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Abstract—Developing energy efficient wireless communication
networks has become crucial due to the associated environmental
and financial benefits. Visible light communication (VLC) has
emerged as a promising candidate for achieving energy efficient
wireless communication. Integrating VLC with heterogeneous
wireless networks has improved the achievable data rates of
mobile users. In this paper, we investigate the energy efficiency
benefits of employing VLC in a heterogeneous wireless environ-
ment. We formulate the problem of power allocation for energy
efficiency maximization of a heterogeneous network composed of
a VLC system and a radio frequency (RF) communication system.
Then, we investigate the impacts of the system parameters on the
energy efficiency of the mixed RF/VLC heterogeneous network.

I. INTRODUCTION

Energy efficient communication solutions are motivated
by the increasing energy consumption of wireless networks
caused by the increased demand for wireless communication
services, including video streaming and data applications. The
annual energy consumption of a mobile service operator is
around 50-100 GWh [1]. From an environmental viewpoint,
the CO5 emissions by the telecommunication industry rep-
resent 2% of the total COs emissions worldwide and are
expected to reach 4% by 2020 [2].

Light emitting diodes (LEDs) have been introduced as en-
ergy efficient light sources that require approximately twenty
times less power than the conventional light sources and
five times less power than the fluorescent light sources [3].
Hence, replacing the current inefficient illumination sources
with LEDs has the potential to reduce significantly the CO;
emissions due to lighting. The energy saving benefits of using
LEDs as a replacement for the conventional lighting sources
are described in [4]. Additionally, LEDs can be used for wire-
less communication purposes through what is referred to as
visible light communication (VLC). In VLC, communication
takes place by modulating the intensity of light in such a way
that it is unnoticeable to the human eyes. The receiver is a
photo sensitive detector that demodulates the light signal into
an electrical signal. Thus, the data transfer is performed using
intensity modulation and direct detection (IM/DD) [5], which
can be practically obtained by using several pulsed modulation
schemes [6]. As a result, VLC can be considered as an energy
efficient solution that exploits the illumination energy, which is
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already consumed for lighting, in data transmissions to achieve
high data rates.

The energy efficiency enhancements gained as a result of
using white LEDs in both illumination and communication
have been discussed in [3]. Different potential applications of
VLC techniques have been also introduced. The adoption of
LEDs in communication using VLC techniques is reviewed
in [7] where brief comparisons to different communication
techniques are presented. These comparisons assume different
performance criteria including energy efficiency. A more de-
tailed comparison of the performance of VLC systems with
respect to radio frequency (RF) communication systems can
be found in [8].

On the other hand, heterogeneous wireless networking has
been introduced to allow wireless networks with different
technologies to be integrated together to enhance the overall
system capacity. Such enhancements are achieved because of
the diversity in fading channels, propagation losses, and the
availability of resources at different networks. The resource
allocation problem is a major challenge in heterogeneous
networks that assume different service requirements.

Employing multiple radio interfaces at each communication
terminal has proven to enhance energy efficiency in RF
communication systems. In [9], the energy efficiency in an
uplink communication scenario for battery-constrained mobile
terminals (MTs) has been investigated. In [10], the cooperation
between MTs is exploited by allowing the MTs to transmit
their data efficiently to base stations using space-time coding.
Also, MTs relay source data using multiple radio interfaces in
[11]. Also in [12], the authors have discussed the enhancement
in the energy efficiency of MTs using multi-homing capability
where the MTs are allowed to aggregate the available resources
from different networks.

Although VLC can attain high data rates in the presence of a
line of sight (LOS) between the transmitter and the receiver, its
performance degrades significantly in the absence of the LOS.
Thus, reliability is a major concern for VLC systems. Also,
ambient light interference is another challenge that can be
mitigated by using optical filters and robust signaling schemes.
On the contrary, RF wireless communication networks exhibit
a higher transmission reliability even in the absence of a LOS
between the transmitter and the receiver. Their main drawback
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compared to the VLC networks is that RF networks consume
larger amounts of energy.

Few papers have discussed the complementary use of VLC
and RF communication systems to obtain throughput and re-
liability benefits. In [13] and [14], the potential benefits of the
VLC-RF combination and the optimal handover techniques are
discussed. The hybrid use of VLC and RF systems has been
discussed in [15] and [16] where the authors investigate the
feasibility and potential benefits of RF/VLC hybrid systems in
enhancing the throughput and increasing the coverage.

