, signal interference noise ratio (SINR) γk of the k-th user can be expressed as

γk =


ρ(ηHk PLED)2Pk

σ2+PI,k
, k = 1

ρ(ηHk PLED)2Pk

σ2+PI,k+
k−1
∑

i=1
(ηPLED Hi)

2Pi

, 1 < k ≤ K , (6)

where Pk = αkPs is the allocated power to the k-th user. PI,k is interference from other
neighboring LEDs which can be expressed as

PI,k =
N

∑
n=1

η2P2
LED H2

k A2
n, (7)

where An is the peak amplitude of other LEDs, N is the number of neighboring LEDs. The
achievable rate of the k-th user (1 ≤ k ≤ K) is given by

Rk = Bslog2

(
1 +

e
2π

γk

)
, (8)

where Bs is the bandwidth of the system. Accordingly, the sum rate of the proposed system
can be given by

Rsys =
K

∑
k=1

Rk =
K

∑
k=1

Bslog2

(
1 +

e
2π

γk

)
. (9)

On the other hand, the harvested energy of the k-th user is obtained by [23]

Ek = (1− ρ) f IDC,kVOC,k, (10)
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where f denotes the fill factor and IDC,k is the short-circuit DC current of the k-th user,
measured by shutting the solar panel charging circuit, which is given by

IDC,k = ηHkPLEDB + I2,k, (11)

where I2,k is the DC component that is from neighboring light sources, which can be
expressed by

I2,k = ηHkPLED IconN, (12)

where Icon represents the DC bias of neighboring LEDs and is set to a constant. VOC,k is the
voltage of the k-th user that is measured by opening the solar panel charging circuit and
can be written as [24]

VOC,k = Vt ln
(

1 +
IDC,k

I0

)
, (13)

where Vt is the thermal voltage and I0 is the dark saturation current. The total power
consumption of the system is given by

Etotal =
K

∑
k=1

Pk + Pc −
K

∑
k=1

Ek, (14)

where Pc is the hardware power consumption.

3. Problem Formulation

The energy efficiency of the system can be defined as the ratio of the sum rate and the
total power consumption, which can be written as

EE =

K
∑

k=1
Bslog2

(
1 + e

2π γk
)

K
∑

k=1
Pk + Pc −

K
∑

k=1
Ek

. (15)

The aim of this paper is to maximize the EE of the system while guaranteeing the
required achievable data rate and the harvested energy of each user. The optimization
problem for EE can be mathematically formulated as

max
ρ,Pk

K
∑

k=1
Bslog2

(
1 + e

2π γk
)

K
∑

k=1
Pk + Pc −

K
∑

k=1
Ek

(16)

s.t. Bslog2

(
1 +

e
2π

γk

)
≥ Rmin, (17)

(1− ρ)Vt f ηHkPLED(B + IconN) ln
(

1 +
ηHkPLED(B + IconN)

I0

)
≥ Emin, (18)

0 ≤ ρ ≤ 1. (19)

Equation (17) denotes the minimum rate constraint for each user, Equation (18) rep-
resents the minimum harvested energy constraint of each user. Rmin and Emin denote the
minimum rate and the minimum harvested energy, respectively. Equation (19) means that
the PS coefficient ρ is constrained to (0, 1). We first initialize the PS coefficient ρ as ρ

′
. The

SINR of the k-th user γ
′
k can be expressed as

γ′k =


ρ′(ηHk PLED)2Pk

σ2+PI,k
, k = 1

ρ′(ηHk PLED)2Pk

σ2+PI,k+
k−1
∑

i=1
(ηPLED Hi)

2Pi

, 1 < k ≤ K . (20)
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Accordingly, the optimization problem can be written as follows

max
Pk

K
∑

k=1
Bs log2

(
1 + eγ′k

2π

)
K
∑

k=1
Pk + Pc −∑K

k=1 Ek

(21)

s.t. Bslog2

(
1 +

eγ′k
2π

)
≥ Rmin, (22)

(1− ρ′)Vt f ηHkPLED(B + IconN) ln
(

1 +
ηHkPLED(B + IconN)

I0

)
≥ Emin. (23)

We obtain the optimal power allocation P∗i after solving (21)–(23). At this moment, the
SINR of k-th user γ∗k can be expressed as

γ∗k =


ρ(ηHk PLED)2P∗k

σ2+PI,k
, k = 1

ρ(ηHk PLED)2P∗k

σ2+PI,k+
k−1
∑

i=1
(ηPLED Hi)

2Pi

, 1 < k ≤ K . (24)

At this time, the problem can be rewritten as Equations (25)–(28)

max
ρ

K
∑

k=1
Bs log2

(
1 + eγ∗k

2π

)
K
∑

k=1
P∗k + Pc −∑K

k=1 Ek

(25)

s.t. Bslog2

(
1 +

eγ∗k
2π

)
≥ Rmin, (26)

