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Abstract—Two-way relay-based power-line communication
(PLC) has been used in many smart grid applications. It is neces-
sary to model the channel characteristics of such system in order
to design a reliable communication link between premises and
data centre. The channel transfer function (CTF) is preferred to
be found using the bottom-up approach, as it represents the true
topology of the PLC network. In this paper, we model a bottom-
up multipath channel model for single relay two-way PLC channel
based on transmission and reflection coefficients. We also compare
the proposed model with the ABCD method and the voltage ratio
approach (VRA) method. We show that the multipath model can
well represent the two-way relay-based PLC channel.

Index Terms—PLC, relay, channel model, CTF, ABCD matrix,
VRA method.

I. INTRODUCTION

The rapid growth of smart grid systems has made power-
line communication (PLC) technology popular for data trans-
mission indoor and outdoor [1]. It is because PLC uses the
existing power-line infrastructure without installing new wires,
thereby no additional cost is required. Smart grid needs two-
way communication links to send information from premises to
data centre and vice versa. To improve the signal quality, a relay
can be employed. The use of relay increases the diversity gain
to handle the challenging PLC channel.

Relay-based PLC systems can be well designed through the
understanding of PLC channel characteristics, which can be
obtained through channel modelling. In the literature, a number
of research works on the PLC channel modelling have been
discussed. In general, PLC channel models are grouped into
top-down approach and bottom-up approach.

The top-down approach uses a set of parameters to describe
the channel and behavior characteristics of PLC networks [2].
The parameter values are derived from statistical analysis based
on measurement data. This approach can work in either time do-
main or frequency domain. However, it is hard to connect to the
physical topology due to the difficulties in setting up large test
loops with physical characteristics and configurations. A well-
known top-down PLC model was proposed by Zimmermann
and Dostert in [3]. The Zimmermann-Dostert PLC channel
model is represented by the sum of multipath components
where each multipath component consists of a weighting factor,
an attenuation factor, and a delay coefficient. The weighting
and attenuation factors are obtained from measurement data.
Another top-down method was proposed by Tonello in [4].

On the other hand, the bottom-up approach is performed by
implementing the transmission line (TL) theory to obtain the
channel transfer function (CTF) using the network information
[5]-[7]. The bottom-up approach is more preferred as it rep-
resents the topology of the power-line network. PLC channel
modelling task can be difficult because of different topology
of power networks and its harsh nature. Yet, many researchers

were able to model the PLC channel. In this approach, the PLC
transfer function was derived by using several means, such as
the ABCD matrix [8], the S-parameter [9], the multiconductor
transmission line (MTL) approach [10], [11], IIR-Filter [12],
and the voltage ratio approach (VRA) in [13]. A comparison
between the ABCD and VRA models has been discussed in
[14].

A single relay PLC channel model with the ABCD method
has been proposed in [15]. An extension of this model to two-
way single relay PLC was discussed in [16]. The derivation of
composite CTF of the single-relay and two-relay two-way PLC
systems has been discussed in [17]. In this paper, we propose
a bottom-up multipath channel model for single relay two-
way PLC channel. This method is derived from the top-down
Zimmermann-Dostert model with modification of the parame-
ters to be a bottom-up model. The parameters are obtained from
the transmission and reflection coefficients as given in [18]. The
proposed model is then compared with the ABCD and VRA
models.

The remaining of this paper is organised as follows. Section
II discusses cable parameters to calculate the CTFs. In Section
III, CTFs for the three PLC channel models are shown and
derived. Numerical examples are given in Section IV to verify
the result. Finally, the main conclusion of work is highlighted
in Section V.

II. CABLE PARAMETERS

According to electromagnetic theory, the source energy must
be guided to achieve an efficient point-to-point transmission of
power and information. At high frequencies, the power cables,
or so called transmission lines, guide the transverse electromag-
netic (TEM) waves along them. In this paper, the power cables
are the typical single-phase house wiring which are made up
of stranded copper conductors with PVC insulation. The wires,
i.e. live, neutral and earth are laid inside metal conduits that is
placed inside the concrete wall.

