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Abstract: In this paper, the rate optimization problem in a relaying visible light communication
system with simultaneous lightwave information and power transfer (SLIPT) is investigated, where
the power splitting (PS) transmission strategy is adopted. The expressions of the transmission
rate and energy harvesting at the target node are derived, based on which, the rate maximization
problem is formulated. Then, this problem is solved by optimizing the PS factor, and a closed-form
solution is given. Numerical results reveal that the existence of the relay node improves the
system performance.
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1. Introduction

With the emergence of the Internet-of-Things (IoT), the demand for transferring the power
and enabling IoT devices to harvest energy using light or radio frequency (RF) transmission
is increasing, especially in indoor applications [1]. The number of Internet-connected mobile
devices is rapidly increasing, and most of the data consumption occurs indoors [2]. On this
basis, optical wireless communication (OWC), especially visible light communication (VLC), is
considered as a promising complementary technology for RF to provide access to IoT devices
for indoor applications [3,4]. Compared with wireless fidelity (WiFi), the advantages of
OWC technologies include: increased available bandwidth, easy bandwidth reuse, high energy
efficiency, considerable energy savings, no RF radiation, and free from RF interference [3].

Due to the following two characteristics of VLC system, some radio communication technolo-
gies are not suitable for VLC system. First, since the information is modulated as the instantaneous
optical intensity, the transmitted signals must be real and non-negative. Second, the average
optical intensity should be limited for the sake of eye safety [5]. Based on the characteristics,
the modulation methods and the access methods suitable for VLC system have been extensively
studied. A novel hybrid system combining asymmetrically clipped optical orthogonal frequency
division multiplexing (ACO-OFDM) with on-off keying (OOK) modulation scheme was proposed
in [6], which can reach high spectral efficiency. In order to realize the multi-user indoor VLC
system based on hybrid full-duplex, a network model with lighting/communication terminal and
the corresponding multi-access scheme are proposed in [7].

In recent years, light energy harvesting and communication rate have been investigated for VLC
system with different system configurations and constraints. A framework for the simultaneous
lightwave information and power transfer (SLIPT) was first proposed in [3], and the different
transmission strategies were proposed in order to balance the trade-off between harvested energy
and quality of service (QoS). In addition, the performance of the SLIPT system for serving
multiple users in multiple cells is investigated in [8] .

At the same time, the relaying systems have been extensively studied in vast literatures for their
ability to improve system performance. Firstly, the relay path is able to extend the coverage of
the VLC systems. In this case, a hybrid relaying VLC/RF system is proposed in [9]. Moreover,
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the investigation in [10] reveals that the relay node helps to achieve higher diversity gain over
direct communications between the source node and the target node. Finally, the light from the
LED sources is confined to a small area, which introduces a problem that the communication
links may be blocked. The outage probability of the communication link can be decreased by
adopting the relay node, so that the reliability of the system is improved. However, there are few
researches on utilizing the relay node to cooperate the communication between the source and
the target nodes in VLC systems.

In this paper, a relaying system has been proposed, which contains three nodes: the source
node, the relay node, and the target node. Unlike most articles that adopt time-switching (TS)
strategies, a power splitting (PS) transmission strategy is applied in this work considering SLIPT.
Then, the problem of maximizing the transmission rate of the target node is formulated subject to
the minimum harvested energy requirements and power constraints, so as to determine the PS
factor of the system. Moreover, a closed-form solution of the optimization problem is further
proposed through rigorous derivation.

The rest of the paper is organized as follows. In Section 2, the relaying VLC system with
SLIPT is introduced, which is achieved by PS. The optimization problem for rate maximization
is formulated and solved in Section 3. Section 4 presents the simulation results and discussions
about the impact of each factor. Finally, the paper concludes in Section 5.

2. System model

A point-to-point indoor SLIPT VLC system is considered where a cooperative relay node helps
data transmission between the source node and the target node. Half duplex transmission mode
is adopted, and the transmission process is divided into two phases, i.e., Phase I and Phase II.
In Phase I, the information is first modulated by the electrical modulator at the transmitter of
the source node. Then, the signal is amplified via the power amplifier and a DC bias is added
to the signal. After that, the LED turns the electrical signal into an optical signal and sends it
to the receivers, including the relay and target nodes. In this process, the relay and the target
nodes collect energy while receiving information. In Phase II, assuming that the energy used
to receive and process the signal is negligible, the relay node uses all the collected energy to
transmit the information received from the source node to the target node. In this work, the
amplify-and-forward relay node is considered. During this phase, we focus on the transmission
rate between the relay and the target nodes. The block diagram of the VLC SLIPT system with
two-phase transmission is shown in Fig. 1.
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Fig. 1. Block diagram of the relaying VLC system with SLIPT.
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2.1. Transmitted signal at the source node