Hence, VLC and RF communication systems can work
together to exploit the benefits of both systems to enhance
the communication energy efficiency while maintaining good
reliability. In this paper, we investigate the energy efficiency
of an indoor heterogeneous network composed of a single
RF access point (AP) and a single VLC AP transmitting to
a number of MTs located in the coverage region of both
APs. The VLC system employs its illumination power for data
transmission and consumes extra data processing power. On
the contrary, the RF communication system consumes both
data processing and transmission powers. We formulate the
problem of maximizing the heterogeneous network energy
efficiency constrained by the required data rates for the MTs
and the maximum allowable transmission powers for the
APs. MTs are equipped with multi-homing capability and
can receive data from both VLC and RF communication
systems. We compare the performance of the heterogeneous
network consisting of VLC and RF communication systems
to the benchmarks represented by an RF only network and a
heterogeneous network composed of two RF communication
systems. We compare the energy efficiency of these systems
numerically to quantify the effects of using mixed RF/VLC
systems on the network energy efficiency.

The rest of the paper is organized as follows. The mixed
RF/VLC heterogeneous network model is presented in Section
II. The research problem is formulated in Section III. In
Section IV, numerical results are presented. Finally, in Section
V, conclusions are drawn.

II. SYSTEM MODEL

We consider an indoor downlink scenario in which M
MTs equipped with VLC receivers and RF receivers are
communicating with a single RF AP and another VLC AP
as shown in Fig. 1. Examples of RF wireless communication
networks include cellular networks (e.g., femto-cells) and
wireless local area networks (WLANS). The set of MTs is
denoted by M = {1,2,...., M}. It is assumed that all MTs
are in the coverage areas of both APs. Each MT has multi-
homing capability that allows simultaneous association with
both networks. The multi-homing capability allows the MTs
to aggregate the available resources from both networks to
provide services with high performance requirements and
improve network capacity [12].

The bandwidths of the VLC and the RF systems are denoted
by By.c and Bgg, respectively. We assume that each user in
the network is assigned equal fixed bandwidth allocations from

VLC AP

Fig. 1. System Model

the VLC and RF communication systems, given by By,c/M
and Bgr/M, respectively. The bandwidth of the VLC system
is commonly limited by the bandwidths of the LED and the
photo-detector. Also, the transmission powers allocated to the
mth MT by VLC and RF APs are denoted by Pyc,, and
Prr,m, respectively. The total transmitted power of an AP is
constrained by the maximum allowed power which is denoted
correspondingly by Pyicmax Of FPremax. The fixed powers
needed by the APs are denoted by Qv c and Qgr. These fixed
powers include the powers used for circuits operation and data
processing before transmission.

The data rates achieved by the mth MT in the two networks
are denoted by Ryic ,, and Rgr n,, respectively, and the sum
of the data rates of the mth MT is constrained to be larger
than or equal to a required minimum data rate denoted Ryin, .

The power gains of the channels between the mth MT and
the RF and VLC APs are denoted by Gg,m and Gyic,m, re-
spectively. The channel power gain for the RF communication
system captures both the channel fading and path loss. For the
VLC system, the channel power gain captures the LOS path
loss for the optical wireless signal. The distances between the
APs to the mth MT are denoted by dgr,, and dyic,m. The
thermal noise power spectral density affecting the RF receivers
is denoted by Ny g, and it is given by Ny e = ksT', where ky
stands for Boltzmann’s constant and 7" denotes the ambient
temperature. The noise power spectral density affecting the
VLC receivers is dominated by the light shot noise and is
denoted by Nyyic. The characteristics of the channel models
can be found in [8].

The RF communication path loss typically takes the form

PL[dB| = Alog; (dre,m[m]) + B+ C'logy (%) +X, (D

where f. is the carrier frequency in GHz, A, B and C
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are constants depending on the propagation model, and X
stands for an environment specific term. For the LOS scenario,
A =187, B =46.8 and C' = 20. For the non-LOS (NLOS)
scenario, A = 36.8, B = 43.8, C' = 20 and X = 5(n, — 1)
in case of light walls or X = 12(n,, — 1) in case of heavy
walls where n,, denotes the number of walls between the AP
and the MT. Hence, the channel power gain is defined as

Grrm = 10~PLIdB]/10 )

We denote the channel power gain in the presence of LOS
by G5, and for the NLOS scenarios by GRi-0S. For VLC

RF,m
systems, the channel power gain is given in [8] by

G = (n + 1) c0s™(6i;) A; cos(0is) 3)

2
27TdVLc,m

where A; stands for the physical area of the photo detector,
¢;; denotes the angle of irradiance from the corresponding
LED, n is the order of the Lambertian emission defined
by the LED’s semi-angle at half power ®, which is n =
In(1/2)/In(cos(®)), and 6;; represents the angle of incidence.

