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Abstract—Power line communications (PLC) is one of the pre-
ferred technology for smart grid communication. Recent works
have shown that the performance of the system improved with
the aid of relay nodes. However, many PLC applications need two-
way communication links where the channels are highly correlated
to each other. For this reason, two-relay two-way PLC channel
system become more desirable. In this paper, we aim to model the
two-relay PLC forward and backward channel transfer functions
(CTFs) using ABCD matrix. We also investigate the channel char-
acteristics by comparing the CTFs between single-relay and two-
relay two-way PLC systems. It is shown that for non-direct links,
the CTFs of the two systems are comparable. However, single-relay
systems have better direct link CTFs compared to the ones of two-
relay systems.

Index Terms—Channel characteristics, power line communica-
tions (PLC), two-way PLC system, single-relay, two-relay, forward
channels, backward channels

I. INTRODUCTION

The research on power-lines as the means for information
delivery started in the late 1990’s. Ever since then, power-
line communication (PLC) technology has been popular for
data transmission for indoor and outdoor data communication
as power-line infrastructure is available widely [1]-[3]. With
the high power demand and the introduction of successful
deployment toward achieving the smart grid system, it can meet
the demand of the higher data-transmission rate [4], [5].

PLC systems can be designed to be more reliable and ad-
vanced through the understanding of power-line channel char-
acteristics. In fact, there are a number of research works on the
power-line channel modelling to facilitate PLC research. Of all
channel modelling approaches, the bottom-up approach is pre-
ferred as it represents the topology of the power-line network. It
is performed by implementing the transmission line (TL) theory
to obtain the channel transfer function (CTF) using the network
information [6]-[8]. In addition, this approach is convenient to
characterize power-line channels with relay(s). Relaying makes
data transmission more reliable in long distance communication
systems [9].

A single-relay, or sometimes called as three-nodes, one-way
channel model has been proposed in [10]. However, many PLC
applications need two-way communication links. In [11], the
system performance of two-way relay-aided PLC was evalu-
ated. Furthermore, an extended channel model of the one in
[10] for two-way scheme relay-aided PLC was presented in
[12]. It has been shown that the links in the two-way channels
are highly correlated to each other. Additionally, the channel
transfer functions (CTFs) of the forward and backward chan-
nels have been shown to be different.

It is obvious that the performance of the system can be
further improved by adding more relays. In particular, it has
been shown that the average capacity, coverage, and throughput

improve with the increase of the number of relays [13], [14].
However, increasing the number of relays increases the total
power consumption due to the static power of modem [15].

A bottom-up channel model for two-relay one-way PLC
network has been derived in [14]. It has been found that in
two-relay system, the use of both relays degrades the channel
transfer function (CTF) when compared to the use of one relay
only. It has been stated that the physical topology affects the
channel characteristics [16]. Therefore, when we need to opt
for using single-relay or two-relay two-way PLC system, we
need to observe the channel characteristics for both systems.
Nevertheless, the comparison of channel transfer function of
single-relay and two-relay two-way PLC system is not available
in the literature. This paper fills this gap by first extending the
one-way channel model in [14] into two-way channel model.
Next, we deploy a few comparable topologies and scenarios and
simulate their CTFs.

The remaining of this paper is organised as follows. Section
IT discusses the two-relay two-way PLC channel topology.
CTFs for two-relay PLC forward and backward channels are
shown and derived. Numerical examples are given in Section
IIT to verify the result. Finally, the main conclusion of work are
highlighted in Section IV.

II. TWO-RELAY TWO-WAY PLC CHANNEL TOPOLOGY

In this paper, we use Canate’s hybrid point-to-point (P2P)
channel model which consists of four segments and three
branches, where each branch is terminated by a load impedance
[17]. In each segment, the cable is characterized by its parame-
ters and length. For the sake of simplicity and fairness, we as-
sume that the three terminated loads have the same impedances.

A general channel model of a two-branch transmission cir-
cuit consists of five cascaded two-port sub-circuits, i.e. three
backbone transmission line segments, &1, ®3, ®5, and two
branched-circuit segments, ®o, ®4, is depicted in Fig. 1. Fur-
ther, Fig. 2 shows the two-port network layout of the proposed
two-relay PLC system model consisting of source (S), relay 1
(Ry), relay 2 (R,), and destination (D). Its simplification along
with the possible communication links is shown in Fig. 3.

We first obtain the equivalent input impedance which de-
pends on cable types, parameters, and lengths. Next, the equiv-
alent impedance is used to obtain the ABCD matrix of each
segment. The overall ABCD matrix for the whole structure is
the product of the ABCD matrix of each segment. Using the
overall ABCD matrix, the transfer function can be obtained and
expressed as the ratio of the load voltage to the source voltage
[18], [19]. The composite CTF for a certain link can be found by
summing the respective CTFs of the segments which constitute
the link. For example, the composite CTF of the entire S-R;-
D link is the sum of CTF of S-R; segment and CTF of R-D
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Fig. 2. Network layout of segment

segment. If amplify-and-forward (AF) relay is used, we will
have an amplifying constant in each segment except the last
ABCD matrix [14].