Let s represents the continuous data symbol obtained from the original data after modulation with
E[s] = 0. Its peak amplitude satisfies —s<s<e and its variance can be given as E[s?] = 1, where
€ is a real number and £>0. After the power amplifier and added by a DC bias, the transmitted
signal can be expressed as

X=Aps+b, (D
where p denotes the allocated electric power, and b denotes the DC offset. According to (1), the
average electrical power P, of the transmitted signal can be given as

P, = E[|x|*] = E[|\ps|* + b°] = p + b. )

To satisfy the nonnegative requirement, i.e., x = 4/ps + b>0, the value of p should be limited to
b2

0<p< —- 3)
E

In order to make the electrical signal input to the LED within the linear region of the LED
operation, the value of p and b should be adjusted to keep the instantaneous input current within
a certain range, i.e., \ps + b € [I, Ig], where Iy and Iy denote the minimum and the maximum
input currents, respectively. Thus, the following limitation is induced

Iy -by? (b-1)

p < min( 2 3 ). 4

&

2.2. Channel model

The geometric structure of the system are presented in Fig. 2. The optical channel between any
two nodes is considered as a line-of-sight (LOS) link, since the gain of reflection links can be
negligible. The channel gain can be given as [11]

2 DA cos™()g(W) cos(), ¥ <o,

0, otherwise,

H(p.y.d) = &)

where 7 is the photo-detector (PD) responsivity in A/W. d is the distance from the LED
to the PD of the corresponding node, ¢ is the irradiance angle, ¢ is the incidence angle,
g(y) is the gain of the optical filter, Yroy denotes the half of PD’s field-of-view (FOV), and
m = —1/log,(cos(¢1,2)) is the order of Lambertian emission, where ¢, is the semi-angle at
half power. A = p?App/sin®(¥rov), where App denotes the PD’s detector area, p is the refractive
index.

We assume that the PD of the relay node has the same parameters as the PD of the target node,
including 1, App, and p. Therefore, let iy denote the channel gain between the source node and
the target node, which can be given as

hO = H(‘PO’ w()?do)’ (6)

where dy, ¢, and ¥ denote the distance, the irradiance angle, and the incidence angle from the
source node to the target node, respectively.

Similar to above, the channel gains between the source node and the relay node, the relay node
and the target node can be respectively given as

hl =H(‘Pls¢’1,d1)s (7)

hy = H(p2, Y2, db), (3)
respectively, where di, ¢, and | denote the distance, the irradiance angle, and the incidence
angle from the source node to the relay node, respectively. d», ¢, and i, denote the distance,
the irradiance angle, and the incidence angle from the relay node to the target node, respectively.
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Fig. 2. Geometric structure of the indoor relaying VLC system with SLIPT.

According to the above analysis, after Phase I, the signal received by the target node can
be given as yg = hox + ng, where ny ~ N(0, a'g) denotes the additive white Gaussian noise
(AWGN). Similarly, the signal received by the relay node can be given as y; = h1x + nj, where
n; ~ N(0, 0'12) denotes the AWGN at the relay node.

Let E,, Ty, and T, denote the energy collected by the relay node during Phase I, the duration
of Phase I, and Phase II, respectively. So the transmitted signal from the relay node to the target
node can be given as x, = \E,/(T2E[y;])y;, where y; denotes the part of the signal received
by the relay node, which is used for information decoding and E[y;] is the average power of y;.
After Phase II, the signal received by the target node can be expressed as y, = hox, + np, where
np ~ N(0, 0'22) denotes the AWGN at the target node.

2.3. Transmission strategy for SLIPT

In order to transmit energy and signal simultaneously in the proposed system, the PS transmission
strategy is considered. According to the PS policy, the received signal is divided into two parts,
one of which is used for energy harvesting and the other is applied for information decoding.
Here, the parameters @ and a; are introduced, which denote the PS factors at the target node
and the relay node, respectively. In Phase I, for the target node, the part of energy harvesting is
yi.E = /@10, and the part of information decoding is y,; = V1 — @1yo + 1,1, where n,; denotes
the thermal noise, which is zero-mean AWGN with a variance of 0'21. Thus, the signal-to-noise
ratio (SNR) received by the target node can be given as

(1= ay)(hoe)’p

Yo = : ®
(1- 011)0'3 + o-tz’1
The harvested energy can be given as [12]
E, =ﬂ1t)CV0L‘T]7 (10)

where f is the fill factor, /[, is the DC component of the received signal, which is given by
I, = Vaihob, and V,, is the open circuit voltage, which is given by

