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Abstract—Reliable data transmissions and offering better
mobility to the end user can be achieved by integrating
different communication systems. In this paper, we investigate
the performance of a cascaded indoor power line communi-
cation (PLC)/visible light communication (VLC) system with
the presence of an amplify-and-forward (AF) relay. Using the
pre-installed infrastructure of electricity wiring netwo rks gives
the advantage to use PLC as a backbone for VLCs. The per-
formance of the proposed hybrid system is discussed in terms
of the average capacity. A mathematical method is developed
for this network to formulate the capacity by exploiting the
statistical properties of both the PLC and VLC channels. The
derived analytical expressions are validated by Monte Carlo
simulations. The results showed that there is a considerable
improvement in the performance of the hybrid system as the
relay gain increases whereas it deteriorates with increasing the
end-to-end distance. A comparison between the performanceof
a parallel hybrid/PLC and hybrid systems is also provided. It
is found that the hybrid/PLC system outperforms the hybrid
one. However, the user mobility offered by the latter system
remains the main advantage over the former approach.

Index Terms—Amplify-and-forward, optical wireless com-
munications, power-line communications, signal-to-noise ratio,
visible-light communications, .

I. I NTRODUCTION

RECENTLY, integrating communication systems in order
to ensure a reliable transmission, such as integrating

power line communication (PLC) with visible light com-
munication (VLC) and PLC with wireless communication
systems, has been considered by many researchers [1], [2].
The implementation of such integration can provide several
advantages in terms of capacity, security and data rate
improvements [1]. The PLC system is considered one of the
competitive technologies for broad-band communications in
indoor applications as it exploits the pre-installed powerlines
network. In addition, the optical wireless communication
(OWC) technology is predicted to play a crucial role in
indoor wireless applications. The infra-red communication
and VLC are the two main technologies of the indoor OWC.
However, due to the widespread usage of the LEDs for
their economic consumption of energy the VLC has attracted
significant attention and it is considered as one of the most
important green communication technologies [3], [4].

However, due to the nature of the channels of the cascaded
system, different practical challenges should be considered
while implementing such integration. For instance, electro-
magnetic interference (EMI) caused by the PLC link to

the surroundings is one of these issues that needs to be
regarded when designing the hybrid PLC/VLC system [5],
[6]. Noise over such cascaded channels is another issue. For
example, impulsive noise over PLC channel which has a
random occurrence, short duration and high power spectral
density (PSD) [7]–[10]. Furthermore, attenuation which is
caused by the the frequency-selectivity of the PLC channel
has an adverse effect on the transmission over such channels
and can considerably degrade the achievable data rates. The
attenuation is considerably high at very high frequencies and
increases with the transmitter–receiver distance [11], [12]. In
addition, interference caused by the overlap of adjacent LED
light irradiation area in the VLC link is one of the technical
problems. Moreover, instability of signal reception caused
by the frequent switching in different LED coverage areas
as the area coverage by each LED is small [13].

Motivated by adopting other communication technologies
for PLC and VLC systems, many researchers have con-
sidered the implementation of relays for both systems to
improve the performance of system [14]–[17]. The two com-
mon types of relaying systems are decode-and-forward (DF)
and amplify-and-forward (AF). While the former decodes the
received signal and re-encodes it before forwarding it to the
destination, the received signal is amplified by the AF then
re-transmitted to its destination [18]. Other types of relays
investigated over PLC channels include incremental DF and
selective DF [19]–[21].

The authors in [15] investigated the deployment of half
duplex time division relaying protocols in indoor PLC sys-
tems and they concluded that the data rate and power saving
were significantly improved depending on two main factors
namely, the network size and relay position in the network.
Although the results in [22] were very promising considering
the position of the relay in the network, the authors reported
that relaying in PLC systems is less efficient than it is for
wireless networks. Authors in [14] reported that there is
a significant performance improvement by using two-way
relaying compared to the one-way relaying scenario. The
authors in [23] discussed the implementation of multi-way
relaying in parallel for indoor PLC systems and the achiev-
able data rates were high compared to those achieved by
direct transmission. The implementation of relays in hybrid
communication systems was also studied in [1] where the
source transmits signals through PLC and wireless networks
simultaneously to a destination through an AF relay. It was



reported that the use of hybrid systems outperforms the use
of PLC or wireless systems individually.