The LOS availability probabilities for RF and VLC systems
are defined as the probability that there are no obstacles in the
communication link between the MT and the corresponding
AP, which are denoted by pgr and py,c, respectively. In the
case of RF transmissions, the channel path loss exponent
increases with the LOS absence as discussed earlier. For the
case of VLC, the signal is degraded significantly in the absence
of LOS that may result in unsuccessful data transmissions.
In this work, we assume that NLOS VLC transmissions are
unsuccessful.

III. ENERGY EFFICIENCY MAXIMIZATION

In this section, we formulate the energy efficiency maxi-
mization problem. Energy efficiency is defined as the total
achieved data rate per unit power consumption. The heteroge-
ncous network energy cfficiency is defined as the summation
of the individual networks energy efficiencies.

The average received signal to noise ratios for the mth MT
from the RF and VLC systems are denoted by ~gg,, and
“Yvrc,m. respectively, and can be expressed as in [8]

" (Bue /M) Nor
~ _ (pPVLC,mGVLC,m)Q )
VLC,m (BVLC/M)N(J,VLC .

where p stands for the responsivity of the used photo-
detector, and the value of Ggg ,, can be substituted by Gkg,sn
or GRE9S o obtain the corresponding 705, and YOS for
the LOS and NLOS channels. ' '

The data rates achieved by the mth MT via VLC and RF
transmissions are denoted by Ry c m and R m, respectively.
Using the multi-homing capability, the sum of the achievable
data rates of the mth MT via the VLC and RF APs should
not be less than the required data rate Ry, .. The expected

values of the achievable data rates from each AP are averaged

over the probability mass function of LOS availability and are
expressed as follows
_ Bre LOS
Rrem = ﬁ (PRF logy (1 + fYRF,m)
+(1 = per)logy (1+%em ) (6)
B
Ryiem = _]VV[LC pviclogy (1 +Yvie,m) - (N
The energy efficiencies of VLC and RF communication
systems are denoted by 7v.c and 7z, respectively. The energy
efficiency for the VLC AP is calculated using the fact that
the transmission power is an optical power which is used
for illumination by design, and hence only the fixed power
consumption @y ¢ is accounted for as a power cost. Hence,
NyLc can be expressed as

ZWEM RVLC,m (8)
QVLC .
On the other hand, the RF power consumption accounts for
both processing and transmission powers, and hence, 7gr iS
expressed as

NvLe =

ZmGM RRF;W
Qrr + Y rne s Presm

We study the power allocation problem to maximize the
energy efficiency of the heterogeneous network in terms of
the assigned powers to the MTs by the APs. The users total
achieved data rates, i.e., Ry.c,m + Rrg,m are constrained by
the minimum required data rates for the MTs. For each AP,
the total transmission power consumption, i.e., Eme wm Poieym
or Zme  Pre,ms 18 constrained by the maximum allowable
transmission power. Given these constraints, the problem is
formulated as follows:

©

TRr =

max

Py, m,Pre

Nvie + Mre

s.t. RVLC,m + RRF,m 2 Rmin,ma

E PVLC,m < PVLC,maxa
meM

> Prean < Permans
meM
PVLC,mv PRF,m Z Oa

Vm e M,

Ym e M. (10)

Based on the VLC energy efficiency definition (8), we
observe that maximizing the energy efficiency requires the
VLC system to exploit the maximum allowable transmission
power as the rate function is monotonically increasing in the
transmission power which does not appear in the denominator
of the VLC energy efficiency function since we do not pay
extra penalty for this power which is already exploited in
illumination. In this work, the problem is solved numerically
to gain insights about the energy efficiency benefits offered
by VLC in designing heterogeneous networks that assume RF
communications as well. A further study is needed to obtain a
more computationally efficient technique to solve this resource
allocation problem, which is outside the scope of this paper
and will be treated in an upcoming accompanying paper.

1458



23rd European Signal Processing Conference (EUSIPCO)

IV. NUMERICAL RESULTS

In the following, we assess the performance of the proposed
power allocation problem. We compare the energy efficiency
of the proposed mixed RF/VLC heterogeneous network to two
benchmark systems. We will refer to the proposed system in
the following results by "RF-VLC’. We compare it to a system
consisting of a single RF wireless network, which is denoted
by 'RF-Only’, and hence no multi-homing is assumed, and
we also compare it to a system comprising two RF APs with
different frequency bands and which will be denoted by 'RF-
RF’, and hence multi-homing is achieved only over RF links.
In the system with two RF APs, one of the RF systems is
assigned a bandwidth equal to that of the VLC system to
ensure a fair comparison.

