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ABSTRACT This paper investigates an indoor hybrid visible light communication (VLC) and radio
frequency (RF) scenario with two-hop downlink transmission. A light emitting diode (LED) transmits
both data and energy via VLC to an energy-harvesting relay node, which then uses the harvested energy
to retransmit the decoded information to an RF user in the second phase. The design parameters include
the direct current (DC) bias and the time allocation for VLC transmission. We formulate an optimization
problem to maximize the data rate under decode-and-forward relaying with fixed receiver orientation. The
non-convex problem is decomposed into two sub-problems, solved iteratively by fixing one parameter while
optimizing the other. Additionally, we analyze the impact of random receiver orientation on the data rate,
deriving closed-form expressions for both VLC and RF rates. An exhaustive search approach is employed
to solve the optimization, demonstrating that joint optimization of DC bias and time allocation significantly

enhances the data rate compared to optimizing DC bias alone.

INDEX TERMS Hybrid VLC-REF, dc bias, energy harvesting, information rate.

I. INTRODUCTION

The burgeoning demand for wireless communication services
and emerging technologies has significantly strained the
radio frequency (RF) spectra [2]. This strain has led to
substantial challenges in spectrum management, particularly
in dense environments such as conference halls, stadiums,
shopping centers, and airports, where RF resources are
increasingly scarce. Visible light communication (VLC) has
emerged as a promising complementary technology to RF-
based wireless systems, offering the potential to offload users
from congested RF bands while simultaneously providing
illumination [3]. However, despite its promise, VLC systems
face several limitations, including coverage constraints due
to line-of-sight (LoS) requirements and susceptibility to
environmental interference, which limit their standalone
effectiveness in real-world scenarios.
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To address these challenges, recent research has focused on
hybrid VLC-RF systems designed to leverage the strengths
of both technologies. These systems can achieve high-speed
data transmission through VLC links, whereas RF links
provide seamless coverage and overcome VLC’s LoS and
mobility constraints [4]. Despite these advantages, hybrid
VLC-RF systems present new challenges, particularly for
indoor applications such as the Internet of Things (IoT)
and wireless sensor networks [5], [6]. A critical bottleneck
in these networks is the power constraint, as devices
often operate with limited energy resources. One promising
solution to this challenge is the incorporation of energy
harvesting (EH) techniques, which allow devices to scavenge
energy from the surrounding environment, reducing reliance
on battery power and improving network sustainability,
as illustrated in Fig. 1.

Existing literature on energy-harvesting hybrid VLC-RF
systems predominantly focuses on optimizing the direct
current (DC) bias to either maximize the data rate or minimize
the outage probability [7], [8], [9], [10], [11], [12], [13],
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FIGURE 1. The system model for the considered VLC-RF transmission scenario. The VLC link carries both
data and energy to the relay node. The harvested energy is then used at the relay node to forward the

data to the far RF user.
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FIGURE 2. The transmission block under consideration with consecutive time periods dedicated for VLC
(relay) and RF (access) links. The VLC link is used both as a backhaul to relay the data and for energy

harvesting.

[14], [15], [16], [17], [18], [19], [20]. To the best of our
knowledge, the optimization of VLC and RF resources for
hybrid RF-VLC links for a multi-hop scenario, as shown in
Fig. 1, remains unexplored. In this paper, we investigate the
performance of EH for an indoor hybrid VLC-RF scenario.
In particular, we allocate a portion of each transmission block
to VLC and the rest to RF transmission in an adaptive manner.
The light emitting diode (LED) transmits both data and
energy to a relay node with energy harvesting capability in
the first phase as illustrated in Fig. 2 (i.e., VLC transmission).
During the second phase (RF communication), the relay
transmits the decoded information to the distant RF user
using the harvested energy. Also, during this phase, the LED
continues to transmit power (no information) to the relay
node, aiming to harvest energy that can be utilized by the RF
relay in the next transmission block. The key contributions of
this work are summarized as follows.

o In a related study [26], a comparable policy was
introduced for a single indoor link that can be based
either on VLC or infrared communications (IRC)
with the aim of maximizing the harvested energy;
however, no RF links or relays are considered, nor
is the goal to maximize the data rate. In addition,
due to existence of a relay in the considered system
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model, its relative distance to the RF user, and its
random orientation, we dynamically allocate a portion
of each transmission block to VLC and the rest to RF
transmission.

For this specific scenario, we formulate an optimization
problem for maximizing the data rate at the far user.
In particular, different than any existing work in the
literature (see e.g., [7]), we incorporate the assigned
time duration to VLC link as the design parameters,
in addition to the DC bias. We split the joint non-convex
optimization problem over these two parameters into
two sub-problems and solve them cyclically. First, we fix
the assigned time duration for VLC transmission and
solve the non-convex problem for DC bias by employing
the majorization-minimization (MM) procedure [27]
and [28]. The second step involves fixing the DC
bias obtained from the previous step and solving an
optimization problem for the assigned time duration of
the VLC link.

To the best of our knowledge, this is the first paper
that attempts to investigate the effect of random receiver
orientation for the relay on the achievable data rate
for a hybrid VLC-RF network. Unlike the conventional
RF wireless networks, the orientation of devices has
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TABLE 1. Summary of the most relevant works and their contributions.