The cascaded free space optics (FSO)-VLC communi-
cation system was discussed in [16] with a DF relay in
between the FSO and VLC links. The proposed system was
investigated in terms of capacity and the results showed that
the hybrid system is more efficient in terms of data rate. The
cooperation between light sources and how it can improve
the performance of VLC systems was investigated in [24]
where the authors reported that the implementation of DF
relaying offers better performance than that of AF relaying.

To the best of our knowledge, no work has studied AF
relays to connect PLC and VLC links. Therefore, this paper
studies the implementation of AF relaying to connect a
cascade PLC and VLC links. In the first phase, the PLC
source sends the information signal to a relay through a
PLC link. In the second phase, the AF relay amplifies and
forwards the received signal to the destination node via the
VLC channel. An analytical expression for the total capacity
of the system is derived. Formulating the overall capacity
of the hybrid PLC/VLC system offers the opportunity to
examine the performance of such systems as well as to
examine the effect of the different system parameters such as
relay location and relay-to-destination distance. Monte Carlo
simulations were used throughout the paper to verify the
accuracy of the analytical results. For the sake of comparison,
the performance of the hybrid system is compared with the
performance of the hybrid/PLC, in which a linear combiner
is used to maximize the overall capacity of the system.

The rest of the paper is organized as follows. The system
model is described in Section II. The system performance
analysis is presented in Section III. Discussions of the
numerical results are produced in Section IV. Finally, Section
V draws the conclusion of this paper.

II. SYSTEM MODEL

In this section, the system model for the hybrid PLC/VLC
system with the use of relay is presented and the overall
capacity is formulated. The system model under considera-
tion is shown in Fig. 1. PLC users can be connected to the
network through PLC modems. We assume that the source
node is on one floor and a VLC user is on another floor.
The data sent by the source node through the PLC link is
amplified and re-transmitted to the destination through the
VLC link. The complex channel gainshP andhv represent
the source-to-relay channel gain, (i.e., the PLC link) and the
channel gain of the VLC link (i.e., the relay-to-destination
channel), respectively. Both channels are assumed to be
independent and identically distributed. The amplitude of
the channel coefficients of the PLC channel is log-normal
[25]. Although, the down-link transmission of the VLC
link consists of line-of-sight (LOS) and non-LOS (NLOS)
components, the LOS link is only considered in this study as
it represents more than90% of the total received signal [26].
The LED is located on the ceiling with a vertical distance to
the user planeL and Euclidean distance to the destination
dk. The VLC channel is subjected to a random distribution
which is affected by the uniform distribution of the user‘s
location [26]. Because of the nature of the network structure

Fig. 1: System model for the hybrid PLC/VLC network for indoor
communication applications.

adopted here, it is logical to assume that there is no direct
link between the source and destination nodes. It is worth
mentioning, for simplicity and without loss of generality,
that noise over the two links is assumed to be additive white
Gaussian noise (AWGN).

The whole communication process as previously men-
tioned is divided into two phases. The signal received during
the first segment at the relay is given by

yr (t) =
√

Pse
−αd1hP s+ nr, (1)

wherePs represents the source transmit power,d1 represents
the source-to-relay distance of the PLC link length,s is
the information signal withE[s] =1, nr is the noise at
the relay which is assumed to be complex Gaussian with
zero mean and varianceσ2

r , and α is the PLC channel
attenuation factor and is given byα = a0 + a1f

k, where
a0 anda1 are constants determined by measurements,f is
the system operating frequency andk denotes the exponent
of the attenuation factor.