In the following simulations, we set the parameters as
follows except otherwise stated. We set Rmin,m = 2 Mbps,
Premax = 1 watt, Qremax = 6.7 watts, Qyic,max = 6 watts,
Noxr = 3.89x1072 watts/Hz, Noyic = 1072! watts/Hz,
Bry = 5 MHz, By, = 10 MHz, p = 0.3 and M = T.
Both the RF and VLC APs are located at the same position
with MTs located in a circle with a distance to the APs of 1.5
meters. The VLC system maximum power is the product of the
number of LEDs used at the VLC source with the maximum
power of each LED. We set the number of LEDs to be 38
with the maximum power of a LED to be 189 milli-watts.
The values of the VLC and RF systems are obtained from [8]
and [17], respectively.

In Fig. 2, we show the energy efficiency of the different
systems against the number of MTs. The performance of the
RF-VLC system is significantly better than the performance
of the RF-only system because of the multi-homing capability
of the MTs and the energy efficiency of the VLC systems.
Also, the performance of the RF-VLC is better than that of
the RF-RF because of the low VLC AP power consumption
compared to the RF communication systems.

== RF-VLC
== RF-RF
== RF-Only|

~

~
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Energy efficiency (bit per joule)

-

Number of Users

Fig. 2. Energy efficiency against the number of MTs.

In Fig. 3, we show the energy efficiency performance
versus the fixed power consumption of the VLC AP. The
energy efficiencies of the RF APs are independent of the fixed
power of VLC system. The energy efficiency of RF-VLC can

approach the efficiency of the RF-RF system when the fixed
power is 9 watts which is nearly 1.5 times the fixed power
of an RF AP. Consequently, the integration of a VLC system
in a heterogeneous networking with RF communication will
not be beneficial if the VLC AP fixed power is notably high
compared to an equivalent RF AP.

d =@=RF-VLC
\ === RF-RF |
o= RF-Only

/
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Fig. 3. Energy efficiency against the fixed power of the VLC system.

We study in Fig. 4 the effect of the number of LEDs
on the energy efficiency of the RF-VLC system. Increasing
the number of LEDs allows higher transmission power for
the VLC system which motivates the MTs to obtain most
of their required data service from the VLC AP, reducing
the transmission power consumption of RF AP, and hence
improving the overall energy efficiency.
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Fig. 4. Energy efficiency against the number of LEDs used by the VLC
system.

In Fig. 5, we consider the case in which the LOS availability
probabilities for RF and VLC systems are equal. We show
the energy efficiency versus the LOS availability probability.
The performance for the RF-VLC system is better than the
benchmarks when the probability of the LOS for the VLC
is higher than 0.5 because of the good energy efficiency
properties for the proposed RF-VLC system. Also, the slope
of the curve of the RF-VLC energy efficiency is higher than
that of the benchmark systems because of the significance of
the LOS availability in the VLC system compared to the RF
systems.

Finally, we discuss the effect of LOS availability probability
in the RF system on the energy efficiency of the RF-VLC
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Fig. 5. Energy efficiency against the LOS availability probability for VLC
and RF systems.

heterogeneous system when pyc = 0.5. In the RF-VLC
system, the users exploit the less costly VLC energy in data
transmission and exploit the RF transmission power when
required. Therefore, the enhancement of the performance with
the increase of LOS availability probability presents a smaller
slope than those associated with RF systems. Thus, positioning
the VLC AP to improve the LOS availability probability
is more beneficial to the system than enhancing the LOS
availability probability for the RF system.
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Fig. 6. Energy efficiency against the LOS availability probability of the RF
systems.

V. CONCLUSIONS

The research in the area of energy efficient communications
has been motivated by different environmental and financial
considerations. Integrating VLC and RF APs in heterogeneous
wireless networks has shown promising improvements in
terms of energy efficiency. Hence, employing VLC in het-
erogeneous networks enhances energy efficiency. The multi-
homing capability of the MTs in a heterogeneous network
with VLC and RF APs allows users to benefit from the huge
unlicensed bandwidth of the visible light spectrum and the low
cost of the transmission power. It also allows for improved
reliability, as RF communications are employed in absence
of VLC LOS. We have shown the superior performance of a
heterogeneous network consisting of VLC and RF relative to
the benchmarks of an RF network only and a heterogeneous

network that consists of two RF systems. We also have

investigated the effect of the LOS availability probabilities for
both systems. We have shown that VLC system performance

depends heavily on LOS availability in the sense that network
performance degrades significantly in the absence of LOS for
the VLC system.
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