T

I
V(,C=V,ln(1+%oc, (11)
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where V; is the thermal voltage and I is the dark saturation current of the PD. So the energy
harvested by the target node can be rewritten as

t

E, = fI. T, V,In(1 Inc 12
+ = fIpeT1 Vi In( +K- (12)

Similarly, for the relay node, the part of energy harvesting is y.r = +/a2y(, and the part of
forwarding is y,; = V1 — a2y + n,2, where n, 5 denotes the thermal noise, which is zero-mean
AWGN with a variance of 032. Similar to the deduction above, the SNR received by the relay
node can be given as

1 —ay)(hie)?
)y = U aiePp 03
(1 - a)o; +07,

To simplify subsequent analysis, we assume that 0}2l = o-tz2 = o2. The energy harvested by the

relay node is formulated as
T

E—ﬂ’TVllID—C 14
r—Dcltn("'IO’ ()

where Ilr)C = y/azhb. Assuming that the durations of two transmission phases are the same, i.e.,
Ty = T, the transmission power of the relay node is P, = fI,V; In(1 + I}, /Io). In Phase II, the
relay node forwards y, ; to the target node with power budget P,. The transmitted signal at the
relay node can be given as

P,
Xy = A 15
\/(1 C R+ )+ o]+ o (1)
After Phase II, the SNR at the target node can be given as

_ (1 — ax)(hihaZe)’p
(mZ)?[(1 - m)o? + o] + 0'22’

) (16)

where Z = \[P,/(1 - a2)[}(pe? + %) + o7 + 07).

Applying maximum ratio combining (MRC) to yg and y, at the target node. For ease of
analysis, we assume that the variance of noise from the source node to the target node is the same
as that from the relay node to the target node, i.e., O'g = 0'22. Thus, the total SNR at the target
node can be given as y = yp + > due to MRC [13].

Based on the above analysis, a lower bound of the achievable rate with normalized bandwidth
at the target node can be given as [14]

1 e
R=-1 1+ —7y), 17
> 0g,( o Y) (17
where e is the natural constant.

3. Problem formulation and solution

The SLIPT induces a trade-off between the rate and harvested energy. We should not only
consider the energy and data rate collected by the target node, but also consider the performance
of the relay node. In this work, our goal is to maximize the the rate of the target node, subject
to the minimum harvested energy requirements and power constraints. The aforementioned
trade-off can be balanced by solving the optimization problems for the proposed system. The
corresponding optimization problems are formulated and optimally solved in the this section.
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For the convenience of subsequent analysis, assuming that 0'3 and 0'22 are negligible compared
to o7 and 0. In addition, we set K| = (hog)*/o7 and K» = fTV,. Mathematically, the rate

optimization problems for PS can be formulated as

I e )
max 5 log(1 + 5 (Ki(1 ~m)p + 1) (150
ajap 2 2 ) | o
O-l + 1*(1/2
It
st KalpeIn(l+ %) 2 Ep, (18b)
0
Ir
Kol In(1 + %) = Epnp, (18¢c)
0
(hi&)*p S
e T (18)
ot e
2
b 18
Osp= (18e)
Iy —b)? (b-1p)?
p< min(( 1 Iy ( ZL) ), (18f)
& &
Ip <b <y, (182)
0<a,ap <1, (18h)

where Ey, 1 denotes the harvested energy threshold of the target node, and a harvested energy
threshold Ey, > and a SNR threshold yy;, were set for the relay node.

From 18a and 18d, it can be obviously seen that both R; and y; are increasing with respect to
p, hence the maximum value of p should be found while satisfying the constrains. According to
18f and 18g, for maximizing p, the value of the DC bias b should be b = (I + I1)/2. Therefore,
these two constraints 18f and 18g can be combined into one as:

(Iy — I)?
< —F. 19
42 (19
And then via the constraint in 18e, p should satisfy the inequality as
(g +1)°
< —. 20
4¢&? @0

From the physical meaning of I; > 0, we have (Iy + I;)*/(4&?) > (Iy — I)*/(4€?). As a result,
the optimal value of p can be given as

pr=——

PP 1)

where (-)* denotes optimality.
From 18a, it can be seen that R, is decreasing with respect to both @ and a», so the minimum

value of @ and @, should be found while satisfying the constrains. According to 18d, a, should

satisfy the limitation as

4 12 YVih

n<l-—mmmmmm.
(he)yp - 0'127th

(22)
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Considering the constrains (18b) and (18c), we construct a function f(x) = x In(1 +ax), (>0, x>0).
The first derivative of f(x) can be given as

F/@) = In(1 +ax) + 5 ax

+ax’ (23)

Because of the condition a>0, x>0, we have f’(x)>0. Therefore, f(x) is increasing with respect
to x. Then, due to the previous analysis that I]’)C = Varhob, I}, = \/azh1b, for minimizing a;
and a», the inequalities in (18b) and (18c) should take the equal sign. Thus, two transcendental

equations can be derived as
1

1
Kol In(1 + ID—OC) = Ep1, (24a)

r

Kol In(1 + 2€) = £ (24b)
2pe T h2s

which can be solved easily by the toolbox of MATLAB. Let x; and x; be the solutions of 24a and
24b, respectively, so that the optimal value of @ and @, can be given as

2
4x1

= ——7,
YR+ 1)?