The received signal at the VLC user can be described by
the following formula

yd (t) = hvG
√

Pr

(

√

Pse
−αd1hP s+ nr

)

+ nd, (2)

whereG is the relay gain,Pr is the relay transmit power
andnd represents the destination noise with zero mean and
varianceσ2

d.
Using (2), and grouping the information signal and noise

signal terms, the signal-to-noise ratio (SNR) at destination
can be written as

γ =
G2PrPse

−2αd1 |hP |2 |hv|2

G2Pr |hv|2 σ2
r + σ2

d

. (3)

The instantaneous capacity can be calculated as

C =
1

2
E [log(1 + γ)] , (4)

whereγ is the SNR at the destination and the factor1
2 is

due to the fact that communication between the transmitter
and receiver is performed in two stages.



III. PERFORMANCEANALYSIS

In this section, we derive accurate analytical expressions
of the average capacity for both the hybrid and PLC-only
systems.

A. Hybrid PLC/VLC System

To begin with, we rewrite (3) as

γ =
Pse

−2αd1 |hP |2

σ2
r +

σ2
d

PrG2|hv|2
. (5)

To make the analysis easier to follow, we use the fol-
lowing substitutionsA = Pse

−αd1 |hP |2, b = σ2
r and

C =
σ2
d

PrG2|hv |2 . Now we can write (5) as

γ =
A

b+ C
. (6)

Substituting (6) into (4), the hybrid system average capac-
ity can be expressed as

CH =
1

2
E

[

log

(

1 +
A

b+ C

)]

, (7)

where the superscriptH denotes the hybrid system. Accord-
ing to [27, Eq (5)], for any non-negative random variableu
andv, we can calculate the average capacity as follows

E
[

ln(1 +
u

v
)
]

=

∞̂

0

1

z
(1−Mu(z))Mv(z)dz, (8)

whereMu(z) andMv(z) denote the moment generation
functions (MGFs) of the random variablesu andv, prospec-
tively. Using this definition, we can rewrite (7) as follows

E

[

ln(1 +
A

b+ C
)

]

=
1

2

∞̂

0

1

z
(1−MA(z))MC+b(z)dz,

(9)
whereMA(z) denotes the MGF of the random variableA
given by

MA(z) = M|hP |2Pse
−2αd1 , (10)

andMC+b(z) is the MGF ofC + b.

As previously mention, the PLC channel is affected by log-
normal fading and according to [28, Eq (2.54)] the MGF of
the log-normal distribution is given by

Mh(z) ⋍
1√
π

Np
∑

n=1
Hxn

exp
(

10
−

√

2σhxn+(−2µh)

10 z
)

, (11)

whereHxn
andxn represent the weight factors and zeros of

theNp order Hermite polynomial, respectively. By using this
for |hP |2 with parameters (2µhP

, 4σ2
hP

), the MGF ofA can
be expressed as

MA(z) ⋍
1√
π

Np
∑

n=1
Hxn

exp

(

10
−

√

22σhP
xn+(−2µhP

)

10 Pse−2αd1z

)

. (12)

On the other hand, considering the random distribution
mentioned above for the VLC link and the Lambertian
radiation pattern for LED light emission, the VLC channel
gain hv can be written as [16]

hv =
mk + 1

2πd2k
Adcos

mk(φ)cos (ΨK)U (ΨK) g (ΨK)Rp,

(13)
where Ad is the detection area of the detector,dk =
√

r2k + L2, U (ΨK) represents the optical filter gain,g (ΨK)
denotes the optical concentration gain, the responsivity of the
photo-detector is represented byRp, φ is the total angle of
the LED, cosmk(φ) = cos (ΨK) = L√

r2
k
+L2

, andmk is the

order of the Lambertian radiation pattern which is given by

mk =
−1

log(cos(φ/2))
, (14)

whereφ/2 denotes the semi-angle of the LED.
To simplify our analysis, let us assume thatQ =

