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Abstract

The spectrum crunch in Radio Frequency (RF) Communication and the prospect of Visible Light Communication (VLC) as an alterna-
tive to RF has made way for high speed VVLC deployment. The ubiquitous coverage of RF and the high speed data rate achieved with
VLC, make the two technologies complimentary to each other, making the hybrid RF/VLC an emerging trend in wireless networks. This
study presents a downlink communication of a hybrid RF-VLC, where the signal received through RF channel by a relay is decoded and
the symbols are converted into an electrical signals. The electrical signal is fed to an array of LEDs in the relay where data is transmitted
in rays of light from LEDs. The hybrid RFVLC system performance is compared with a conventional RF system to understand the per-
formance difference between the two communication models. Thus, the performance of both system models are analysed in terms of
Symbol Error Rate and Outage Probability. Numerical results show that the proposed hybrid RF-VLC system is superior to conventional

lone RF cooperative system.
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1. Introduction

The exponential growth of demand for global internet data access
is severely questioning the sustainability of Radio Frequency (RF)
spectrum. The global internet demand has reached 2.5 exabytes
per month in 2014 [1] and exponential deployment of internet of
things (IoT) devices in the network is leading to RF spectrum
exhaustion as predicted by 2020 [2] [3]. The wider coverage of RF
wireless communication has few more problems like its security
vulnerability for deployment in heightened security and its haz-
ardous nature in applications such as business, industries, hospi-
tals, and armed forces. To counter the limitations of RF, visible
light communication (VLC), a technology which enables the us-
age of energy efficient lighting luminaries, particularly the light
emitting diodes (LEDs) as high speed data access points (APS)
offers an alternative to RF [1], [2], [4], [5]. The deployment of
VLC is an ideal choice for indoor environment like high security
smart rooms where high speed data is transmitted by modulating
[5] the varying light intensity imperceptible to human eyes. The
unregulated license free visible light (VL) spectrum with provision
of hundreds of terahertz bandwidth [1], enhanced by its applica-
tion prospect on existing infrastructure, makes the VLC a viable
choice. On the other hand, standalone VLC has limitation on net-
work coverage while RF provides ubiquitous service [1], [5]. VLC
has the potential to reach the RF unreached dead zones in RF re-
stricted applications. These factors have encouraged the merging
of RF and VLC technologies exploiting their complementarity as
hybrid RF/VLC [6], [7]. The high speed data rate in Gbps, license
free spectrum, enhanced security and almost zero interference is

achieved by VLC [4]. RF technology enhances coverage conform-
ing to the benefit of hybrid RF/VLC as envisioned to achieve the
objective of future high speed data fifth generation (5G) networks.
The prospect of its deployment in existing infrastructure also pro-
motes an energy efficient, sustainable and green communication
technology. In the work of [8], the authors have performed outage
probability analysis of hybrid VLC scheme in comparison with
ordinary QAM scheme. Considering the prospect of VLC and
hybrid VLC/RF, these fields have resulted in a paradigm shift of
research interest in wireless communication particularly towards
promoting green communication [9]. Hybrid VLC/RF communi-
cation systems in [1] examines for indoor environments to provide
enhanced coverage where VLC plays a major role and RF system
fill-up the coverage holes. Authors of [10], [11] introduce dual-
hop VLC/RF system as a new approach to extend the coverage of
VLC with optimal DC bias for transmitted subcarrier intensity
modulation (SIM) signal to transmit information over a VLC
channel to a relay. The relay is enabled with energy harvesting
(EH) to transmit received data through RF channel. The QoS in
wireless network is enhanced with RF and VLC through link se-
lection process, transmitting a data over a link which in turn guar-
antees the desired QoS [12]. In [13], the authors consider a com-
bined light fidelity (Li-Fi) with the conventional RF system where
load balancing scheme based on game theory is proposed to navi-
gate the network access in strong blockage scenario. Compare to
analysis of existing hybrid VLC/RF schemes [14], [15], the au-
thors of the work [5] investigated the enactment of power efficien-
cy in hybrid VLC/RF scheme using resource allocation algorithms.