A. CTFs for Two-Relay PLC Forward Channels

The steps for obtaining the forward CTFs are explained as
follows. Due to the page limitation, we just present the CTF
for S - Ry - D link as an example. Other CTFs can be obtained
through similar steps. Interested readers may read [14] for the
details.

« We divide the path into two, i.e. S to R; and R; to D. From
the S - R; point of view, R, and D behave as branches.
Similarly, from the R; - D point of view, R, and S behave
as branches.

« We consider the path S - R; as in Fig. 4. First, we calculate
the branch impedance where R, is parallel to D. The
equivalent input impedance of the branch is calculated by
the impedance sum of R, and D, given by

AQZ}%QD + By

“ZoRD  E 1
OQZ’R2D + Do M

ZR.D =
where Zp, , is the equivalent impedance of Zcg2||Zpegs
Zeqo 1s the equivalent input impedance of Ry, and Zp., is
the equivalent impedance of the D branch. Their expres-
sions are given by

Zeoga D
A = Z.w2||Zpe = —ca=rred 2
RoD q2H Deq Zeq2 +ZDeq7 ( )
lepy = SRlimt B 3)
“ CR2Z}4R2 +D327
Zp, Z1,R.
Z = Zpl||Z =2 4
LR, b2|| LR, sz +ZLR27 “4)
AsZy + Bs
ZDeqg = ——o-——. 5
Deq C3Z5, + D3 )

Fig. 4. Network layout of the path S to R;

Second, we get the ABCD matrix of the direct path from
S to R, as follows

1 1
o A% B,

SRy T (1)
OSR1 DSR1

1 Zs| |4, By 1 0| |Ag, Bg,
0 1||c, D L 1| |Cr, Dg,

ZRyD

Third, the CTF of S - R| can be calculated by

!
ZLRl

Hé'lRl = (1) ’ (1) (1) (1) ) (6)
ASRlzLRl BSR1 CSRlezLRl DstS
where Z7 5, is given by
Zy, ZLR
A = Zy||ZLr, = : 1 (N
LRl 1 1 Zb1 +ZLR1

We consider the path R; - D as in Fig. 5. Similarly, we
first calculate the equivalent impedance of S and R,. Since
the input impedance of R, is calculated earlier, the branch
impedance of S can be expressed as

A1Zg + By
Zse —_ 8
Sea = C1Zs + Dy’ ®
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Fig. 5. Network layout of the path R| to D

Next, we get the ABCD matrix for R; - D as follows

I
_CRlD Dr.p
B —1 0 _ARl Bp, 1 0
% 1] |Cr Dr| |7
A, B[ 1 0| [4 B
g Cy D2| |7 1] |Cs Ds
Third, the CTF of R - D is given by
HI(%21)D
VA3
- A%)DZL + Bgl)D + CI(%?DZLZLRl + DE?Q,I)DZILRI '

)

o Lastly, the composite path gain of the entire S - R; - D link
is given by

Ry 1 2
HSW = (HS) A) + HY (10)

where A is the amplification factor when AF relay is
employed.

B. CTFs for Two-Relay PLC Backward Channels

Our remaining task is to derive the CTFs of the reverse links
of the two-relay PLC system shown in Fig. 3.

1) Transfer function of the direct path from D to S: Consid-
ering the direct path from destination to source, the relay nodes,
R; and R, are treated as the loads. The signaling of the direct
path can be found by first calculating the equivalent impedance
of the two relay branches as follows

Ap,Zp g, + Br,
Cr.Z}p, + Dr,’
ARZZ/LR2 + Bp,
Cr,Z1p, + DR,

(1)

Zeqb,l =
Zeqb,2 = (12)

Therefore, the matrix of the direct path from D to S is given by

w12 52
Che DY
as B[ 1 0] |4 B
|G D] |2 1 |G Do
1 o|l|a B
N Ci Di . (13)
L Zegb,1 _

As a result, the CTF of the direct path from D to S can be
expressed as
(D) _ Zs

DS — .
AP 7o+ B + D) 752, + D) 7,

(14)

2) Transfer function of the path D to S through R;: This
section describes the connection between two paths, i.e. D toR;
and R; to S. When the signal travels from D to Ry, as always,
R; is considered as the destination while S and R, behave as
branches. The equivalent input impedance of the source branch
is given by

A1Zg+ By
C1Zs + Dy’

Combining with the second relay impedance and the source
impedance, the path matrix from D to R; can be expressed as