1
2πAdU (ΨK) g (ΨK)Rp. In light of this, (13) can be rewrit-
ten as

hv =
Q(mk + 1)Lm+1

(r2k + L2)
m+3

2

. (15)

It is assumed that the location of the users is uniformly
distributed with probability density function (PDF) givenas

frk(r) =
2r

r2
. (16)

The PDF of the un-ordered channel gain of the VLC link
can be driven using the change-of-variable method used in
[16] as follows

fhk
(h) =| d

dh
u
−1 (h) | fhk

(u−1(h)). (17)

In this respect, we can now express the PDF of the VLC
channel gain as

fhk
=

2Q
2

2+m

(

(mk + 1)Lmk+1
)

2
m+3 h

− 2
mk+3−1

(mk + 3)r2
, (18)

wherer is the maximum cell radius of the LOS.
The PDF ofh2

k can consequently be obtained as follows

fh2
k
=

−Q
2

2+m

(

(mk + 1)Lmk+1
)

2
m+3 h

−mk+5

mk+3

(mk + 3)r2
. (19)

In order to obtain the MGF forC + b, we have to find
the PDF of 1

|hv |2 as C =
σ2
d

PrG2|hv|2 . Using the change-of-

variable method the PDF of 1|hv|2 can be written as



M 1
h2
v

(z) =

(

Q (mk + 1)Lmk+1
)

2
m+3

(mk + 3)r2

(

z
− 1

mk+3Γ

(

1

mk + 3
,

L4z

Q2(1 +mk)2

)

−z
− 1

mk+3Γ

(

1

mk + 3
,
L−2(mk+1)(L2 + r2)mk+3z

Q2(1 +mk)2

))

. (22)

MC+b(z) =
(

σ2
d

PrG2 z)
− 1

mk+3

(mk + 3)r2
(

Q (mk + 1)Lmk+1
)

2
m+3

(

Γ

(

1

mk + 3
,

L4σ2
d z

Q2(1 +mk)2PrG2

)

−Γ

(

1

mk + 3
,
L−2(mk+1)(L2 + r2)mk+3σ2

dz

Q2(1 +mk)2PrG2

))

. (23)

f 1
h2
v

=

(

Q (mk + 1)Lmk+1
)

2
m+3 h

− 2
mk+3−1

(mk + 3)r2
. (20)

Now, by using (20) we can obtain the MGF of1|hv |2 as
follows

M 1
h2
v

(z) =

tmax
ˆ

tmin

f 1
h2
v

(z) exp (−zh)dz, (21)

where tmin =
(Q(mk+1)Lmk+1)

2

(r2+L2)mk+3 and tmax =

(Q(mk+1)Lmk+1)2

L2(mk+3) . Using (20) in (21), we obtain (22),
shown at the top of the page.

Finally, theMC+b(z) can be given as in (23), also shown
at the top of this page.

B. PLC System

In this subsection, we consider the scenario when the
transmitter and the receiver are only connected through a
PLC link with no relay in between. Therefore, the signal at
the destination can be given by

yd (t) =
√

Pse
−αdhs+ nd, (24)

whered is the PLC link length which represents the total
distance of the end-to-end nodes andnd is the destination
noise which is assumed to be complex Gaussian with zero
mean and varianceσ2

d,
The SNR at the destination can be written as follows

γ =
Pse

−2αd |h|2
σ2
d

. (25)

Mathematically, we can calculate the average capacity of
this system as

CP =

∞̂

0

log2 (1 + γ) fγ(γ)dγ, (26)

wherefγ(γ) is the PDF ofγ given by

fγ(γ) =
ζ

z
√
8πσ

exp

(

− (ζ ln(γ)− (2µ+ ζ ln(a1)))2

8σ2

)

,

(27)
whereζ is the scaling constant and it is equal to10/ln(10)
and a1 = Pse

−2αd

σ2
d2

. Hermite–Gauss quadrature is used in
order to get an accurate approximation for (26). Assume that

x =
ζ ln(γ)− 2µ+ ζ ln(am)

8σ2
. (28)

Now, we can rewrite (26) as

CP =

∞̂

∞

1

π
h(x)exp[−x2]dx. (29)

By using Hermite–Gauss quadrature (29) can be expressed
as

CP =
Np
∑

n=1

1√
π
Hxn

h(xn), (30)

where

h(xn) = log2

(

1 + exp

(√
8σxn + 2µ+ ζlnφ/2(a1)

ζ

))

.