Wireless Relay EH during EH during q ]
Ref. Technology Scheme Power VLC Transmission | RF Transmission Performance Metric Optimization Parameters RO
[7]1 | Hybrid VLC-RF | Dual-hop Harvested energy v v Data rate DC bias X
. Energy efficiency L
[8] | Hybrid VLC-RF | Dual-hop Harvested energy v X Spectral efficiency No parameter optimization X
[9] | Hybrid VLC-RF | Dual-hop Harvested energy v X Secrecy outage probability | No parameter optimization X
[10] | Hybrid VLC-RF | Cooperative External X X Outage probability No parameter optimization X
Symbol error rate
[11] | Hybrid VLC-RF | Dual-hop Harvested energy v X Outage probability No parameter optimization X
[12] | Hybrid VLC-RF | Dual-hop Harvested energy v X Outage probability No parameter optimization X
. - DC bias
[13] | Hybrid VLC-RF | Dual-hop Harvested energy v X Outage probability Peak amplitude X
[14] | Hybrid VLC-RF | Dual-hop Harvested energy v X Outage probability No parameter optimization X
. . o ) o LED transmit power
[15] | Hybrid VLC-RF | Dual-hop Harvested energy v X Data rate UL/DL transmission time X
[16] | Hybrid VLC-RF | Dual-hop Harvested energy v X Outage probability DC bias X
[17] | Hybrid VLC-RF | Cooperative External X X Data rate Time duratlon' X
Power allocation
. . DC bias
[18] | Hybrid VLC-RF | Collaborative | N/A v v SNR RF beamformers X
Access mode selection
[19] | Hybrid VLC-RF | Cooperative External v X Data rate DC bias X
Power allocation
[21] | VLC only Direct link N/A X X Bit error rate No parameter optimization v
[22] | VLC only Direct link N/A X X Outage probability No parameter optimization v
[23] | VLC only Direct link N/A X X Bit error rate No parameter optimization v
[24] | VLC only Direct link N/A X X SNR No parameter optimization v
[25] | VLC only Direct link N/A X X SNR No parameter optimization v
This . DC bias
work Hybrid VLC-RF | Dual-hop Harvested energy v v Data rate Time allocation v

a significant impact on VLC channel gain, especially
for mobile users. Determining the exact information
rate is a formidable task and may not offer valuable
insights for optimizing the system’s information rate.
As an alternative approach, we formulate the average
information rate for the VLC link and the harvested
energy based on the orientation distribution. To gain
a better understanding of the influence of system and
channel parameters, we assume that receiver orientation
follows a uniform distribution. From this assumption,
we derive a closed-form expression for the lower bound
on the average information rate of both VLC and
RF. To verify our analysis, we present the results
for the VLC and RF information rate using three
methods; i.e., exact integral expressions, simulations
and the derived closed-form expressions. Based on the
obtained closed-form expressions, we find the optimal
values of DC bias and time allocation for the system
model under consideration. Due to the complexity of
the problem, an exhaustive search is conducted to
solve it.

The remainder of this paper is organized as follows.
Section II presents the literature review. In Section III,
we describe our system model. The optimization framework
is introduced in Section IV, while the optimization problem
and our approach to solve it are provided in Section V.
In Section VI, we derive the closed-form expressions for both
VLC and RF data rate by considering random orientation
(RO), numerical results are presented in Section VII, and
finally, the conclusion and future works are suggested in
Section VIII.
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II. LITERATURE REVIEW

There have been some recent studies on enabling EH for a
dual-hop hybrid VLC-RF communication system where the
relay can harness energy from a VLC link (first hop), for
re-transmitting the data to the end user over the RF link
(second hop). For example, Rakia et al. in [7] introduce an
optimal design that maximizes the data rate with respect to
the DC bias by allocating equal time portions for VLC and
RF transmissions. In another work, Yapici and Giiveng in [8]
investigate the trade-off between energy and spectral effi-
ciency by considering LED power consumption, highlighting
the necessity of DC bias optimization.

Using stochastic geometry, in [9] secrecy outage probabil-
ity and the statistical characteristics of the received signal-
to-noise ratio (SNR) are derived in the presence of an eaves-
dropper for a hybrid VLC-RF system. Outage probability and
symbol error rate are studied in [10] under the assumption
that the relay and destination locations are random. They
consider both decode-and-forward (DF) and amplify-and-
forward (AF) schemes and derive the approximated analytical
and asymptotic expressions for the outage probability. In [11],
the outage performance of an IoT hybrid RF-VLC system is
investigated where the VLC is considered as the downlink
from the LED to the IoT devices, while RF utilizes a
non-orthogonal multiple access (NOMA) scheme for the
uplink. Specifically, they report the approximated analytical
expressions for the outage probability by utilizing a stochastic
geometry approach to model the location and number of
terminals in a 3-D room.

Peng et al. [12] consider a mobile relay to facilitate
communications between the source and destination. They
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analytically obtain the system’s end-to-end outage probabil-
ity and compare it with simulation results. In a subsequent
study, Peng et al. in [13] extend this work by addressing the
minimization of end-to-end outage probability under both
average and peak power constraints of the LED source.
Zhang et al. [14] select the relay from multiple IoT devices
randomly distributed within the coverage area of the source.
Utilizing channel state information (CSI), they employ an
analytical approach to determine the end-to-end outage
probability for two different transmission schemes; without
CSI and with statistical CSI. Zargari et al. [15] investigate the
problem of maximizing the sum throughput of multiple users
in a hybrid VLC-RF communication system, where users
harvest energy during downlink for transmission in uplink.

Xiao et al. [16] consider a cooperative hybrid VLC-RF
relaying network and calculate the outage probability for both
VLC and RF users. Furthermore, they derive a sub-optimal
DC bias that effectively minimizes the outage probability
for the RF user. Rallis et al. [17] propose a hybrid VLC-
RF network where a VLC access point (AP) serves two
user equipments (UEs), which also function as RF relays to
extend network coverage to a third user beyond the VLC
cell. Inspired by rate-splitting multiple access, the proposed
protocol aims to maximize the weighted minimum achievable
rate in the system. Tran et al. [18] introduce a hybrid VLC-
RF ultra-small network where optical transmitters deliver
both lightwave information and energy signals, while a
multiple-antenna RF AP is employed to transfer wireless
power via RF signals. Guo et al. [19] consider two types
of users: information users and EH users. The information
users receive data from the LED AP through a time-division
multiple access (TDMA) scheme using either a single-hop
VLC-only mode or a relay-assisted dual-hop VLC-RF mode,
where the relay has access to an external power source.
Utilizing harvesting energy from different energy sources
(from visible light and RF signal), Ghosh and Alouini in [20]
derive the closed-form outage expressions of both two-way
licensed user and two-way IoT communications using the DF
relaying scheme.

The existing literature on hybrid VLC-RF communication
systems primarily assumes that the receiver is fixed and
oriented vertically upward, with the effect of random receiver
orientation on such systems yet to be extensively reported.
Receiver orientation significantly impacts the availability of
LoS links in VLC networks. Eroglu et al. [21] present the sta-
tistical distribution of the VLC channel gain in the presence of
random orientation for mobile users. Fu et al. [22] derive the
average channel capacity and outage probability based on the
statistical characteristics of the channel when VLC receivers
have random locations and orientations. Rodoplu et al. [29]
study the behavior of human users and LoS availability
in an indoor environment. They further derive the outage
probability and analyze the effect of random orientation on
inter-symbol interference. Utilizing the Laplace distribution,
Soltani et al. [23] derive the probability density function of
SNR and bit error rate for an indoor scenario. Recent efforts
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have also been made on experimental measurements to model
receiver orientation [24], [25]. Table 1 summarizes recent
studies on hybrid VLC-RF communication systems and VLC
receiver orientation, comparing them with our current work.