The power cable is characterized by its type based on pa-
rameters and length. In a PLC transmission line, the paired
live and neutral wires, are placed parallel in uniform distance.
This transmission line is characterized by its characteristic
impedance Z; and the propagation constant y given by

 [R+j2nsL
Zo(f) = G+ jornfC (D

v(f) = V(R+j2rfL)(G + j2r fC) 2)

where R, L, C, G are the per-unit-length resistance (£2/m), in-
ductance (H /m), capacitance (F'/m), and conductance (S/m),
respectively. The per-unit-length inductance and capacitance
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Fig. 1. Detailed topology of a PLC system for multipath model. The transmis-
sion and reflection factors shown here are only for the forward mode.

are assumed constant for a given cable while the per-unit-length
resistance and conductance are functions of frequency, given by
R = Rov/f and G = Gy x £ x 2nf, respectively, where £ is
the cable loss and both Ry and GG are constants [19].

IIT. SINGLE RELAY PLC CHANNEL MODELLING

In this paper, we focus on three types of channel models, i.e.
the newly proposed multipath model, the ABCD method, and
the VRA method. For simplicity, we use a single-relay PLC
system model consisting of source (S), relay (R) and destination
(D). The two-way PLC channel has two modes: forward mode
and reverse mode. The forward mode refers to the mode when
the signal is transmitted from S to D and the reverse mode refers
to the mode when the signal is transmitted from D (which acts
as a transmitter) to S (which acts as a receiver). We also assume
that the length of each link is long enough so that there is no
reflection from the far end. Each channel model is formulated
as below.

We can infer from the description above that the source,
relay, and destination nodes can act as either a transmitter or
a receiver. Therefore, their inner impedance value during the
transmitting mode will be different from the one in the receiving
mode.

A. Proposed Multipath Model

The bottom-up multipath model proposed in [18] is shown in
Fig. 1. Note that Zg, Zy, Z1 g, and Z, are the load impedances
at the source, branch, relay, and destination, respectively. We
assume that 7}, is the frequency-dependent impedance given by
[19]

R/
Z oyt 3)

(L -«
where R, wgy and @ are the resistance at resonance, resonance
angular frequency, and quality factor respectively [19].

The overall CTF of a relay-based PLC network in each mode
is given by

N
H(f) = giue 7>, “4)
i=1

where g; is the gain factor of the i-th path derived from the
transmission (7") and reflection coefficients (I'), a; = e~ 7% is
the attenuation factor for the i-th path, v is given by (2), d; is
the length of the i-th path, 7, = d;\/€,/co is the delay of the
i-th path, €, is the relative permeability of the cable material, ¢,
is the speed of light, and N is the number of relay links. In this
paper, we consider two relay links for each mode, i.e. S-D and
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Fig. 2. Network layout of one-branch PLC channel model for the ABCD
method.

S-R-D for forward mode and D-S and D-R-S for reverse mode.
We will derive the CTF for each link and we will not find the
overall CTF. Note that, without loss of generality, we do not
consider reflected paths for each relay link.

1) CTF of S-D Path: The signal travels from S to the branch
point A and then to D. As a result, the CTF is given by

HSD(f) = gsDOZSDeijzﬂ-fTSDv @)

where Tsp = dSD\/a/Co, dSD = dy + ds, Qg = eivdSD’
and g, = T42Tpr. Here, T'as = 1 4T 4; is the transmission
coefficient from node A to line 2 and Tpy, = 1 + I'ps 18
the transmission coefficient from node D to the load. Note
that we need to include Ty as the load does not match
the characteristic impedance of the power-line. The reflection
coefficients are expressed as I' 41 = (Zo/2 — Z0)/(Z0/2+ Zo)
and FDQ = (ZL — Zo)/(ZL + Zo).