(1− ρ)Vt f ηHkPLED(B + IconN) ln
(

1 +
ηHkPLED(B + IconN)

I0

)
≥ Emin, (27)

0 ≤ ρ ≤ 1. (28)

In this paper, we adopt the two-step particle swarm algorithm (PSO) to jointly optimize
Pi and ρ to maximize EE. PSO plays a significant role in solving the resource allocation
problem of the communication system [25]. The algorithm is first initialized based on the
population size. The position of each particle movement needs to be determined based on
its previous position, individual best position and global best position together. Specifically,
the particle movement can be referred from the following vector equations [26]

Vn+1
i = wVn

i + c1r1(Xpbest − Xn
i ) + c2r2(Xgbest − Xn

i ), (29)

Xn+1
i = Xn

i + Vn+1
i , (30)

Xpbest =

{
Xpbest(n) , Fn+1 ≥ Fn

Xn
i , Fn+1 ≤ Fn , (31)

Xgbest =

{
Xgbest(n) , Fn+1 ≥ Fn

Xpbest(n+1) , Fn+1 ≤ Fn , (32)

where X represents the position of each particle. n represents the number of iterations,
which is considered to be the current state. Xn

i denotes the current position of the i-th
particle. Xpbest and Xgbest denote individual optimal position and global optimal position
of the population of the i-th particle, respectively. Vn

i is current velocity of the i-th particle,
while Vn+1

i is the velocity of the i-th particle at the n+1 moment. The position of the i-th
particle at the n+1 moment is denoted by Xn+1

i . w is the initialization weight. c1 and c2 are
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learning factors. r1 and r2 are random numbers obeying uniform distribution. Since the
proposed problem is a constrained optimization problem, a method to deal with constraints
is required. Therefore, we utilize the penalty method, where the fitness function is based
on the objective function of the problem as follows

f (X) = EE + ε
Nc

∑
i=1

Ci, (33)

where ε is the penalty value, Ci is the i-th constraint of the problem. Regarding the
optimization problem with multiple variables in this paper, we can first analyze one variable
while regarding the others as constants, then solve the remaining variables. Therefore, we
optimize Pi with the fixed ρ′ in the first step, then optimize ρ with an updated P∗i in the
second step. Pi and ρ are considered as the moving position of the particles in turn. Each
particle judges its performance based on the fitness value function, the number of iterations,
and the constraints.

4. Results and Discussions

In this section, numerical results are presented to illustrate how the FoV, number of
users, hardware power consumption and number of neighboring LEDs affect the perfor-
mance of the SLIPT-enabled NOMA system. Considering an indoor area at a height H
equipped with N LEDs set on the ceiling, the other simulation parameters are provided
in Table 1 unless otherwise specified. In simulation experiments, we considered scenarios
with different numbers of users that are sorted in descending order based on channel gains.
For cases of four users, a specific user grouping strategy is implemented. The first two
users are grouped together and labeled as group G1, while the remaining two users formed
group G2. Subsequently, a user from G1 is selected and sequentially paired with a user from
G2 to ensure that each pair of users maintained a significant difference in channel gains.

Table 1. Simulation parameters.

Parameters Symbols Values

Bandwidth (Hz) Bs 3.0× 106

Maximum DC bias (mA) IH 12
Minimum DC bias (mA) IL 0

Semi-angle of half power (◦) ϕ1/2 60
Thermal voltage (mV) Vt 25

Dark saturation current (nA) I0 0.1
Physical area of solar panel

(cm2) A 4

Thermal voltage (mV) Vt 25
Power of noise (W) σ2 1.0× 10−11

Responsivity (A/W) η 1.5
Fill factor f 0.75

Height of room(m) H 3

In the first simulation, we assume that the number of neighboring LEDs N = 0 and
DC bias B = 6 mA to investigate the effect of varying FoV on EE is investigated. As shown
in Figure 2, when FoV increases in the range of 45–70°, user coverage shrinks and channel
quality decreases, but at the cost of deterioration in channel quality. As a result, sum rate
decreases and more energy is harvested, resulting in a decrease of EE. At the same time,
for a fixed value of FoV, a system with fewer users is able to achieve greater system EE in
comparison to a system with a larger number of users. The reason is that the interference
between the received signals of the users in the system increases significantly as the number
of users increases.
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Figure 2. EE versus FoV with different number of users.

Figure 3 demonstrates EE with varying hardware power consumption Pc and number
of users. It is observed that EE decreases with increasing Pc, which is due to an increase
in circuit loss, leading to more total energy consumed in the system; however, this has no
effect on other factors. From Equation (15), it can be seen that hardware power consumption
only incurs an increase in net energy consumption without causing other changes; hence,
EE decreases. Furthermore, as the number of users increase, EE decreases, which coincides
with the previous simulation results.
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Figure 3. EE versus hardware power consumption with different number of users.