Ill. SYSTEM MODEL

Fig. 1 illustrates the hybrid VLC-RF system under consid-
eration. We assume a relay equipped with a single photo-
detector (PD), energy-harvesting circuitry, and a transmit
antenna for RF communications. The relay is located at
vertical and horizontal distances, ha and d;, respectively,
from the AP. We assume that a far end user is horizontally
distant from the AP by a distance d;, and no direct VLC link
exists between the AP and the end user. Let Tt((;z denote the ih
block transmission time, measured in seconds. Additionally,
7; (unitless) represents the portion of time allocated to
transmit information and energy to the relay node in the i
time. block. Thus, the duration of this phase is Tvic,; =
riTtgz seconds. We assume that the block transmission time is
constant; hence, we drop the superscript of Tt(éz in the sequel
to simplify notation. Fig. 2 depicts the transmission block
under consideration. Without loss of generality, we assume
that Tt = 1 second.

A. VLC LINK

In the first hop, the LED transmits both energy and
information to the relay node through the VLC link. To ensure
the non-negativity of the transmitted optical signal, a DC
bias, denoted by Iy ;, is added to the modulated signal.
Specifically, the transmitted optical signal is expressed
as xi;(t) = PLED (xs,,' ) + Ib’,') where Prgp where Prgp
represents the LED power per unit (in W/A) and x, ;(¢) is the
modulated electrical signal. We assume that the information-
bearing signal is zero-mean and satisfies the peak-intensity
constraint of the optical channel, such that [26]

A; < min (Ib,i — Imin, Imax — Ib,i) , €))
where A; denotes the peak amplitude of the input electrical
signal (i.e., max(|xs/())) = Aj), and Io; € [Imin, fmax]

with Inax and Inyin being the maximum and minimum input
currents of the DC offset, respectively. Let By c denote the
double-sided signal bandwidth.

Then, the information rate associated with the optical link
between the AP and relay node within a block with Ty, =
1 second, is given as [26]

e (nPLEpAHyLC)?
2 ’

Ryic,i = Tvic,iBviclog, (1 +— 5
ovLc

@)

where 7 is the photo-detector responsivity in A/W and Hyyc
is the optical DC channel gain. In (2), 0\2,L is the power of
shot noise at the PD which is given as oy~ = ¢eliBvLc
where g, is the charge of an electron and /; is the induced
current due to the ambient light. One should note that the shot
noise is the dominant noise source in the VLC channel and
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we ignore the thermal noise in our paper [30]. The optical
DC channel gain of the VLC link can be written as

(m+1)Ap
27 (hh + d?)

where ¢, and 6, are the respective angle of irradiance
and incidence, respectively. The Lambertian order is m =
—1 / log, (cos (P)) where P is the half-power beamwidth of
the LED, and A}, and ® are the detection area and field-of-
view (FoV) of the PD, respectively. The function IT (x, y) is
1 whenever x <y, and is 0 otherwise.

The harvested energy at this phase can be computed as [26]

Hvic = cos™ (¢r) cos () TL(16:], ©), (3)

Ipc,i

Ey i =0.75Tvic,ilpc,iViIn (1 + T) ; 4)
where V; is the thermal voltage, Iy is the dark saturation
current, and Ipc; is the DC part of the output current given
as IDC,i = nHVLCPLEDIb,i- In the time period TRF,i =
1 —Tvy1c,;, the aim is to maximize the harvested energy while
the relay transmits the information to the far user over the
RF link. Thus, during the second phase, the LED eliminates
the alternating current (AC) part and maximizes the DC bias,
ie., A; = 0and Iy; = Inax. Mathematically speaking, the
harvested energy during the second phase can be expressed
as

b
Es,i = 0.75TRrF,ilpc, max Vi 111(1 + Dcl’omax) N ®))
where IDC, max = NHvLCPLED max-
The total harvested energy at the relay that can be utilized
for transmitting the decoded symbol to the far user through
an RF link can be calculated as

Eni=E;i+Ei

HvyycPLepD,i
= Z(TVLC,iIb‘i In (1 + ;)

Iy

Tl (14 TR ), )
Iy

where z = 0.75nHvLcPLED Vi, E2.; represents the harvested

energy during the RF transmission in the previous transmis-

sion block. In this paper, we assume that the initial harvested

energy is 0 (i.e., Ex 0 = 0).

Note that in our energy harvesting model, the fill
factor (FF) is incorporated as a constant term (e.g., 0.75)
in (4) and (5). The FF is a critical parameter in photovoltaic
systems, representing the ratio of the maximum achievable
power to the product of the open-circuit voltage and short-
circuit current. Typically, the FF ranges between 0.7 and
0.8 [13], [31], reflecting the efficiency of the energy
conversion process. By including the FF, our model accounts
for non-idealities in photovoltaic energy conversion, thereby
enhancing the realism and accuracy of the harvested energy
estimates.

As it can be readily checked from (1), increasing Iy ;
leads to a decrease in A; and, consequently, it decreases the
information rate associated with the VLC link. On the other
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hand, decreasing I, ; limits the harvested energy that can be
obtained during VLC transmission (i.e., E7 ;).

B. RF LINK

In the second hop, the relay re-transmits the information to the
far user through the RF link by utilizing the harvested energy.
We assume that the energy used for data reception at the relay
is practically negligible and the harvested energy is primarily
employed for data transmission [7], [16]. The relaying
operation is of DF type. Let Brr denote the bandwidth for
the RF system and Ny denote the noise power which can be
defined as No = Py + 10log;( (Brr) + Np where Py is the
thermal noise power, and N is the noise figure. Further,
assume that the relay re-transmits the electrical signal with
normalized power. The respective information rate is given
as

Philhgrr|?
RgF,i = Trr,iBrelog, | 1 + ———— |, @)
GrrNy

where hrp denotes the Rayleigh channel coefficients,
Ppn i = Ey i/Trr,; s the transmit power and Ggr is the path
loss model for RF link and can be expressed as

G — (270} () 5
() w

where A is the used RF carrier wavelength, dyp = 1 m is the
reference distance, and 8 is the path loss exponent, which
generally takes a value between [1.6, 1.8] [32].

