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Abstract—The high attenuation which increases as frequency low power spectral density (PSD), the latter has a random
increases in power line communication systems (PLC) makes occurrence, very short duration and high power spectral
achieving and sustaining high data rates over such channeks density (PSD) [2]. Moreover, the desirable date rate can

challenging task. In most communication systems, relays ar _." .. -
normally deployed to overcome the effect of signal attenu&in significantly be degraded by the attenuation caused by the

and to achieve reliable transmissions between users. Ampli  frequency-selectivity of the PLC channel which introduces
and-forward (AF) and decode-and-forward (DF) relays are inter-symbolinterference (ISl). This attenuation is $igant

often used. In contrast to the existing work on this topic whth  at very high frequencies and increases with increasing the
advocate utilizing relays either between PLC links or betwen transmitter—receiver distance [3], [4].

wireless links, the authors of this paper focus on using AF . . L .
relaying for in-home PLC and wireless systems where one PLC In the wireless domain, communication signals suffer from

user wants to share data with one wireless user which has attenuation caused by the reflected waves. The receiver
no access to the PLC network. We refer to this system as receives signals containing a huge number of the reflected
for hit network 10 ormulate the capacit of the systom by S aMONg, which is known as muli path recepion
exploiting the statistical properties ofpbotz PLC ano?/wireles)s/, and th's_ ishow the_ md_oor channgl is characterized [5].
channels. Monte Carlo simulations are used throughout this Atténuation and multi-fading can rapidly degrade the SNR or
paper to validate the analytical results. The impact of seval  Signal-to-interference ratio (SINR) [5]. Recently, intating
system parameters is investigated in this paper. For the s&k PLC systems with other communication systems, such as
of comparison, we also provide the performance analysis and \jsjple light communication (VLC) and wireless commu-

results for a PLC only network. The results showed that the s . : .
performance of the hybrid system enhances as we increase the nication systems, has received considered attention from

relay gain and deteriorates as the end-to-end distance ineases. resear(_:hers [5]-[7]. The implementation of such _integrati _
It is also found that the PLC only scheme may outperform the would introduce several benefits such as capacity, security

hybrid one if the relay gain is relatively small; however, the  and high data rate increased [5], [7]. A cascaded PLC and
user mobility offered by the hybrid system remains the main  \ireless channels was analysed in [8]. The results showed
advantage over the PLC only system. that lower attenuation was offered in the PLC to wireless
Index Terms—Power-line communications, amplify-and-  direction than the hybrid channel in the opposite direction
forward, decode-and-forward, wireless communications,ignal- |+ ywas also found that PSD of the PLC channel is defferent
to-noise ratio. from that in the wireless one.
Inspired by adopting other communication technologies
|. INTRODUCTION for PLC systems, many researchers have studied the im-
HE advantage of using the pre-installed infrastructurgplementation of relays for PLC systems to improve the
of wiring networks makes power-line communicationscapacity and to tackle the signal attenuation issues [9], [1
(PLCs) a competitive technology for broad-band communiAmplify-and-forward (AF) and decode-and-forward (DF) are
cations. Due to the horrible channel of this technologyehe the two common types of relaying systems. While the former
are several practical issues ought to be overcome in ordemplifies the received signal then re-transmits it to itides
to ensure reliable transmission through the PLC systernation, the latter decodes and re-encodes the receivedl sign
Electromagnetic interference to the surrounding wireleggefore forwarding it to the destination [11]. Other types of
systems is one of the practical issues that needs to belays investigated over PLC channels include incremental
considered when designing PLC systems [1]. Certain limit®F (IDF) and selective DF (SDF) [12], [13].
are specified by standardization bodies for the maximum The use of half duplex time division relaying protocols
allowable power that a PLC modem can transmit to mak in-home PLC systems was investigated in [10] and the
sure that surrounding wireless systems are not affected bgsults were promising showing a significant improvement
the PLC system [1]. This might lead to low values of signalconsequently in data rate and power saving depending on
to-noise (SNR) at the destination. the position of the relay in the network and the network
Furthermore, transmission over PLC channels is mostlsize. Although the authors in [14] concluded that the cdpaci
affected by noise. Background noise and impulsive noisef indoor PLC systems can be considerably improved by
are the two main categories of noise over PLC systempositioning the relays in proper locations in the netwohleyt
While the former has negligible variation over time andreported that relaying could be more effective for wireless