In this paper, we concentrate on the design of a downlink hybrid
RF-VLC system in wireless communication, consisting of a
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source, a destination, and a Decode-Forward (DF) relay. Source
transmits the signal to relay using RF signals, while the relay uses
VLC channel to transmit the signal to destination. The data trans-
mitted in RF channel is decoded and converted to an electrical
signal, then feeds the LED array, hence RF data is converted to an
electrical signal. LEDs relay transmits the signal through VLC
channel by modulating the varying intensity (i.e. flickering of light
is data transmission in 1’s and 0’s) of visible light emitted from
VLC relay (LEDs array). Hence, LED luminaries perform two
basic operations i.e. illumination and data transmission. The photo
detector or loT devices at destination receives the rays of illumina-
tion and transforms to an electrical signal. The transformed elec-
trical signal is further decoded by performing the analog to digital
conversion (ADC) where original RF signal transmitted in VLC
channel is retrieved at the destination. The performance of pro-
posed hybrid RF/VLC scheme is analysed by the simulations of
two system models: RF source to relay with decoding factor and
relay to destination as lone RF data transmission scheme and hy-
brid RF source to relay with decoding factor and VLC relay to
destination links. Quality of service (QoS) performance analysis
of these two system models are performed on the basis of outage
probability and symbol error rate (SER) against the SNR values.
Therefore, this paper considers integrating the RF wireless com-
munication seamlessly into a VLC network for downlink from RF
to VLC network as hybrid RF/VLC high speed data wireless net-
work. The paper is further arranged with hybrid RF/VLC system
model in section 2, followed by outage probability computation of
the RF-VLC hybrid communication system in section 3. The nu-
merical results are explained in section 4 and conclusion in section
5. The hybrid RF/VVLC arrangement perform better than RF com-
munication alone in smart room enabled with energy efficient
lighting deployment.

2. Hybrid RF-VLC system model

In this paper, we consider a high speed data hybrid RFVLC down-
link wireless network for an energy efficient LED enabled smart
room or even a conventional meeting room as shown in Figurel.
This system consists of RF source, LED relay and a destination.
The RF source serves as the transmitter, the information source
and the user’s mobile device serves as the final destination receiv-
ing high speed data from the relay via VLC channel. Moreover,
time division relying scheme has been used with the decode-and -
forward relaying protocol. In the first time slot (T1), the transmit-
ter transmits the RF information signal to the relay placed on the
roof of the building. In the second time slot (T2), relay terminal
will decode the received signal and re transmit over the VLC
channel to user’s mobile device located inside the meeting room.
Thereby user is able to access the high speed VLC network.

JE —:—‘,—_‘- : Lg—_::_:_:TKiRelay Naode (R)

Base Station (S) Buildi
uilding

Visible Light Communication \—

Board Room

Fig. 1: hybrid RF-VLC transmission system
2.1. Source to relay RF link

During T1, the base station (BS) transmits the QPSK modulated
signal over Rayleigh flat fading with additive white Gaussian
noise (AWGN) channel to the relay. The received signal at the
relay from the BS can be written as

Ysr = /Pshsrx + Ny, 1)

where pgthe transmitted power at the base station, hg, is denotes
the Rayleigh flat channel fading co-efficient from the BS to relay,
ng,. represents the AWGN with zero mean and x denotes the
QPSK modulated information symbols. Thus the received SNR at
the relay after the BS’s transmission can be written as

YSr:pslhsr|2+Nov (2)

where N, is the power of noise suffered by receiver in the relay.
Similarly for the equation (1) and (2), received signal at the desti-
nation (ys,) and the SNR of the received signal (ys,) at the desti-
nation can be formulated in a conventional RF cooperative system.
The SER and outage results of the conventional RF cooperative
system have been used in the Section 1V to compare with the pro-
posed RF-VLC hybrid system.