The achievable information rate is limited by the smaller
information rate between the VLC link and the RF link and
can be expressed as [19]

RvLcRE,; = min (RyLc i, RRF,i)- 9

Fig. 3 illustrates the effect of time allocation and DC bias
on information data rate. Unless otherwise stated, the system
and channel parameters can be found in Table 2. We assume
the relay is located at d. = O m, the user is at d, = 4 m,
and the RF frequency sets as f = 2.4 GHz. Fig. 3a illustrates
the information data rate for the VLC and RF links versus
the time allocation of the VLC link. In this figure, we assume
DC bias as I, € {0.6, 0.8} A. Since we assume that the block
transmission time is constant (Tvrc,;+7Rrr,; = 1), asthe VLC
time portion increases the RF time portion decreases. As it
can be observed from Fig. 3a, increasing the time allocation
for the VLC link (i.e., Tyrc) results in increasing the VLC
data rate while it decreases the harvested energy during the
second phase (see (5)) and consequently decreases the RF
datarate. Fig. 3b depicts the information rate for VLC and RF
link versus DC bias. Here, we assume an equal time portion
for VLC and RF transmission (i.e., Tyrc = Trg = 0.5) as
well as Tyrc = 0.8 (consequently Trr = 0.2). Recalling (1),
we can observe that increasing DC bias leads to a reduction
in peak amplitude of the input electrical signal (i.e., A;) and
subsequently VLC data rate. However, as DC bias increases
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the harvested energy in the first phase (see (4)) increases
which eventually results in a higher RF data rate.

10°®
VLC data rate increases
with increased time portion A
¢ ¢-
1 07 L

max <min (Rvrc, Rrs ))

RF data rate decreases
with increased time portion i

Information data rate (bps)

6 |
10 —A—R, (I, =06A) Ry (I, =08A) i
-6 -Ro (I, =0.6A) -¢-R (I, =08A)

0 0.2 0.4 0.6 0.8 1
Time allocation (T

(a) Fixed I,.

VLC)

VLC data rate decreases max (min(lf\ Lc, Rrr ))

with increased DC bias

¢--9--0--0--¢-

R e e st o

RF data rate increases
with increased DC bias

Information data rate (bps)
)
2,

—A—Ry;  (Ty;=05) Ry Ty c=08)

=9 Rpp Ty =03 =8 =Ry (Ty, =08

10 i i i i i i i ‘
055 06 065 07 075 0.8 08 09 095

DC bias (I,

(b) Fixed TVLC'

FIGURE 3. The VLC and RF information rate when d; = 0 m, d, = 4 m, and
f. = 2.4 GHz for (a) fixed DC bias and (b) equal time allocation.

IV. OPTIMIZATION FRAMEWORK
Our aim is to optimize the achievable information rate
(i.e., (9)) over Ip; and Tvic,;. Fig. 4 summarizes the
optimization problem of maximizing the system data rate,
with the optimization variables represented in red. Recalling
the information rate in VLC link (i.e., (2)) and RF link (i.e.,
(7)), the optimization problem can be written as

max RvLC-RF,i

Io,iTvic,i. TRF,i
s.t. ¢1 : Imin < Ib,i < Imax,

¢y : Tyrc,i+Trr,i=1,TvrLc,i > 0, Trp,; > 0
3t R < R (10)
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where Ry, is a predefined threshold value, and constraint ¢ is
imposed to avoid any clipping and guarantee that the LED
operates in its linear region. Since the relay re-transmits the
information and the RF far user is unable to receive data from
the LED, c3 is added to satisfy the minimum required data
rate.

The joint-optimization problem in (10) is non-smooth
(due to the min operator) and non-convex (due to the
objective function and constraint c3). We reformulate the
above optimization problem in the epigraph form to remove
the non-smoothness in the objective function. Referring
to [33, Chapter 4], the epigraph form of (10) can be written
as

max ¢

&.0b,i,TvLC,i, TRF.i

s.t. c¢1,¢2,c3,

c4:¢ < RyLc,i
¢5 ¢ < Rgg,;. (1D

The above equivalent optimization problem to (10) solves
the non-smoothness, while it is still non-convex. Let
o = e (WPLepHvi0)? /(2703 o), B = nHyicPLep. and
¢ = |hrr|?/(GreNp). Substituting (2) and (7) in (11),
we have

max
&.Ib,i,Ai  En i, Tvic,i- TRE,i

s.t. e,
CEn,;
c3 : Trr,iBrrlogo|l + == ) >R,
TRF,i

¢4 Tyic,iBvic logy(1 + aA?)> ¢,

En;

cs : TrE,iBrr log, (1 + L) =,
TRE,i

C6 : min (Ib,i — Imin, Imax — Ib,i) > A,

I .
7 Z(TVLC,iIb,iln (1+ ﬂl—::”)

.Blmax
Iy

+TRE, i~ maxIn (14 ))EEh,i- (12)

In the optimization problem of (12), Al.2 is used in ¢4 and
ce 1s still non-smooth. Here, we relax c¢ by using Proposition
1 from [19]. Intuitively, as Iy, ; increases the harvested energy
increases; however, it has a negative effect on the rate beyond
(Imin + Imax)/2. Thus, the optimal value of the term Iy ;
would be within (Imin + Imax)/2 and Imax (and not the
other regime O < Iy, ; < Imax). The above restriction enforces
0 < A; < Imax — Ib,; benefiting in getting rid of the
non-smooth min operator (see (12)) as well. This leads to
C/l : Umin + Imax)/2 < Iy,; < Imax and 0/6 10 <A < Inax —
Iy ;. The constraints c3, c4, c5, and c7 are jointly non-convex.
In this regard, we split the joint optimization problem into two
sub-problems and solve them in a cyclic fashion which will
be elaborated in the next section.
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LED (VLC) Hybrid RF/VLC Relay Far RF
Transmitter with Energy Harvesting User
A
s - —» Data
R — Energy
<
Ve '"""""""%RVLC—RFJ=

Time

Hc;p-l

Holp-2 ' min(RVLc,iaRRF,i)

FIGURE 4. Summary of the optimization problem that involves LED transmitter, hybrid RF/VLC relay with energy harvesting,
and the far RF user that receives the data through the relay node through an RF link. Here, we consider I, ;, Ty, ¢ j, and Tgg ;
as the optimization variables to maximize the end-to-end system data rate.