2) CTF of S-R-D Path: The CTF function for this path is
given by

Hsrp(f) = gSRDaSRDe_jQWfTSRD + gRDaRDe—ﬂﬂf‘rRD’
(6)
where
SRD — dSRD \/5/007

RD — dRD GT/CO’

S A

dSRD =dy + 2dy + do,
d,, =dy+ da,

Qopp = e_’YdSRD’

App = e*'YdRD’

9sno = Tasl'ByTa2Tpy,
9rp = TA2TDL9

Tap =T a2,

Ty = (ZLr — Z0)/(ZLr + Z0)-

and Z} p, is the equivalent impedance of branch Z; parallel to
load impedance of the receiving relay node Z i which can be
written as

Zyr=2y || Zig- (N

The first term of (6) shows that the signal travels from S to
the branch point A then to the relay point B. However, upon
acceptance of the relay, part of the signal is reflected back to
the branch and goes to point D. In addition, the second part of
(6) shows that the relay transmits the signal to point D.

3) CTF of D-R-S Path: Similar to the S-R-D path, the CTF
of the D-R-S path can be written as

—12nfr —j12nfT
HDRS(f) = 9prs¥prs€ P2 ToRs T Grsrs€ izt RS,

3
where dDRS = dSRD’ dRS - dSR’ Tprs = Tsrp>» Trs = Tsr>
Qpps = OQgpps O = Qgp, Gpps = Lal'eTa1Ts, gpg =

Tar1Ts, Tar =14+Tp1,andTs =1+ T'g.
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4) CTF of D-S Path: Using the same concept as the S-D
path, we have the following CTF

HDS(f) = gDsO‘DseijQﬂ-fTDSv 9
where 9ps = TaTs, I's = (ZS — Zo)/(ZS + Zo), Tps =
dps \/a/CO, dps =dgp,and o, = e s,

B. ABCD Method

In order to get the ABCD matrix, Canate’s hybrid point-
to-point (P2P) channel model is used which consists of two
segments and one branch terminated by a load impedance.
Fig. 2 shows the network layout of one-branched PLC channel
model used for this method. We assume the amplification factor
Ap = 1. The CTFs can be derived as follows [16].

1) CTF of the direct path S to D: The ABCD matrix between
S and D is given by

[ 4D (1)
o) — Asp Bsp
C5h D)
1 ZS A1 B1 1 0 A2 B2
0 1] [C1 Di |z 1] |C2 Do
(10)

where, Z.4,1 is the equivalent input impedance of the relay
branch as follows

. 11
CvZ, p + D (b

Zeqb,l =

where Z) , is the equivalent impedance of branch Zj, parallel
to load impedance of the receiving relay node Z1r which can
be found using (7).

Therefore, the CTF of the direct path S to D is

Zr,

HY) = :
DAl 7z 4+ BY oWz, 76+ DY) 7

(12)

2) CTF of the path S to D through R: This part describes the
connection between two paths, i.e. S to R and R to D. Looking
at the first path, the ABCD matrix of path S to R is

|Csr Dsr
1 ozol (4, B[ 1 ol fa B
0 1| |C, D L 1| |C, Dy

Zeqb,Z
13)

3

where, Z.q 2 is the equivalent input impedance of destination
node.

AsZp, + By
Ze == 14
27 CyZ1 + Dy (14)
Thus, the CTF between S and R is
Z/
= Lz . as)

AShZi g + BSp + CspZipZs + DipZs

off ]

Vs> 0

Bl]
Dy

Source (S)

Az 32]
Cy Dol

Fig. 3. Network layout of one-branch PLC channel model for the ABCD
method (R to D)

At the second path, the ABCD matrix of path R to D is

[ (2 2
A2y B2

2 2
Crp Diip

(2
q)R)D =

1 0| |4, By 1 0| |Ay B
Zy 1] [Cy Dy zeib,s 1| |Cy Do
(16)

where Z.4 3 is the equivalent input impedance of source node
as shown below

Ai1Zg+ By
Z, ==\ 17
eqb,3 Cl ZS + Dl ( )
Thus, the CTF of path from R to D is
Z
HY) = 5 (18)

A(2 Zr, + B + C ZSRZL + D( ) ZSR
where Zgp, is the inner impedance of the relay node at the trans-

mission mode which is shown in Fig. 3. Finally, the composite
path gain of the entire S-R-D link is given by

