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Abstract: Power line communication (PLC) offers a convenient and low cost way of transmitting data. But, this technology faces some
serious challenges to do with the channel type and characteristics, and the noise in it. Numerous efforts have been made to model the
channel behavior so as to understand the channel properties better. Given that the PLC network is designed for power delivery,
understanding the channel properties is key in the design of a PLC system that can deliver high and reliable data rates. The modelling
and understanding of the channel transfer function is very crucial as it affects the choice of the appropriate modulation and coding
schemes; a key consideration in data communications. Even though several researchers have devoted their time in determining accurate
channel models for the PLC, so far, there is no universally accepted model in the PLC community. In this paper, a comprehensive survey
of the different PLC channel modelling approaches is presented, together with the associated PLC channel modelling challenges.

1 INTRODUCTION

Power lines are designed to carry electric power. However, the extensive coverage that the power lines have reached in recent years
has attracted the attention of communication engineers who see it as the cheapest medium for modern day communications. This
has led to the emergence of power line communications [PLC]; which essentially refers to the transfer of voice, data and video
signals between the transmitter and the receiver over the electrical power network. PLC technology is primarily attractive because
the power line network is already in place, which greatly brings down the cost of setting up a communications network. Hence,
many research efforts have been fronted that are geared towards the investigation of the characteristics of the PLC channel. These
efforts range from the study of the channel frequency response, attenuation, noise characteristics, multipath effects, throughput as
well as coding and modulation options that best suit this channel [1-20]. A simplified diagram of a power line communication
network is shown in Figure 1.
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Figure 1: A simplified block diagram of a power line communication network

Currently, PLC applications can be categorized into two broad categories: the “last mile” and the “last inch” access. The “last mile”
application in networking solutions refers to the use of the PLC channel in providing a communications link between the last point
of connection at the distribution layer (may be the local distribution transformer) and the customer premises. Fig. 2 below shows an
example of such an application. On the other hand, the “last inch” application refers to the use of PLC technology in providing
networking communication channel inside the customer premises; see Fig. 3 for an illustration. PLC technology is not necessarily
better than other communication technologies, neither are these other technologies without challenges of their own, or to put in other
words; superior to PLC technology. However, PLC has a clear edge over the other technologies owing to the fact that a socket
terminates at every room in every house that is connected to the power grid, thus providing readily available medium of
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communication [1, 15]. The power line network is by far be the most expansive and ubiquitous in the world both at the core,
distribution and access layers.

PLC technology is broadly divided into two categories depending on the frequency band and the data throughput rate. These are
the narrowband and broadband PLC. Narrowband PLC (NB-PLC) operates in the frequency band 3-500 KHz while broadband
PLC (BB-PLC) usually operates at frequencies between 1-300 MHz. Further, NB-PLC can be sub-classified into low data rate and
high data rate applications. NB-PLC applications have a throughput that is limited to a few kbit/s and are also based on single carrier
technology. This category of PLC system is mainly applied in automation of metering solutions, low data rate interconnections and
control of home appliacnces through power sockets in every room, street lighting control, ground-lights control in airport runways,
home automation and application in control data communication with 40 kbit/s in street car/subway systems on 750V direct current
networks . BB-PLC data rates are in the megabit per second range. Broadband PLC networks are an ideal solution for advanced
information technology applications such as high speed data transfer, real-time video streaming and high definition television
(HDTV) as well as voice connections [1, 17-21].
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Local Loop Distribution Center
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Figure 2: The “last mile” broadband connection to homes and offices from a local distribution center [16]
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Figure 3: The “last-inch” access or in-house networking [16]

The fact that the power lines were designed with the primary goal of transmitting electrical power means that the channel is not that
favorable for communication purposes. Thus the PLC channel is hostile in as far as communication needs are concerned. This is so
because the channel is plagued by impedances that vary both with time and frequency, attenuation that is frequency dependent,
multipath effects that arise from multiple branches and nodes, different noise types as well as electromagnetic compatibility issues
that limit the transmit power [17,19]. Thus there is need to study and understand the channel behavior in different loading conditions
and noise types. The studies would range from obtaining the channel transfer function, throughput analysis and modeling, noise
measurements and modeling, and study of the channel response when different coding and modulation schemes are used to enhance
the channel performance [6, 12, 15, 17-19, 22]. The channel performance can be measured in terms of the bit error rate (BER) and
the signal to noise ratio (SNR).