V. SOLUTION APPROACH

In this section, we consider two sub-problems for solv-
ing (12). In sub-problem 1, we solve the maximization
problem for ¢ over Iy, ;, A;, Ep ; by fixing the time allocation
TvLc.i- In the second sub-problem, we solve the maximiza-
tion problem for ¢ over Tvic,, TrE.i, En,i by using Iy ;
obtained from sub-problem 1.

A. SUB-PROBLEM 1
First, we fix Tyrc,; (and hence Trr; = 1 — Tvic,;) and

solve the maximization problem for ¢ over Iy, ;, A;, Ey ;. Sub-
problem 1 can be written as

max ¢
@.Iy,i,Ai En i
/
s.t. ¢y,¢3,¢4,C5,C7
C/ﬁ 10 <Aj <Imax — Ib,iv (13)

where the constraints c3, ¢4, c5 are conditionally convex.

Assumption: The typical illumination requirement in an
indoor VLC environment results in a high transmit optical
intensity, which can provide a high SNR at the receiver [34],
[35]. In this paper, we assume that SNR for the VLC link
is much greater than 1 (in linear scale); i.e., oe(A,-)2 > 1.
In this condition, we further utilize log(1 + x) & log(x) in
the constraints c4. Thus, the optimization problem can be
written as

max ¢
@.1b.i,Ai En,i

/ /
s.t. ¢}, ¢3,¢5,¢4

¢ : TyLc.iBvic logy(@A?) > ¢,

I .
A Z(TVLc,iIb,iln (&)
Iy
1,
‘|‘TRF,i711max ln(ﬂ ImaX )) >Eh,;. (14)
0
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In (14), ¢} is a convex constraint while ¢/ is still not convex.
We further utilize the first-order Taylor series and MM
approach to relax this constraint [27], [28]. As a result, c/7
can be replaced with

og(ly. i(t
b g = go(l.i(1)) + %(Ib,i — Ipi(1)),
’ (15)
where
Iy
2ol (1) = z(TVLc,,-Ib,,-(r) mn (2 > (”)
0
ﬁImﬁX
+ TRE,i—1Imax In (T)) (16)
and
dgp,i(1)) . Blp,i(1) Blv,i(t)
TR ZTVLC”(IH( Io )+ In+ ﬂlb,l-a))'

a7)

In (15), the term ¢ is an index-term and denotes the iteration
index for the MM approach. The MM procedure on (15)
operates iteratively. We first solve the problem for some
initial values of I, ;(#). Then, we update the value of I ;(¢)
at each iteration until it remains the same for two consecutive
iterations, or the change between two consecutive iterations
is not appreciable.
Overall, the optimization sub-problem 1 is as follows:

max ¢
&.1b,i,Ai Eni
/ /
s.t. cq, 3, ¢y, €5, Cg, €T (18)

We iteratively solve the above sub-problem 1 until its conver-
gence. Once the above sub-problem converges, we continue
with sub-problem 2 which is elaborated in the following.
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B. SUB-PROBLEM 2

In here, we fix Iy; obtained from sub-problem 1 and
solve the problem for maximizing ¢ over the vari-
ables Tvic,i, TRr.i, En ;- The optimization problem can be
expressed as

max 1)
¢, TvLC.i, TRF, i En,i
/ /
s.t. ¢2,c¢3,Cy,C5,C7. (19)

In (19), the objective function and constraints c3,c}, ¢}
are linear, whereas the constraints ¢3 and c¢5 are convex
constraints which result in a convex optimization problem.

Please note that the cyclic minimization framework helps
reduce the number of non-convex constraints by decom-
posing the original problem into two subproblems (with
independent variable) that are solved iteratively in a cyclic
manner. Regarding theoretical guarantees, since the joint
optimization problem is inherently non-convex, we cannot
guarantee convergence to a global optimum; we can only
ensure convergence to a stationary point.

C. CONVERGENCE

Here, we study the convergence of our proposed optimization
algorithm. We assume that the relay location is at d, =
0 m while the far user distance is d;, = 4 m. As it can
be observed from Fig. 5, the achievable information rate
obtained for sub-problem 1 is higher than the one obtained for
sub-problem 2.However, after five iterations, rates obtained
in the two sub-problems converge and the difference between
the information rate of the sub-problems becomes negligible.

VI. RELAY RANDOM ORIENTATION

In this section, we investigate the effect of relay random
orientation on the achievable data rate for the considered
scenario in Figs. 1, 2, and 4. Random orientation can
significantly influence channel quality. This effect not only
degrades the VLC data rate but also influences the RF data
rate since the relay is empowered by the harvested energy.
Here, we assume wide FoV where the incidence angle 6; in (3)
is always smaller than ® which implies I1 (|6;|, ®) = 1;
therefore the LED is always within the FoV. To separate
the deterministic and random parts, we can rearrange (3) as
follows:

(m+ 1) Aph'y —mg2
Hyie = TR+ dF) T cos(@), (20)
where we employ the geometrical relation

ha

Jd2+ 3
Let Hyrc = hchg where

(m~+ D) AR ¢ 5 N
he = T(h A+ dr)
is the deterministic part of (20) and hy = cos(6;).
The distribution of the square channel can be derived

cos (¢r) =
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by considering the probability density function (PDF) of
hg = cos2(6;) given as [21]

fizg ) = i )fe(%cos_l(bf—l)), 1)

VaAx (1 —x
for 0 < x < 1, and O otherwise. In (21), cg is the
normalization constant and fy(-) is the PDF of the random
angle 6. As a result, the PDF of the square channel is readily
given as [21]

1 X
fie) = 3612 (55): 22)
27 h 2
hc o hc
—©— Sub-problem 1
—0— Sub-problem 2
107 L
7
Q,
<
<
)
4
]06 i i i i
1 2 3 4 5 6

Iteration

FIGURE 5. The performance of our optimization framework versus the
iteration count whendy =0 manddy =4 m.