than it is for PLC networks. Authors in [9] reported that two-
way relaying could provide more performance improvement
than the one-way relaying would in in-home PLC systems.
The implementation of DF relaying protocol for wireless-
powerline hybrid communication system was investigated
in [15] and it was found that the considered system is
significantly affected by the noise of the PLC link.
Implementation of multi-way relaying in parallel for in-
door PLC systems was discussed in [16] and the achievable
data rates were high compared to those achieved by direct

transmission. The implementation of relays in hybrid com- Q Q
munication systems in order to improve performance was D3 v
also studied in [5] where the source transmits signals tjitou

PLC and wireless networks simultaneously to a destination

through an AF relay. It was found that the use of hybrid a1 J%W»g
systems outperforms the use of PLC or wireless systems PLC User Relay D2
individually.

In this framework we study the deploying relays to connect
PLC with wireless link as no work in the literature has
studied such deployment. Therefore, the authors of thikwor
study the implementation of AF relaying to connect a cascade
PLC and wireless links. The information signal is firstly
transmitted by the PLC user to the relay through the PLC
link, which is then amplified and forwarded by the AF relay
via wireless channel to one of the wireless destinations.
Analytical expressions for the total capacity of the system  Fig. 1: System model for the hybrid PLC/Wireless network ifatoor
derived in this paper taking into consideration the diffgre ~communication applications.
characteristics of each link. Formulating the overall @itya
of the hybrid PLC and wireless system offers the opportuni-
ties to study the performance of such cascade system an
examine the effect of the different system parameters ssich . . .
relay location and relay-to-destination distance. Mordel&@ channel, €., the PLC link, is represented by the comp-lex
simulations were used throughout the paper to validate O%clpannel galrhp a_nth_V denotes the compl_ex c_:hannel gain
analytical results. For comparison’s sake, the perforraaric or the wireless link (i.e., the relay-to-destmanon chel). .
the PLC only system also analyzed. Results show that aft |ch_ channe!s are assumed _to t_)e |r_1dependent ar_1d identically
a certain distance between the source and destination t !étr!butgd with log-normal dl_strlbunon and Rayleigh m
proposed system can provide better performance compa |atr|but|on for PLC and wireless channels, respectively

to the PLC only system when the AF relay gain is sufficientl 11}, [17]. Bec"?‘“?e of_the nature of the networl_< struct_ure
large. adopted here, it is logical to assume that there is no direct

LC channel is amplified and redirected to its receiver
rough a wireless link by an AF relay. The source-to-relay

The rest of the paper is organized as follows. The systeHﬁ]k b_etv_veen the source and des_tmatlon nodes. It is V\_/orth
model is described in Sec. Il. The system performanc entioning, for simplicity and without loss of generality,
analysis is presented in Sec. Ill. The discussion of th at noise over the two links is assumed to be additive white
numerical results is in Sec. IV. Sec. V draws the conclusiorr 2USSian nqlse (AWGN). ) )
of this paper. a) Hybrid System Overall Capacity. As we mentioned

above, the overall communication is divided into two stages
Il. SYSTEM MODEL The received signal by the relay from the PLC user during

In this section, the system model for the hybridphase one can given by the following

PLC/wireless system with the use of relay is introduced and

we formulate the overall capacity. The system model under yr (t) = \/Ee*adlhps + N, Q)
consideration is shown in Fig.1. The practical applicagioh

the proposed system could be at any building company, homénere P, is the source transmit powet; is the PLC link

or university where the source has access to the PLC lidkngth which represents the total distance from the PLC user
and the destination does not. PLC users can be connecteddothe relay,s is the useful information with E[s]=15, is

the network through PLC modems which exploit the powethe noise at the AF relay which is considered to be complex
lines for communications. We assume that one PLC user @aussian [18], [19] with varianee? and zero mean , andis
connected to one of the outlets and this user wants to shate PLC channel attenuation factor and is givernby ag+
data with one of the wireless users in another room which has f*, where constants, anda; are normally determined
no access to the PLC network. A relay node is used in ordey measurements; is the system operating frequency and
to assist the data transmission. Data transmitted throughpresents the the attenuation factor exponent .