Hspp = HSJAp + HG). (19)

3) CTF of the path D to S through R: Using similar method,
link D to S through R consists of two paths, i.e. D-R path and
R-S path. For the first path, the ABCD matrix from D to R is
given by

[ 1
o _ [4%h B8
DR = 1 1
Cpr Db
A, B 1 0| |4, B
_ | 2 b b Qo)
_CQ D2 Zegb s Cb Db
Thus, the CTF of the path D to R is
(1) Zir
Hpp = . (2D

ADRZy g+ Bok + CORZy p 1 + DipZ
At the second path, the ABCD matrix of path R to S is

[ 4@ (2
2 _ ARs BR;
RS (2) (2)
CRS DRS

1 ol |4 Bl| 1 o] |4 B

_Zb 11 |Cy Dy T Ci D,
(22)
Thus, the CTF of the path R to S is given by
Z
e = 5 ,(23)

AR 75+ BE) +CH)ZsZsp + Dy Zsn
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Fig. 4. Detailed topology of a PLC system for the VRA method.

Finally, the composite path gain of the entire D-R-S link can be

expressed as
Hprs = HOLAp + HED. (24)

4) CTF of the direct path D to S: Therefore, the ABCD
matrix between D and S is

[ 1
o [ s
DS — 1 1
o o)
As B 1 0| |4, B
_|r L es)
G2 Do | 703 Ci1 D
Thus, the CTF of direct path D to S is
Zg
HY — (26)
P8 AWz + B + e 257, + DY) 2,
C. VRA Method

Using VRA for the PLC network shown in Fig. 4, the CTFs
of a PLC channel can be calculated as follows [9], [13], [14],
[20].

1) CTF of the direct path S to D: The reflection coefficient
of the end path, I'; and reflection coefficient of I'5 from the tap
point are

Z — Zp
r =—>—-——, 27
YT 2L+ 2 7)
Zv/2 — Zy
Iy ="~ ", 28
2= 2072 % Zo (28)

where Z¢ is the equivalent impedance of Z;,,; parallel to Z;,,2.

Note that as we assume the length of each link is long
enough, the input impedances can be approximated by Z;, ~
Zo, Zinn = Zy, and Z;5 ~ Zy. By applying shifting in
reference planes [21],

VB . (]. —‘r].—‘l)ei’yls

Vo = TxTie 29
Vo  (1+Ty)e %
7A - 1+ 1—1267711 ) ( )
VA Zzn

a4 __am 31
Vs Zin+Zs Gl

Thus, the CTF of of the direct path S to D using the VRA
method can be obtained as follows

V, Ve Vi
Hep(f) = A c B

JA Yo VB 3
Ve Vi Vo (32)

2) CTF of the path S to D through R: This session describes
the connection between two paths, i.e. S to R and R to D.
Looking at the first path, the CTF of the path S to R is given
by
Va Vo Vi

H == X —/— X — 33
sr(f) VSXVAXVC’ (33)
where
V 14+T3)e
Ve _(+Tg)e (34)
Ve 1+ F3€7’712
The reflective coefficient of I'5 is
Zhn— 7
[3=2LE 20 35
T Za+ %o (35)
The CTF of the path R to D is given by
Ve Vo Vi
H = — 36
ro(f) PR TR T (36)
where
Vi Zin
YE _ 714/’ (37)
1+T —7l2
Vo (I1+Tye (38)

Ve 1+Tge 2’
Note that Vg is the source voltage when the relay acts as
transmitter and Z;, 4 &~ Zj.
The reflection coefficient of I'4 is

Zo/2 — Zy
Zo/2+ Zo'
Finally, the composite path gain of the entire S-R-D link is
given by

Iy = (39)

Hsgp = Hsgr + Hgp. (40)

3) CTF of the path D to S through R: Using similar method,
link D to S through R consists of two paths, i.e. D-R path and
R-S path. For the first path, the CTF of path D to R is

Ve Vo Vg
H — 41
pr(f) = v, XVBXVC’ (41)

where
VB ZinB

B _ __ZinB 42
Vi Ziwp+Zp “42)