A. AVERAGE VLC DATA RATE

In this condition, the average data rate for the VLC link can
be calculated as

av,
Ryic,™® :/TVLC,iBVLC

PLeDA;)?
x log, 1+LWJC f12(x)dx,
2 oyic

(23)

It is worth mentioning that f,» is 0 for x < 0 and x > hZ.
In this paper, we assume 6 follows 8 ~ U[61, 6>]. As aresult,
We can rewrite (22) as

th(x) =

Co
(62 — 0)/Ax (T —x)
Inserting (24) into (23), and substituting ¢ := x /hg we have
log, (1 + Laot)

(24)

Ryici™ =L | ———dt, (25)
! NZa )

_ cgTvLc.iBvLc _ e (nPLEDAiR)? i
where L} = S and Ly = 5 = <. Utilizing
the first two terms of Puiseux series [36] x = 1 for
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1/«/4x(1 — x), a lower bound on (25) can be written as

1 1+Lrt 1—11 1+Lrt
RVLCyiavgle(/ ogy(1+1s )dH—/v 0g42( +L )dt).

2/ —1)
(26)

Using 2.727.5 of [37], the first integral term of (26) can be
written as

[ logy (1 + Lot)
ity = [ 2

- \;—le((ln(x)—Z)\/L2+1—x

Lo +1—x—+Lh+1
_2,/L2+11n\/2+ \)/C_ Vi + )
x

27)

Using an integral solver [38], the second integral in (26) can
be written as

Hlx, Ly)
. / /1 —tlog, (1 4 Lot) dr
n 4

1 (2«/ 1—x(—2Ly(x —4H3Ly(x — 1) In (Lox+ 1)H6)
T4 9L,

4 (L4 1) et (2=
3 Ly L +1 ’

(28)
The final result for (26) can then be expressed as
Ryrc™®
> L
" (fl(cos (2?) +1 L) +f2(cos (221) +1 L
AEEEREL ) p (RO Lz))- 29)

B. AVERAGE ENERGY HARVESTING
Recalling (6) and utilizing In(1 +x) =~ In(x), the total
harvesting energy can be written as

Eni &~ MiHyLc In(MaHyyc) + M3Hyyc In (MyHyy.c)

(30
where
My = 0.75TyLcnPLepl, i Vi, 3D
M, = nPLepl, /1o, (32)
M3 = 0.75TRenPLEDImax V1 (33)
and
My = nPLEDImax /10 (34)
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The PDF of hy can be expressed as

g () = 1/(62 — 01)v/(1 — cos ™! (x)) (35)

for cos 0; < x < cos 6. As aresult, the PDF of VLC channel
can be calculated as f,(x) = ifhg(hit). The average energy
harvesting can be calculated as

En,; = /O Oo(Mlx In (Max) + Mzx In (Max))fu(x)dx  (36)
Utilizing In (ab) = In (a) + In (b) and defining f3(x) and fa(x)
® he cos 61 X

fx) = /h(-coséz \/1—_7;_((1)6
= —hey/ B2 — x2 (37)
an

d
he cos 61 ylnx
aw= [
hecosr /1 — hi
1 h2—x2
=—h, (hc tanh (;l—c)—h [hZ —x2(In(x)— 1))
(38)
Thus, the final expression for (36) can be written as

M,
he(62 — 01)

— In (M2)f3(he cos 02) — fa(he cos 92))

Eni= (ln (M2)f3(he cos 01) + fa(he cos 0y)

M
+ h¢(92—i91) (ln (My)f3(he cos 01) + f4(he cos 01)

— In(M4)f3(hc cos 62) — fa(hc cos 92))- (39)
Therefore, a lower bound on the average data rate for RF link
can be calculated as

) En,ilhrel?
RgE,*® > TreiBrelogy | 1 + ———— ). (40)
' ' 2 TrF,iGREND

VIl. NUMERICAL RESULTS

In this section, we evaluate the performance of the hybrid
VLC-RF scheme depicted in Fig. 1 using computer simu-
lations. For the convenience of the reader, unless otherwise
stated, the channel and system parameters are summarized in
Table 2.

A. APPROXIMATION AND CLOSED-FORM EXPRESSIONS

In this subsection, we first compare the performance of
VLC with random receiver orientation data rate using the
exact expression in (23), simulation, and the closed-form
approximation in (29). We consider two cases for the relay
distance, where the relay location varies as d; € [0, 2] m,
and the half-power beamwidth values are ® € {60°, 90°}.
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TABLE 2. System and channel parameters that are used to generate the

numerical results.

Parameter

Numerical Value

User distance (dy,minu,max) [4,8] m
Relay distance (d; min,dr,max) [0,2] m
LED power (Prgp) 1.5 W/A
Noise figure (Ng) 9dB [8]

RF signal bandwidth Bgrg 10 MHz [19]
VLC signal bandwidth Byy ¢ 10 MHz [19]

Thermal noise (Py)

-174 dBm/Hz [8]

RF frequency (f.)

{2.4,5) GHz [8]

Minimum DC bias (Zjn) 100 mA [8]
Maximum DC bias (/ax) 1A [8]
Photo-detector responsivity () | 0.4 A/W [26]
Thermal voltage (V;) 25 mV [8]
Dark saturation current (/) 10719 A [8]
FoV (©) 60° [8]
Half-power beamwidth () 60° [8]
Electron charge (g.) 1.6 x 10719
Induced current (/;) 5840 x 1075 [8]
PD detection area (Ap) 10~% m? [8]
AP relative height (ha) 2m [8]

Data rate threshold (Ry,) 10° b/s

5 %10’ . . .
454 E
4
3.5
z 3
)
Y25
>
Y
S 2
<
[5)
>
<
1.5
—06~[0",107
===0~10°407 :
1 ‘ ‘ ‘
0 0.5 1 15 2

d, (m)

FIGURE 6. The performance of VLC data rate through the exact expression
(i.e., (23)), simulation as illustrated with a black plus sign marker (+) and
the closed-form (i.e., (29)) as illustrated with a green circle marker (o)
versus the horizontal distance between the relay and the VLC AP.

To validate our expressions, we analyze two cases of random
receiver orientation: 8 ~ U[0°, 10°] and 6 ~ U[10°, 40°].
We assume A; and Tyic,; remain constant throughout the
communication, with A = 0.2 and Ty c = 0.8.