2.2. Relay to destination VLC channel model

In T2 time slot, the relay employs zero-forcing detection to decode
the information within the received signal y,,. Decoded bit stream
from the received signal is modulated and DC bias is added to
ensure that the produced signal is non negative, before being
transmitted to the receiver. The transmitted optical signal from the
LED source can be written as

Yt = MPreal

where p;.q denotes the power of a single LED, n is the number of
LEDs in LED array and [ denotes the DC bias added electrical
modulated signal. There is a line of sight (LoS) path from each
LED in the LED array to the receiver and a diffuse path due to
reflections from the room’s surfaces. However, in this work we
consider only the LoS propagation without considering reflections
from the surrounding surfaces of room to avoid complications in
the channel model. According to the work [16], the LoS visible
light (VL) channel gain is defined as

(m+1)A,

hyje = {WCOSm((ﬁ)Ts(lP)g(lP) cosyp, 0 <y <,
vic 0. b> 1, )

where A, represents the physical area of photo-diode in the re-
ceiver, c is the half angle of receiver’s field of view, ¢ is the irra-
diation angle and v is the angle of incident. m Denotes the Lam-
bertian index which is related to the half-intensity radiation an-
gle @12, by m = —1log,(cos(¢1/2)). Ts(¥) is the gain of the
optical filter and g (i) denotes the non-imaging concentrator gain.
The symbol d denotes the distance between the LED array and
the receiver. Therefore, the received signal at the destination re-
ceiver can be defined as

Yra = MPrhoicl + npg 3)

where 7 is the optical to electrical conversion efficiency at the
destination receiver; p, = npyq is the power of LED array;
h,;c denotes the VLC channel power gain; [ is denoted as the DC
bias added electrical modulated signal in the relay; and n,; repre-
sents the AWGN coming from thermal and shot noise in the room.
However, clipping distortion needs to be avoided by having the



274

International Journal of Engineering & Technology

input electrical signal within the region of LED operations. This
can be achieved by adjusting the DC bias. The dynamic range of
operations of LED can be denoted by [10] D 2 I,0x — Lmin »
where I,,4, represents the maximum input and I,,,;,, represents the
minimum input of bias current. Thus [ can be given by,

. lm‘n+lmax
B Imin, L B <= 2 ’
=

. 4)

Imax — B, if B> W
According to the work of [17], shot noise is the dominant noise
source in the VLC. Thus, received SNR at the destination receiver
can be expressed as

Yrd = (nprhvlcl)z + N:) ) (5)

where Ny is the power of noise suffered by the destination receiver,
which is located inside the room.

3. Outage probability computation

In this section we present the outage analysis of the proposed RF-
VLC hybrid communication model. The target transmission rate is
expressed as R, where k is the data rate per block per second. The
outage probability of the base station to relay link can be approx-
imately expressed as

_ No(2kR-1)
Pout(SR) =1—exp (_ 25”17) : (6)

Outage probability of the source-to-relay link with the decoder
effect of the decode-forward relay protocol can be written as

Pout(srror) =1 — [(1 - Pout(SR))(1 - SERth)] ) Q)

SERy, =1 — /# (8)

Outage probability of relay to destination (R-D) VLC link can be
written as

where

_ N’(ZkR—l)
Poutvre) =1 — exp (_ m) : ©)

Thus, the outage probability of the entire proposed RF-VLC hy-
brid scheme (source-relay-destination) can be given as

Pout(hybrid) =1- ((1 - Pout:(VLC))(1 - Pout(SR+DF))) . (10)

Comparing with the general RF cooperative scheme, proposed
RF-VLC hybrid cooperative scheme can potentially improve the
network performance, especially for the case of limited RF band-
width in the system. The performance of the proposed scheme is
validated by the simulation results in Section 4.

4. Numerical results

In this section, we present numerical results obtained to validate
the above theoretical analysis. Unless otherwise explicitly speci-
fied, the main parameters of the VLC communication are set
as Preq = 20mW /A, n =10, Yy =20deg ., ¢ =20deg ., d =
1.5m, A, = 0.04m? and n = 0.4 A/W. Moreover, we assumed
that the noise power of the VLC channel is equal to 10~ in order
to increase the noise in the VLC channel.