2
4x2

12l + 1P @9

=
Note that if a;>1 or ;> 1, the optimization problem in (18) is infeasible, due to 18h. Moreover,
if @y * >1 — oym/((&)*p* — o ym), the optimization problem in (18) is also infeasible, due to
the contradiction between 18c and 18d.

4. Simulation result and discussion

This section presents an appropriate set of figures to illustrate the key factors affecting the
performance of the proposed architecture. We assume the transmitter plane is parallel to the
receiver one in the downlink SLIPT system, i.e., ¢o = ¥, 91 = ¥1,92 = ¥o. Unless stated
otherwise, the simulation parameters are given in Table 1.

Table 1. Simulation parameters

Parameter Value Parameter Value
Yo 0 Iy 0 mA
AR 30° Iy 12 mA
f 0.75 P 1.5
®1)2 60° Yin 10dB
App 0.01 m? vy 25 mV
o? 10719 Yrov 60°
o} 10718 do 2.60m
Iy 107 A dy,dy 1.5m

Figure 3 shows the target data rate versus the energy harvesting threshold Ey;,; for different
values of the PD responsivity. In this case, the relay node harvested energy threshold is set
to Eypo = 1 mJ. According to the optimization problem, as the energy requirement increases,
the rate gradually decreases because the PS factors become larger to allocate more amount of
the signal to the energy harvesting. In addition, with the increase of the PD responsivity 7,
the downward trend of the curves with relay becomes slower. For example, when 1 = 0.2, the
value of R goes down from 11.1 to 10.9, and the value of R decrease from 12.99 to 12.93 when
n = 0.4. Because If, = \/axhib and h; o 17, where o is the symbol for being proportional to, the
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relationship between a; and 7 can be formulated as a; oc 1/n%. Therefore, with the increase of 7,
a» decreases, which means that the part of information transmitted from the relay node to the
target node increases, so that the influence of @; on the value of R is impaired. In order to verify
the role of the relay node in the system, the curves of R changing with Ej;, ; in the absence of
the relay node are also plotted in Fig. 3 as a comparison. It is observed that there still a large
value at the end of each curve with the relay node compared to those without the relay node.
This is because the communication channel between the relay and the target nodes can provide a
significant data rate when the target node sacrifices rate performance to harvest more energy. In
addition, it can be found that the curve with the relay node is always higher than that without
the relay node, which means the relay node increases the communication rate of the system.
Therefore, it can be concluded that the communication rate of the system can be increased by
using a relay node when the energy requirements are low.
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| |—©—=02, withrelay |\ \ \
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—0—1=0.4, with relay | \ o >
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Fig. 3. The rate versus the energy threshold of the target node, when Ey, »=1 mJ.

13.5

137 1

11.5

R(bits/s/Hz)

o
)

—6—=0.2

Fig. 4. The rate versus the energy threshold of the relay node, when Ej, 1 =0.45 mJ.

o
I

©
o

[ |—8—n=0.3
—0— =04

o

0.5 1

E

th,2(

mJ)

25



=

Research Article Vol. 29, No. 2/18 January 2021/ Optics Express 2192

Optics EXPRESS

Figure 4 presents the impact of the harvested energy at the relay node on the rate of target node
when E;, 1 = 0.45 mJ. It is generally observed that, as the PD responsivity increases, the solution
space of the optimization problem also increases, which means that the system can harvest more
energy and achieve a higher data rate. It can also be seen that, regardless of the value of 1, the
downward trend of the curve is obvious. This can be explained by the fact that the relay node is
closer to the source node than the target node, hence the power splitting factor a; plays a greater
role in the variation of data rate compared with «;.

5. Conclusion

This paper presents the proposed relaying VLC system with SLIPT based on the PS transmission
strategy. Due to the existence of the relay node, the expressions of the transmission rate and
harvested energy are different from the system without the relay node. These expressions are
derived and the rate optimization problem is established, subject to the minimum harvested energy
requirements and power constraints. We further solve this problem and derive the closed-form
solutions. Simulations validate that the communication rate of the system can be increased by
using a relay node. The proposed framework with a relay node can serve as a promising candidate
for the VLC including IoT devices in the future communication systems.
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