Fig. 6 illustrates the effect of random orientation on
the average VLC data rate. As depicted in the figure, the
simulation results perfectly align with the exact expression,
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(b) & = 90°.

FIGURE 7. The performance of RF data rate obtained using computer
simulations, using (36) as illustrated with circle marker and using the
closed-form expression (i.e., (39)) as illustrated with plus sign marker.

confirming the accuracy of the derived formula. However,
there is a minor, practically negligible discrepancy observed
between the closed-form approximation and the exact
solution. From Fig. 6, it is evident that as the half-power
beamwidth (®) increases, the VLC data rate decreases.
As indicated by (3), an increase in the half-power beamwidth
reduces the corresponding Lambertian order (i.e., m), which
in turn decreases the optical DC channel gain for the on-
axis receiver, and ultimately leads to a lower VLC data rate.
Notably, the reduction in data rate is more pronounced for
larger orientation angles, as shown in the comparison between
the two cases: 6 ~ U[0°,10°] and &6 ~ U[10°,40°],
where the larger orientation range ([10°, 40°]) leads to a more
significant decrease in the average data rate.
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In addition to the impact of random receiver orientation
on the VLC data rate, random orientation also influences
the amount of harvested energy, which subsequently affects
the data rate in the RF link. In Fig. 7, we present the
average RF data rate performance for two relay locations,
specifically d. € {0, 2} m, versus the RF user distance (i.e.,
dy), while considering half-power beamwidths of ® = 60°
and ® = 90°. From Fig. 7, it is evident that random receiver
orientation affects the RF data rate, especially at greater
relay distances. Additionally, as the half-power beamwidth
increases from @ = 60° to & = 90°, the average RF data rate
generally decreases, further corroborating the detrimental
effect of larger beamwidths on energy harvesting efficiency
and overall RF link performance. It is worth noting that this
reduction is more evident when the relay is located closer
to the transmitter (i.e., d. = 0 m). We will elaborate on this
observation later in Section VII-C.

Furthermore, the simulation results show close agreement
with the derived closed-form expression for the system under
consideration, particularly in scenarios with shorter relay
node distances. This validates the accuracy of the closed-
form approximation even when random receiver orientation
is factored into the analysis.

B. ACHIEVABLE DATA RATE WITHOUT RELAY RANDOM
ORIENTATION

In this subsection, we analyze the achievable data rate for the
system under consideration when the relay orientation is fixed
and upward. We explore four distinct cases:

o Case 1: Joint optimization (JO) of I, and Tyic
while utilizing the harvested energy from the previous
transmission block;

o Case 2: JO of Iy and Tyrc without utilizing the
harvested energy from the previous transmission block
(ie., Ez;—1=0);

o Case 3: Optimization of I, with fixed time allocation
(FTA), where Tyr.c = Trr = 0.5, utilizing the harvested
energy from the previous transmission block (as in [7]);

o Case 4: Optimization of I, with FTA, where Ty c =
Trp = 0.5 and without utilizing the harvested energy
from the previous transmission block (i.e., E2 ;—1 = 0),
similar to [13].

Fig. 8 illustrates the optimal data rate for these four cases
when the relay is positioned at d = 0 m and d; = 2 m. The
RF user distance varies betweend, € {4, 5, 6, 7, 8} m, and we
assume an RF carrier frequency of f. = 2.4 GHz. The results
depicted in Fig. 8 show that Cases 1 and 3, where the relay
can harvest energy during RF transmission, significantly
outperform Cases 2 and 4. This is due to the additional
energy harvested, which leads to higher RF transmit power
and supports higher data rates, particularly in energy-limited
scenarios. As the user distance increases, a general decrease
in the data rate is observed for all cases. This decline is
primarily attributed to the increased path loss in the RF link.

For both relay positions (i = 0O m and d; = 2 m),
the RF link serves as the bottleneck, as the achievable
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FIGURE 8. The performance of optimal data rate for different user
distances when the relay is located at d; = 0 m.

data rate is constrained by the lower data rate between the
VLC and RF links (see (9)). Thus, the restriction in system
performance is dominated by the RF link, especially as the
user distance increases. Notably, this result demonstrates the
critical advantage of leveraging harvested energy during RF
transmissions, as proposed in our system design. It provides
significant gains in the overall data rate by mitigating the
limitations of the RF link.

Fig. 9 presents the performance of the system under
consideration when the relay location is varied as d; €
{0,2} m, and the user node distance follows a uniform
distribution with dy ~ U[4,8] m. The RF frequency is
assumed to be f, =2.4 GHz. As observed in Fig. 9a,
harvesting energy during the RF transmission (Case 1 and
Case 3) leads to a significant improvement in the optimal data
rate. This performance boost is due to the ability of the relay
to harvest energy during the RF phase, which subsequently
powers the RF transmission. To investigate the underlying
factors contributing to this improvement, we further analyze
the optimal DC bias and the time allocation for the VLC link
in Fig. 9b and Fig. 9c, respectively. Fig. 9b demonstrates that
the optimal DC bias for the JO cases, regardless of energy
harvesting during RF transmission, is higher than that for the
FTA cases. This results in a lower peak amplitude of the input
electrical signal, as highlighted in (13), which ultimately
constrains the VLC data rate. Conversely, increasing the DC
bias results in more energy being harvested during VLC
transmission (see (4)). As shown in Fig. 9c, the optimal time
allocated for VLC transmission, Tyic, is less than 0.5 for
Case 1 when d; = 0 m, which further restricts the VLC data
rate (cf. (2)). Although the difference in the optimal DC bias
between Case 1 and Case 2 is practically negligible, the time
allocated to VLC transmission in Case 2 is significantly larger
than in Case 1. This is because in Case 2, the power for the
relay depends entirely on the energy harvested during the
VLC phase, as described in (4), leading to more time being
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FIGURE 9. The performance of system under consideration with f. = 2.4 GHz when the user node distance follows d, ~ 14 [4, 8].
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FIGURE 10. The performance of system under consideration with f. = 5 GHz when the user node distance follows d, ~ U/ [4, 8].

allocated to compensate for the lack of energy harvested
during RF transmission.