It can be seen from Figure 4 that there is a negative correlation between the number of
neighboring LEDs and EE, meaning that while adding the number of LEDs from zero to
ten, the users are affected by more severe interference, resulting in a decrease in sum rate.
Although, at the same time that the user can gather energy from the interfering LEDs, the
change in the harvested energy is considerably less than the impact caused by the sum rate.
The solid line in Figure 4 shows the FoV of 45° while the dashed line indicates the FoV of
55°. It can be seen that the overall EE at the FoV of 55° is less than the EE at the FoV of 45°,
which is consistent with the previous results.
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Figure 4. EEversus number of neighboring LEDs for different number of users and FoV.

Figure 5 illustrates the maximum EE and the optimal PS coefficient for different mini-
mum harvested energy requirements with the PS protocol. The optimal allocated power for
each user is obtained through the first step of the PSO algorithm with a different number
of users. Subsequently, the optimal PS coefficient is solved by Equations (21)–(23). The
minimum harvested energy is set to 0.05–0.42 mJ. It shows that EE and the optimal power
allocation ratio decline when the required harvested energy increases. In order to satisfy the
minimum harvesting energy requirement, a larger power is required for energy harvesting,
i.e., a smaller PS coefficient. A corresponding decrease in data rate leads to a decrease in EE.
A power allocation coefficient of 0 indicates that the system is unable to satisfy the minimum
harvested energy requirement while satisfying the minimum rate; hence, EE is 0.
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Figure 5. Performance of the proposed algorithm with different minimum harvested energy constraints
on: (a) energy efficiency; (b) optimal PS ratio.

Figure 6 discusses the effect of the user’s minimum data rate on EE and optimal PS
coefficient. In this simulation, we change the minimum data rate from 0.5 to 1.3 Mbit/s
while the harvested energy is limited to 0.6 mJ. As the minimum data rate requirement
increases, EE remains constant until a certain minimum rate requirement is achieved. When
the minimum required rate increases to a certain level, EE drops. In order to achieve higher
data rate requirements, the optimal PS coefficient is required to be increased. However, in
this circumstance, the remote user is unable to satisfy the minimum harvested energy but
has to increase the transmit power to ensure the harvested energy. It causes the system rate
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and EE to decrease. In the end, it is unable to satisfy the requirements no matter how to
adjust the power. At this point EE is 0, so that we order the PS coefficient to be 1.
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Figure 6. Performance of the proposed algorithm with different minimum rate constraints on:
(a) energy efficiency; (b) optimal PS ratio.

In the last simulation, we select two user systems as examples to provide a comprehen-
sive understanding of the system’s performance. A comparative analysis was undertaken
to assess the energy efficiency of the NOMA system with SLIPT and the OMA system with
SLIPT in Figure 7. This assessment includes four distinct scenarios, namely before optimiza-
tion and after optimization for both systems, showing the enhancement of optimization on
energy efficiency. For the reason that the increment of the system sum rate is in excess of
the increment of power consumption as the user’s transmit power changes in the range
of 1–20 W, the energy efficiency appears as an increment with increasing total transmit
power. In addition, it is clear that the EE in the SLIPT-enabled NOMA system of this paper
is superior to the SLIPT-OFDMA system. The reason is that users in the NOMA system
utilize the total bandwidth of the system and can achieve a higher data rate while each user
in OFDMA only shares half of the bandwidth. This demonstrates that the SLIPT-enabled
NOMA system can achieve a higher EE, which shows the strengths of applying SLIPT to
NOMA systems. It can be inferred that the optimized system exhibits a superior energy
efficiency due to the implementation of the proposed two-step PSO algorithm, thereby
indicating the advantage of the approach described in this paper.
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Figure 7. Comparison of the impact of maximum transmit power on EE performance of SLIPT-
enabled NOMA and SLIPT-enabled OFDMA system before and after optimization.
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5. Conclusions

In this paper, a SLIPT-enabled NOMA system with PS protocol is proposed to improve
the EE of a traditional VLC system. In addition, the power allocation and PS coefficient
optimization is studied in this system by the PSO algorithm. Simulation results show that
an appreciable EE performance can be achieved whilst satisfying constraints in terms of
maximum transmitted power, minimum data rate and minimum harvested energy. In addi-
tion, the optimized SLIPT-enabled NOMA system achieves an EE that is 3.83× 106 bit/s/J
higher than the SLIPT-OFDMA system when the transmit power is 20 W, demonstrating
the advantage of applying SLIPT to NOMA systems. Some potential valuable future re-
search directions may include designing grouping algorithms based on the users’ CSI,
power requirements, data transmission requirements and other factors when considering
SLIPT-enabled NOMA systems applied to scenarios of more users.
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