1+T —ls
Ve _ ﬁ. 43)

Vg 14+ Tse s
Similarly, V7, is the source voltage when the destination acts
as the transmitter and we have Z;,5 ~ Zj. The reflection
coefficient of I' is

Zo/2 — Zy
I's = ——F5. 44
5= 2ot e (44)
For the second path, the CTF of path R to S is given by
Ve Vo Va
H = = X — X — 45
rs(f) VRXVEXVC’ 45)
where
V, 14Tg)e 7
ra _ %_ (46)
Vo 14+ Tgeh
The reflection coefficient of I'g is
Zs — Zy
I'g=—"———. 47
°T Zs+ Zo @7

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

Hprs = Hpr + Hps. (48)
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Fig. 5. Topology of a PLC channel
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4) CTF of the direct path D to S: The CTF of direct path D
to S is given by
Ve Vo Vi
— X — X —.
Vi Ve Vo
IV. SIMULATION RESULTS

Hps(f) = (49)

A simple three-node two-way topology used for simulations
is shown in Fig. 5. As mentioned previously, we assume the
same type of cable is used in each segment of the network. The
cable parameters are as follows [19]: Ry = 6.25 X 10*SQ/m,
L =078 x10"H/m, C = 25 x 10712F/m, Gy = 42.5 x
107*S/m, ¢ = 5,and €, = 1.73. Moreover, R, wy /27, and Q
of Z,, are drawn from uniform distributions on {200, 1800}2,
{2,28} M Hz, and {5, 25}, respectively [19]. A realization of
the frequency response of Zj is depicted in Fig. 6. We set the
inner impedance in transmitting and receiving modes to be 502
and 15012, respectively.

Three different channel models are compared under four
scenarios, i.e. S-D link, S-R-D link, D-R-S link, and D-S link.
The simulation results of the four scenarios are compared and
depicted in Figs. 7 to 10. It can be seen from the four figures
that our proposed model does not fluctuate much, especially
in the high frequency. In other words, it does not show much
deep fades. This is because we do not include reflected paths
in the relay links. The reflection results in more fluctuations.
Interested readers may include the reflected paths. For example
(refer to Fig. 5), reflected paths S-P-S-P-D path can be used
for S-D link and S-R-P-R-P-D path (first term) and R-P-R-P-D
path (second term) can be used for S-R-D link. However, these
additional terms may have little effect on the CTF and can be
neglected.

From Fig. 7, we notice that the CTFs of the ABCD model and
the VRA model do not differ much and the multipath model
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[HI(dB)

[H|(aB)
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Fig. 7. Comparison of CTFs of the direct path S to D
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Fig. 8. Comparison of CTFs of the path S to D through R
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Fig. 9. Comparison of CTFs of the path D to S through R
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Fig. 10. Comparison of CTFs of the direct path D to S

gives the smallest attenuation. It can be seen from Fig. 8 that
the three models are relatively equivalent, but the VRA model
has high attenuation at high frequencies. On the other hand, it
can be seen from Fig. 9 that the VRA model gives the lowest
attenuation at high frequencies. From Fig. 10, it can be seen that
the ABCD and VRA models give similar CTFs. In terms of at-
tenuation at high frequencies, VRA model provides the largest
attenuation for the SDR path and the smallest attenuation for
the DRS path. For the SD and DS paths the three models are
relatively comparable.

V. CONCLUSION

The bottom-up multipath channel model for a single relay
two-way PLC channel has been proposed in the paper. This
model has been derived on the modification of parameters of the
top-down Zimmermann-Dostert model. We have also compared
the proposed model of a single relay two-way PLC system with
the ABCD and VRA models. It has been shown by simulations
that the proposed model does not have much fluctuations/deep
fades. It can also be seen that, for the direct paths, the three
models show similar profile. On the other hand, for the SRD
path at high frequencies, it has been observed that our proposed
model has similar attenuation to the ABCD model. Finally, for
the DRS path, our proposed model has better attenuation than
the ABCD model at high frequencies.
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