However, the biggest problem in the characterization of the PLC channel properties would be to come up with a model that describes
all the channel characteristics and incorporates all the measurements into a mathematical model, and still remains physically
meaningful in terms of the distribution both in space and time, and also remains simple to the point that any required statistics can
be extracted for solving any problem to do with signal transmission and reception. Thus the characterization of the PLC channel,
like any other communication channel, is a tradeoff between system complexity and performance. All in all, there is no universally
accepted channel and noise models for the PLC channel currently, and efforts to get some are an on-going exercise. Different
researchers and academicians have proposed models of the PLC channel base on analytical derivations and/or from measurements.

Power line networks differ in terms of structure, topology and the physical properties from other transmission media such as coaxial
cables, fiber-optic cables and twisted pair cables, and wireless channels, among other media. The power line environment is hostile
when used for data and voice communication. The channel is very dynamic both in time and space, which means that the channel
properties are hard to accurately predict and/or model. For practical purposes, models of the channel frequency response, channel
availability and reliability as well as noise models are of interest. In contrast though, most of the models developed to define the
above channel characteristics are very limited in terms of their practical value [1-6].

For the channel transfer characteristics (frequency response), most of the models are limited due to the fact that they are based on
bottom-up approaches which means that the network behavior is described in terms of a large number of distributed components.
Normally, such components are described in form of matrices which describe their properties, based on either scattering parameters
or admittance and four-pole values [6, 22, 23]. This means that the details of all the network components, that is, cables, connected
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devices and joints (nodes) are needed for the setting up of the above matrices. But, from a practical perspective, it would be
impossible to determine all the parameters associated with each of these network elements with sufficient precision.

On the contrary, a more practical approach would be to measure the channel transfer function between the input and the output by
assuming that the network is a black box. This approach is usually referred to as the top-down method. This approach is the one
adopted in [4-6, 24]. In [24], an attenuation and noise model is presented based on measurements. This model is narrowband in that
its frequency range is restricted to below 150 KHz. The model described in [6] describes the channel transfer characteristics in the
range of frequencies between 500 KHz and 20 MHz; thus this model can be used for broadband applications. The model describes
the channel multipath properties in very few relevant parameters, as compared to complexity associated with the bottom-up strategy.
The channel parameters are derived from measurements. The basic idea in this approach were first explored in [4] and at the same
time a less precise though simpler multipath model derived in [5].

Only in the simplest of cases, that is a single branch network, can the physical explanation for the measured results be identified in
terms of the cable losses, transmission as well as reflection factors. In real networks, comprising of many branches and nodes, the
back-tracing of the observed results to the physical nature of the network would be an impossible task. Thus the top-down
methodology is a more realistic and simpler approach.

2 PLC CHANNEL MODELS

The power line channel is one of the most complex channels to describe in terms of the constituent elements in the network as
described above. Thus, most of the models that are in existence today are based on the measured network response which is then
related to particular known electric or electronic phenomena. Alternatively, the phenomena are used to predict the PLC channel
response and then measurements are done to test how close the measurements and predictions come. Earlier models of the channel
frequency response are the multipath model of Zimmermann and Dostert [4, 6], the echo model of Philipps [5], Meng ef al. model
[9], Anatory ef al. model [7, 25] and the Esmaillian model [26], among others.

2.1 Zimmermann and Dostert Multipath Model

A typical power distribution network consists of numerous branches and nodes. If the power network is used as a communication
channel, the signal is bound to suffer from multiple reflections and at the end of the day, it will undergo multipath propagation. The
various nodes (interconnection points) within the network act as possible scattering/reflection points for the signal. Thus the signal
travels back and forth before reaching the final destination. This is primarily so because the different branches that are interconnected
from one node have different complex impedances. It is on this basis that Zimmermann and Dostert [4, 6] proposed a multipath
model for the powerline channel.