Figure 2, plots the SER for QPSK modulation in RFVLC hybrid
system. As observed in Figure 2, proposed RFVLC hybrid scheme
shows better SER performance compared to conventional RF co-
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Fig. 2: Comparison of SER of VLC relay to destination link, RF source to
relay link, RF-VLC hybrid link and fully RF source to relay to destination
link over Rayleigh flat fading with AWGN channels.

hybrid system and conventional RF cooperative system are in-
cluded in Table I. According to the data represented in the table,
SER gain of RF-VLC hybrid system over conventional RF coop-
erative system increases with the SNR value. SER value of the
VLC relay-to-destination link is observed to be 0 when the SNR
value falls below -9. Though the two curves, RF source to relay
link and RF-VLC source-to-relay-to-destination link in  Figure 2
appears to be similar, there is a slight difference between the two
curves. However, according to the results obtained, the proposed
hybrid scheme shows approximately equal SER values as the RF
source to relay link due to the high efficiency of VLC. Thus, SER
performance of hybrid RF-VLC S-R-D system can be concluded
to be better than the SER performance of conventional RF S-R-D
cooperative system.
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Fig. 3: Comparison of outage probability for proposed RF-VLC hybrid
model with different RF schemes.
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Table I: Comparison of Symbol Error Rate in proposed RF-VLC hybrid system and conventional RF cooperative system

SNR(dB) -15 -14 -13 -12 -11 -10 -9
SER (RF-SR link) 0.6943 0.6888 | 0.6687 | 0.6633 | 0.6557 | 0.6416 | 0.6300
SER (VLC RD link) 0.5794 0.3896 | 0.2147 | 0.0925 | 0.0222 | 0.0034 0
SER (RF SR-RD link) 0.7441 0.7429 | 0.7339 | 0.7258 | 0.7246 | 0.7152 | 0.7171
SER (RF-VLC Hybrid (S-R-D link)) 0.7127 0.7004 | 0.6783 | 0.6675 | 0.6559 | 0.6416 | 0.6301
SER gain of RF-VLC hybrid model over 0.0314 0.0425 | 0.0556 | 0.0583 | 0.0687 | 0.0736 0.087
RF S-R-D link

In Figure 3, the outage probability is plotted against the signal to
noise ratio (SNR) of hybrid RF-VLC scheme with different com-
munication schemes. The plots for five scenarios of data transmis-
sion have been analysed. The five scenarios considered are;

1) outage in source to relay RF link

2) outage in source to relay RF link with decoding factor

3) outage in relay destination VLC link

4) outage in combined RF-VLC hybrid scheme with decod-
ing factor

5) outage in combined RF scheme with decoding factor

It is observed from Figure 3 that the VLC-RD link has better out-
age performance than the RF-SR link in higher SNR values.
Moreover, Figure 3 clearly indicates that the outage performance
of hybrid RF-VLC scheme is outperforming when compared with
the RF cooperative scheme.

Therefore, it is observed that the hybrid RF-VLC system has
better outage performance than RF communication system at
higher SNR values. On considering the observations made from
Figure 2 and Figure 3, hybrid RF-VLC system performance is
better than RF cooperative communication system for both SER
and Outage Probability, the performance measuring parameters
considered in this paper. Therefore, as envisioned the seamless
high speed data communication is enhanced by this model of hy-
brid RF-VLC system. Finally, the results obtained from Figure 2
and Figure 3 proves that the proposed RF-VLC hybrid communi-
cation system is superior to the full RF cooperative system.

4. Conclusion

In this paper we have proposed a downlink hybrid RF/VVLC com-
munication system to ensure high speed data to be received at a
destination with the minimum use of RF spectrum. A case study
of wireless communication in smart room has been considered in
creating the system model. For simplicity we do not consider a
direct link between the source and the destination in the system
model. A RF link has been used in between the source and the
relay, while a VLC link has been used in between the relay and the
destination. The performance of proposed hybrid RF/VLC system
is investigated based on the simulation results obtained for the
parameters; SER and outage probability. Simulation results de-
picted that the SER of proposed hybrid RF-VLC system has a
significant improvement in comparison with the conventional RF-
cooperative system. Moreover, the outage probability is found to
be better in the proposed system as compared with the RF non-
hybrid cooperative system. Thus, the overall observation from
these numerical results obtained conforms the expected enhance-
ment of the hybrid RF-VLC system’s performance. Considering
all the parameters, it is found that the hybrid RF-VLC system
outperforms the conventional lone RF communication in smart
room situation.
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