(31)
It is worth noting that similar analysis is followed in [29].

IV. N UMERICAL RESULTS

This section presents some numerical results of the de-
rived expression along with Monte Carlo simulations. The
system parameters considered in our evaluations are, unless
indicated otherwise, as follows: operating frequency of the
system f = 500kHz, k = 0.7, a0 = 2.03 × 10−3,
a1 = 3.75 × 10−7, d1 = 30m, the input powerPs = 1W,
Pr = 1W, relay gainG = 1, input SNR is 10dB,Ad = 0.1m,
U (ΨK) = g (ΨK) = 7dB, Rp = 0.4A/W, re = 3.6m,
L = 2.15m andφ/2 = 60◦.

To demonstrate the impact of the source-to-relay distance
on the system performance, the average capacity is plotted
in Fig. 2 versus the input power for different values of PLC
link lengths. It is obvious that there is a perfect agreement
between the simulated and the analytical results, obtained
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Fig. 2: Average capacity versus input power for different values of
source-relay distance.
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Fig. 3: Average capacity as a function of input power for different
values of the vertical distance to the user plane.

from (9). It is clear that the capacity improves as the
input power increases. On the other hand, a performance
degradation can be clearly seen when the distance between
the source and relay increases and input power decreases.

In Fig. 3, the total capacity is again plotted against the
input power with different values of the vertical distance be-
tween the relay and the user plane. As anticipated, we can see
that the average capacity is degraded as the vertical distance
to the user plane increases. For instance, the average capacity
is only 0.04Bits/s/Hz whenL = 3.15m andPs = 7W, and
the values of the average capacity are0.08Bits/s/Hz when
L = 2.15m and0.12Bits/s/Hz when the vertical distance is
1.15m for the same value of the input power.

Fig. 4 illustrates what happens to the average capacity
when the gain of the relay increases. It is noticeable that the
performance of the system has a significant improvement
when the relay gain increases and this justifies the main
purpose of the relay used in the system. As seen in the figure,
the average capacity is very low when the relay gain is0dB
compared to its values for higher relay gains. It is obvious
that the system becomes more efficient when the relay gain
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Fig. 4: Average capacity with respect to the vertical distance to the
user plane for different values of the relay gain.
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Fig. 5: Comparison between the hybrid system and PLC + hybrid
system.

increases and the vertical distance between the relay and the
user plane decreases.

In Fig. 5, we assumed that the destination has the capa-
bility to receive signals from both the hybrid and the PLC
systems. For the sake of comparison, the average capacity
of the hybrid and the hybrid/PLC systems is compared in
Fig. 5. It is noticeable that the performance of the parallel
hybrid/PLC is by far better than that of the hybrid system.
Although we increased the relay gain in the hybrid system,
yet the hybrid/PLC outperforms the hybrid system for all the
study cases.

V. CONCLUSIONS

In this paper, we discussed the implementation of AF
relaying in hybrid PLC/VLC communication systems for
indoor applications. The system performance was analyzed
in terms of the average capacity for various system setups.
The derived analytical expressions were validated by Monte
Carlo simulations. The impact of several system parameters
was investigated. The results showed that the relay gain has
a positive effect on the performance of the proposed hybrid



system. The capacity is also affected by the vertical distance
between the LED and the user plane. It was found that the
source-to-relay distance does not have a considerable effect
on the performance if the increase of the distance is relatively
small. Although, the performance of the hybrid/PLC system
outperforms that of the hybrid system, the use of the hybrid
system is more attractive in indoor applications since it
provides better mobility to end users.
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