To study the effect of RF frequency, Fig. 10 presents
the system performance for an RF carrier frequency of
fo = 5 GHz, assuming that the user node distance follows
dy ~ U[4, 8] m, and the relay location varies as d; € {0, 2} m.
A comparison between Fig. 9a and Fig. 10a reveals that the
optimal data rate decreases as the RF frequency increases.
This behavior is expected, as the higher RF frequency leads to
increased path loss, as described by (8). To further understand
the behavior of the optimization, Figs. 10b and 10c illustrate
the optimal DC bias and the optimal time allocation
for the VLC transmission, respectively. As shown in Fig. 10b,
except for Case 4, the optimal DC bias decreases as the
relay distance (d;) increases, which results in an increase in
the VLC link data rate. For Case 4, increasing the DC bias
leads to greater energy harvesting during VLC transmission
to compensate for the fact that the relay does not harvest
energy during RF transmission. Comparing Figs. 9c and 10c,
we observe that the time allocated to VLC transmission
significantly increases as the carrier frequency increases to
mitigate the higher path loss at 5 GHz to some extent.
In particular, this has two key effects: 1) It increases
the harvested energy during VLC transmission, and 2) It
reduces the RF transmission time, thereby increasing the RF
link power.
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C. ACHIEVABLE DATA RATE WITH RELAY RANDOM

ORIENTATION

In this subsection, we investigate the effect of relay random
orientation on the maximum achievable data rate. Similar to
the previous subsection, we consider the same transmission
policies. Due to the complexity of the expressions for the
average data rate of VLC and RF, the optimal values of Ty c
and I, are obtained through exhaustive search. We assume

the half-power beamwidth is & =

60°, the RF user

location follows d, ~ U[4, 8] m, and the RF frequency is
fe = 2.4 GHz. In Fig. 11a, the relay is located at d; = 0 m,
while in Fig. 11b, the relay distance is set to d = 4 m.
The random orientation angle of the relay follows a uniform
distribution 8, ~ U[O0, 8;], where 6, varies within the range

of [0°, 50°].

As shown in Fig. 11, the optimal data rate decreases as
the range of random orientation increases. This reduction
in performance can be attributed to the decrease in VLC
channel gain. The decrease in channel gain directly impacts
the amount of energy harvested by the relay, which in turn
powers the RF link. The results also highlight the advantage
of energy harvesting during RF transmission (Case 1 and
Case 3), leading to improved data rates compared to other
transmission policies. Our proposed scheme outperforms
the alternatives because it adjusts both the VLC link time
duration (71 c) and the DC bias (Iy,).

147585



IEEE Access

A. H. F. Raouf et al.: Optimizing Energy-Harvesting Hybrid VLC/RF Networks

7
9 x 10
A A i i
1.5 ¢
7
[= 9
=)
% 1 ——
S
>
o~
No random receiver orientation | =—fe=Case 1 (JO, E2 g * 0)
—6—Case 2 (JO, E2 o= 0)
Case 3 (FTA, E2 o * 0)
—g— Case 4 (FTA, E2 = 0)
0.5 ' ; '
0 10 20 30 40 50
02
(a) Relay location: d; = 0 m.
6
3 x10 : :
25T No random receiver orientation —a— Case 1 (JO, EZ, i-1 *0) 1
: —6—Case 2 (JO, E2 i =0)
2 A N Case 3 (FTA, E2, “ *0) ]
| =—a—Case 4 (FTA, E2 o = 0)
—~ A
7 [ ]
a 15
=)
I,
e~
Q
|
>
o~

2
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FIGURE 11. The effect of random orientation on the optimal data rate of
the RF user location follows a Uniform distribution with i1 [4, 8] when the
half-power beamwidth is ® = 60°.

Next, in Fig. 12, we investigate the effect of the Lambertian
order by setting the half-power beamwidth to & = 90°.
The directivity of a light source decreases as the half-
power beamwidth increases. As shown in Fig. 12a, when
the relay is at & = 0 m, the maximum achievable data
rate decreases for the larger half-power beamwidth case.
As the distance between the LED and relay increases, the
received power decreases due to the spreading of the emitted
light. However, this reduction can be mitigated by adjusting
the Lambertian order, which helps distribute power more
evenly over a broader range of angles. The advantage of
selecting an appropriate half-power beamwidth becomes
more apparent as the relay distance increases. For example,
the comparison between Fig. 11b and Fig. 12b demonstrates
that the achievable data rate increases with a larger half-power
beamwidth.
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FIGURE 12. The effect of random orientation on the optimal data rate of
the RF user location follows a Uniform distribution with i1 [4, 8] when the
half-power beamwidth is ® = 90°.

VIil. CONCLUSION

In this paper, we proposed a joint optimization framework
for energy-harvesting hybrid VLC-RF networks, designed
to maximize data rate performance by optimizing both the
DC bias and the time allocated for VLC transmission. Our
approach allows the relay to harvest energy during both VLC
transmission and RF communication, enabling more efficient
energy utilization. By dividing the optimization problem into
two subproblems, we addressed the non-convex DC bias
issue through the MM approach, while optimizing the VLC
transmission time in the second step. The results demon-
strated that this joint optimization approach significantly
outperforms methods that optimize only one parameter, such
as the DC bias, providing superior data rates across a variety
of operating conditions. These improvements were especially
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noticeable in scenarios involving greater relay distances and
higher RF frequencies, where the system exhibited robust
performance despite the additional challenges. We also exam-
ined the effects of random receiver orientation, noting that its
impact grows as the relay distance increases. Additionally,
we showed that adjusting the half-power beamwidth plays a
crucial role in maintaining data rates, with larger beamwidths
mitigating performance losses at greater distances, even
if they initially reduce the data rate at shorter distances.
Our findings have significant implications for the design of
energy-efficient hybrid communication systems, particularly
in dense indoor environments where spectrum resources
are limited. By effectively managing energy harvesting and
transmission parameters, our framework enhances system
performance and reliability.

Future work could extend this framework to handle multi-
antenna and multi-user networks, enabling more efficient
energy harvesting and directional transmission. Further-
more, integrating machine learning techniques for real-time
optimization could allow the system to dynamically adapt
to changing environments and user demands. Addressing
practical issues such as channel variability, blockages, and
cooperative communication strategies could further enhance
the system’s performance in real-world applications, such as
smart homes and industrial IoT networks.
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