In the second phase the following formula describes desthere Mg (z) and M1/ (2z) are the moment generation

tination received signal

ya (6) = hoG/Prdy ® (VPee™hps + . ) +na, (2)

where G is the relay gain,d, is the relay-to-destination

functions (MGFs) of the random variablés and L + M,
respectively.

MK(Z) = M‘hP‘ZPSG_Qadl. (10)

distance,m denotes the path loss exponent of the wireless As mentioned before that the PLC channel is represented
channel, P, is the relay transmit power and; represents by log-normal distribution. According to [22, Eq (2.54)kth

the destination noise with zero mean and variange

MGF OF the log-normal distribution is given by

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

signal terms, the destination can be written as

_ G?Pudy " Py |hpl? by, |
G2P,dy™ |hy|? 02 +02

v )

The instantaneous data rate of a communication systegl

can be calculated as

€= 3Elog(1 +7)]. @)

while ~ is the SNR of the system and the factpis due to

the fact that the whole communication process between the
transmitter and receiver is functioned in two stages [20].

IIl. PERFORMANCEANALYSIS

In this section, we derive accurate analytical expressions

for both the hybrid and PLC only systems.

A. PLC-Wireless System
To begin with, equation (3) can be rewritten as

Pye=20h |pp|?

2 o ®)

Ur + P.,«sz;m‘hw‘Q
To simplify our analysis, let us assume that =
Pse_adl |hP|2, L = 0'72 and M = W Now we

. »G2dy ™ B |
can write (5) as
K

= ) 6
Ty M ©

Substituting (6) into (4), we can be express the capaci

of the hybrid system as

CH:%E {Iog (1+LfM)} , 7

1 M —VZopant(=2u
Mu(z) = = 5 Ha, exp (107 ),

where H,, represents the weight factors of té, order
ermite polynomial and:,, is the zeros of the same order.
y using the previous equation f¢hp|2 with log-normal
parameters?(uhp,40,§P), the MGF of K can be expressed
as

1 Yy
Mk (z) = N 21 H;,
ne
7ﬁ2ahpmn+(72uhp)

exp (10 70

Pse_Q“dlz> . (12

On the other hand, the wireless channel is considered to
e affected by independent and identical distributed cerpl
Gaussian fading which has zero mean and variance equal to
1. Therefore,|h,,| follows Rayleigh distribution andh,,|”
becomes exponentially distributed. As a result, the MGF of
L+ M can be expressed as

2 ZO'2 ZO'2
Mpi(2) =€ 2 | ——4 T [ 1,24 —21— ],
r+u(2) P.G2d;"™ K( P.G2d,"
13)

where g is the modified Bessel function of the first kind.

B. PLC Only System
In this subsection, we assume that the transmitter and the
ceiver are only connected through a PLC link with no relay
between. Therefore, the signal at the destination can be
given by

Ya (t) = v/ Pse *@hs + ng, (14)

where the superscript H denotes the hybrid system. Accorgihered is the PLC link length which represents the total
ing to [21, Eq (5)], for any non-negative random variable distance of the end-to-end nodes amgdis the destination

andwv, we can calculate the average capacity as follows

oo

1
E {In(l + %)} :/ . (1 —Mu(2)) My(2)dz.  (8)
0
Using this definition, we can rewrite (7) as follows

)] :fo/ ! (1= Mg(z)) Mpym(2)dz,

E [In(l + 5| -
(9)

L+ M
0

noise which is assumed to be complex Gaussian [18], [19]
with zero mean and varian@,

From (17), the SNR at the destination can be written as
follows

Psef2ad |h|2

= (15)

’y:

Similar to the case with the hybrid system, the overall
capacity is given by

C = %E llog (1 +7)]. (16)
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Fig. 2: Average capacity versus input power for differentuga of Fig. 3: Average capacity versus relay-destination digéioc different
source-relay distance. values of path loss exponent of the wireless channel.
Mathematically, we can rewrite (16) as follows IV. NUMERICAL RESULTS