Zeqb,S = (15)

[ 4 1)
o) ADR1 Bpg,
DRy — (1) (1)
_CDR1 DDR1
A3 B3 1 0 A2 B2
_Cg D3 m ]. CQ DQ
1 0] |A B
x S (16)
_Tim 1| |Cr, Dg,
Therefore, the CTF for D - R; path is
Zl
oh, = L T (7

1 1 1
A(Dkl Z/LRl + B(Dl)?,l + Cf(:n)%l Z,LRlZL + DDRIZL

For the path from R; to S, R; behaves as the source and S
behaves as the destination while R, and D become the branches.
The equivalent input impedance of the destination branch is
calculated through the impedance sum of R, and D as follows

Zeoqba = , 18
®A T CoZpy, p + Dy (18)
where Z j?Q p and Z.p 5 are respectively given by
Zeqb,2Zeqb,5
A = Z Zoqh 5 = o 2220000 19
Ry D qb72H qb,5 Zeqb,2 + Zeqb,5 ( )
AsZ; + Bs
Ze = ——= 20
ab,5 Cs3Zp + Ds (20)

The path matrix for R; - S path is

[ 4@ (2)
AR1S BR15

2 2
Cils DR

(2 _
(leS -

1 0
Zy, 1

Ar,
Cr,

Br, 1 0| |4 B
Drg, L_ 1] |c1 Dy

Zegb,a

Therefore, the CTF for R; - S path can be expressed as

Zs

=T 2 2 2
AS{ESZS + Bgzl)s + Cz(zl)sZSZ/Lm + Dgzl)szim

H? 1)

Finally, the composite path gain of the entire D - R; - S link
is given by

R
HYY = (Hp) A)+ His. 22)
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3) Transfer function of the path D to S through R;: Using As aresult, the CTF for R, - R; path is
similar method, link D to S through R, consists of 2 paths, i.e.
D - R, path and R, - S path. For the first path, S and R, are Rof

considered as branches. The equivalent input impedance of the = 2Ry .
S - R; branch is AgQ)RIZRl + Bz(a?g)Rl + 01(3,22)1%1 Z1r LR, T DE?Q,Z)SZILRQ
AsZgp + By GD
Zegb,6 = m’ (23) The composite path gain of the entire D - R, - R} - S link is
! expressed as
P
where Zom, Is given by Hpg™ = (Hpp, A) + (Hig)p, A) + Hils.  (32)
Zsn, = Zeg||Zeqps = M (24) I11. NUMERICAL RESULTS
eqb,1 + Zeqb73 . . . .
For simulations, we assume the source has inner impedance
The path matrix from D to R; is of 50€2 and each terminated load (of R;, R,, and D) has the
- impedance of 150¢2. Note that the load impedance is commonly
o) _ Ag}sz B(Dll’)%z larger than the source impedance. The amplification factor, A is
DRy — o pm assumed to be 1. In this section, we present two simulations.

L~ DRz DR, In Simulation 1, we present the segment and link CTFs of the
As B 1 0| |Ag, R two-relay two-way PLC. The PLC channel realization parame-
= » (25)  ters for Simulation 1 are given in Table 1. Each signalling path
_03 D3 Zeib,a 1| |Cr, Dk, in the relay-involved channel is treated as an equivalent P2P
. channel. Using Canete’s PLC channel simulator, the transfer
Therefore, the CTF for D - R, path is function can bi obtained as shown in Fig. 6. The summation of
o Zir, 26) the respective CTFs of the segment can get the desired compos-

DRy — ite CTF as shown in Fig. 7. It can be seen that attenuation is

AD g o) T
Dl T L b2 Pz T Ll b2 higher in high frequencies.
In the second path, R; and D become the branches. The

matrix for R, - S path is given by TABLE I
CHANNEL REALIZATION PARAMETERS

(4@ @
(I)S’?,Q)S — R2S RyS Line section Length Cable type | Terminated load
’ 01(322)5 Dg; g Backbone 1 | di =46.1m | ng =4 N/A
- ) . An, Br, . 0 Branch-tap 1 | dp1 =11.7m | ng,, =1 Z1(f,T)
= Backbone 2 da = 39.6m ng, =3 N/A
_Zb2 1 Cr, Dr, Zeib,.’i 1 Branch-tap2 | dp2 =23.5m | ng,, =2 Zao(f,T)
_A2 B, . 0 A, B Backbone 3 d3 = 44.6m ng, =5 N/A
X 27 Branch-tap 3 dg3 =0 N/A Zy,3 = 00
_C2 Ds Zeib)l |G Dy Backbone 4 dy =0 N/A N/A

Therefore, the CTF for R, - S path is

@ _ Zs
2 2 2 2 :
AEQQ)SZS + 3532)5 + Cl(QQ)SZSZ,LRQ + Dg%g)SZ/LRg

RyS = (28)

-20

As usual, the path gain of the entire D - R, - S link is given
by Ve
_40§\ /

VY A\
x//L\\\\,&\ { TN i

(Ra) _ (1) (2) M R TR~
Hps' = (Hpp,A) + Hp,s. (29) AR VAN SN
— 60 VNN Neeel T
. 2 NV -
4) Transfer function of the path from D to S through R; - Ry: T ol \Q//:i\\/y\\ g S
The link consists of three paths, i.e. D to R, Ry to R, and R; to i S RN
S. The equivalent input impedance for D to R, and R; to S have 100 Bl
. . . . - 1 (2) (1) N
been derived earlier. Therefore, the matrix for R, - R; path is ”:s‘r} H(F;D Hz:‘
HSR‘ HF{(R2 -0 HDR2
_A(Q) (2) -120 O @ O S
e M s g
RoRy — (2) (2) 140 2 i 2Ry | |
_CR2R1 Diir, 0 05 1 15 2 25 3
L Frequency (Hz) %107
1 0| |Agr, Br, 1 0
= 1 Fig. 6. CTFs of a two-relay two-way PLC system

sz 1 CR2 DR2

Zegb,s
i A B 1 ol T4 B In Simulation 2, we compare the link CTFs of single-relay
« 2 2 R R (30) two-way PLC system (SYS A) and two-relay two-way PLC

Cy Do Cr, Dr, system (SYS B). For the sake of fair comparison, we design

Zeqb,S
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Fig. 7. CTFs for two-relay PLC forward and backward channels

four topologies and scenarios in Fig. 8 to observe the channel
characteristics for both systems. Note that we use the same
cable type for all segments here. We compare the link CTF
when only one relay is used. In the first and second scenario,
we compare the CTFs of the S - R - D and D - R - S links of
the two systems. SYS B uses only one of its relays, either R;
or R,. We place the relay in SYS A according to the respective
SYS B relay position to see the effect of the idle relay in SYS
B. In scenario 3, we observe the CTF of the S - R; - R, - D and
D -R; - R; - S links in SYS B. To make the comparison as fair
as possible, we place the relay in SYS A at the midpoint of R;
- R, distance. Lastly, scenario 4 compares the CTFs of SYS A
and SYS B for their direct S - D and D - S links.

R
el D o
s — f|tsm—V p s 15m-__ D
[ —N B— ~
40m 80m 80m 40m
Rq Rz Ry Ry
— -
B , ——8 — ‘———=u
40m 40m 40m 40m 40m 40m
(a) (b)

s _— |im D s 15m D
[ : 3 = |
60m 60m 60m 60m

- | [ ]

S 15m 15~ p S 15m 15m
B -3 = |
40m 40m 40m 40m 40m 40m
(c) (d)

Fig. 8. Topologies for comparing two-way PLC systems with single relay and
two relays: (a) scenario 1, (b) scenario 2, (c) scenario 3, and (d) scenario 4.

The simulation results of the four topologies are compared
and depicted in Fig. 9. It can be seen that all forward channels
give relatively better CTFs compared to the backward channels
as the load impedance is larger than the source impedance.

IHI(dB)

[HI(dB)

[H|(dB)

-35
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Fig. 9. Comparison between single-relay and two-relay two-way PLC system
under four different topologies: (a) scenario 1, (b) scenario 2, (c) scenario 3,
and (d) scenario 4.

For the first scenario, it can be seen that SYS A and SYS B
have relatively the same forward CTFs, except that at certain
frequencies, SYS B gives deeper attenuation. However, the
backward CTFs of the two systems are relatively indifferen-
tiable.

Similar to scenario 1, the results for scenario 2 show indistin-
guishable characteristics for SYS A and SYS B. It can also be
seen that backward CTFs gives more deep attenuation at certain
frequencies.

On the other hand, there are noticable differences, especially
in high frequencies, between SYS A and SYS B in scenario 3. It
can be seen that SYS B has better forward and backward CTFs
at high frequencies. For the direcot links, it can be observed
that SYS A provides better performance than SYS B. It can be
understood by looking at the addition of branches which adds
the channel attenuation.

IV. CONCLUSION

The CTFs of two-relay two-way PLC system has been in-
vestigated in this paper. The ABCD method has been applied
to get the CTFs for both forward and backward channels. The
composite CTFs for a certain link can be found by summing
the respective CTFs of the constructive segments. We have also
compared the CTFs between single-relay and two-relay two-
way PLC systems. It has been shown that two-relay systems
can be used when we want to make advantages of the number
of relays as the CTFs for non-direct links are relatively similar
or better than the single-relay PLC systems. On the other hand,
if we mostly rely on the direct channel for data transmission,
single-relay PLC system is preferred.
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