00 Monte Carlo Simulations are used in this section to verify
_ the obtained numerical results for the overall capacity of
c=1/1 1+ d, 17 .
/ og2 (1+7) H(M)dy (47 the system. The considered system parameters are, unless
0 indicated otherwise, as follows: operating frequency & th
where f,(v) is the probability density function (PDF) of. systemf = 500KHz, exponent of the attenuation factc7)r of
By applying the PDF formula of the log-normal distribution,the PLC linkk = 0.7, ag = 2.03 x 1072, a1 = 3.75 x 10
PDF can be expressed as dy = 10m, the input power’; = 1W, P, = 1W, relay gain
G = 1, relay to destination distaneg = 1m and input SNR
) is 10dB [11], [24].
f1(7) = ¢ exp (_ (€In(y) — (2 +¢In(ar))) ) , To explore the effect of the distance between the source

~ 2\/Bro 802 18 and the relay on the system performance, the overall cgpacit
. . o 18) s plotted in Fig. 2 versus the input power for different
where( is the scaling constant and it is equall/In(10)  yayes of PLC link lengths. As we can see that there is a

P —2ad
anda; = ~Zz—. Hermite-Gauss quadrature is used iperfect agreement between the results obtained by Monte

order to get an accurate approximation for (17). Assumingarlo Simulation and the analytical results, obtained from

that 9. It is also clear from the figure the capacity improves
as the input power increases and the source-relay distance
_ ¢In(y) = 2u +¢In(am) (19) decreases. Generally speaking, the average capacity of the
802 ' system is almost the same when the source-to- relay distance

Now, we can rewrite (17) as f:hanges froml to 10m particularly for small values of the_
input power. On the other hand, a performance degradation
00 can be clearly seen when the distance between the source
ECh :/. lh(x)exp[sz]de- (20) and rglay is increased wom. _ -

T In Fig. 3, the total capacity is plotted against the distance

between the relay and the destination with different values
By using Hermite—Gauss quadrature (20) can be expressed. As anticipated, we can see that the average capacity

o0

as is degraded as the relay-destination distancerandcrease.
In general, whenn = 2, which is the minimum value of
Np the path loss exponent considered in the figure the system
Cp= 3 J=Hy, h(zy) (21)  has the best perf d to the oth I f
2 yrta i), performance compared to the other values o
- m. The system has the worst performance when= 3.5
where which represents the highest value of the path loss exponent

considered in the figure. It is also noticeable that the per-
formance of the system is high for shorter distance between
_ V8o, + 21 + (ln(ar) the relay and destination compared to the performance of the
h(z,) =loga | 1+ exp .

¢ system for longer distance.
(22) The behavior of the total capacity when the gain of the
It is worth noting that similar analysis appeared in [23]. relay increases is illustrated in Fig. 4. It is obvious tha t
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Fig. 4: Average capacity versus the relay gain for differesiues of Fig. 5: Comparison between the hybrid system and PLC onltesys

relay-destination distance.

o particularly for low values of source-destination distaand
performance of the system enhances significantly as thg rel,ab|ay gain, yet the use of the hybrid system is more attractiv

gain increases and this justifies the main purpose of thg relg, indoor applications since it provides better mobilityetad
use in the system. As seen in the figure, the average capagiiyers.

is only 0.9Bits/s/Hz when the gain of the relayislB and the
relay-destination distance iism, while it becomes almogt2 VI. ACKNOWLEDGMENT
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A comparison is carried out in Fig. 5 between the PLC
system only and the hybrid system. Ba#i at PLC and

; 2 _ [1] B. Adebisi and B. Honary, “Comparisons of indoor PLC esii®is
hybrld system are equal 0.1, o; 0.01 for the relay measurement results and regulation standaRtsg. Int. Symp. Power

in the hybr.id systemd; = do bot_h equal to the half.of line Commun (ISPLC), pp. 319 — 324, Mar. (2006).
the total distance andn = 2. Different gain scenarios [2] K. M. Rabie and E. Alsusa, “Performance analysis of aideplybrid
were considered and it was found that the PLC 0n|y system nonlinear preprocessors for impulsive noise mitigatioargrower-line

. .l . channels,” in EEE Int. Conf. Commun. (ICC), pp. 728-733, Jun 2015.
outperforms the hybrid system when the relay gain is varieqs) p. anastasiadou and T. Antonakopoulos, “Multipath rtwerization

from 0 — 10dB regardless the source-destination distance of indoor power-line networks,1EEE Trans. Power Del., vol. 20,
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