If we consider the signal that travels through a complex power line network, it becomes rather obvious that there is no direct line of
sight path between the transmitting and receiving antenna. Thus, different copies (echoes) of the signal that are attenuated and
delayed in different proportions arrive at the receiving antenna. The kind of fading experienced in this case is frequency selective.
The model was first developed by considering the simplest of a power network that can be; a single node network with one branch.
This is illustrated in Fig. 4 below. The network consists of three elements (1), (2) and (3) with lengths L, L, and L3 and the
characteristic impedances Zi1, Zr» and Z;3 respectively. With the assumption that points A and C are matched, which makes Zs =
711 and Z¢ = Z1,, the reflection points are B and D, with the reflection coefficients r;5, r3p r3p and the transmission coefficients
are t;p, 13p.
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Figure 4: Multipath propagation: Cable with one tap [6].

With these assumptions in place, the link may have an infinite number of propagation paths. Each path i, has a weighting factor g;
which represents the product of the reflection and transmission coefficients along the particular path. In [27], Gotz et al. have shown
that after a reasonable number of paths, typically between 5-50 paths, the weight factor becomes negligible and the model is
computed with a finite number of paths. From complex channel transfer function measurements, the authors came up with the
following expression for the channel frequency response as a multipath environment [6]:

N
H(F) = ) gi- e Corass™de. gons ©
i=1

Where, N is the number of propagation paths, g;is the weighting factor, a, , a; and exponent & are the parameters that define the
frequency-dependent attenuation, d; is the path length, t; is the path delay given by the following expression:

_ 4 _ dier
==t @

Where ¢, is the insulating material's dielectric constant, ¢, is the speed of light, d; is the length of a path and v, is the propagation
speed. Thus we can see from (1) that the model is characterized by three different components; the weighting factor, the attenuation

portion and the delay portion. The factor e~ (%o*a1f “Ydi determines the amount of attenuation that takes place during signal
transmission in the PLC channel. The factor e ~/2™/%i is the delay portion. The transmission and reflection coefficients are always
less than one, and so, it goes without saying that the net product of all the transmission and reflection coefficients is also
less than one, viz a viz:

lgil <1 3)

The attenuation factor is obtained from the complex propagation constant by using transmission line analogy, that is:

v =laf +kof +jksf 4)
Where kl\/f + k,f is the attenuation constant and k3 f is the phase constant.

The constants k4, k, and k3 summarize the geometrical and material properties of the network. Thus it can be seen
from (4) that the attenuation increases with frequency. The weighting and the delay factors are obtained when the
frequency response of the PLC channel is converted into time domain. The weighting factor is inversely proportional to
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the delay factor. This is due to the reduction in signal power as the signal travels through different points of discontinuity.
This is depicted in Fig. 5 below. For the single branch network, reflection coefficients are obtained from:

ZiollZys — Z14
"= 17 Lo (5)
! ZiolZps + Z14
Zo—Z13
T3 = o——— 6
T ©
ZollZpy — Z13
b= 117 17 (7)
’ ZpallZpy + Z13
Where Zj is the characteristic impedance,.
Consequently, the transmission coefficients are obtained from:
tip =1 — |rypl (8)
tap = 1 — 73p] )

e

time (s)

Figure 5: The impulse response of a single branch topology

However, it is noted that the complexity of this approach increases as the number of branches and nodes increases. Tablel
summarizes the expressions for obtaining the three components of the Zimmermann and Dostert model for N paths.
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Table 1: Model parameters for an N-path network [4]

path no. signal direction path length (d;) weighting factor (g,)

1 A—B —C Li+1 tip

2 A—B —-D—B—C +20:+ 1 tpX F3aX 13p

3

N A—B —(D—B)N'—C +2(N-1)- I3+ [ tinX 73aX( 730 X 730) "t
2.2 Philipps’ models

The impedance characteristics of a PLC channel is highly variable with frequency and ranges between a few ohms to a few kilo
ohms. The characteristics display the presence of both peaks and notches. At the peaks, the channel behaves like a parallel resonant
circuit. In much of the frequency band, the impedance is either inductive or capacitive. The characteristic impedance of a powerline
cable is around 90 Ohms. However, the net impedance in the network is determined by the topology of the network as well as the
loads that are connected to it, whose impedances may be highly dependable on the frequency as well. Phillips also noted that the
signal that is sent through the PLC channel will undergo reflections at points of impedance discontinuities and as a result echoes of
the transmitted signal are produced. Thus, the powerline is regarded as an environment where multipath effects are prominent. This
tallies with the views of Zimmerman and Dostert [4, 6].

Based on these observations concerning the powerline channel behavior, from extensive measurements by Philipps [28], two models
were proposed for the PLC channel transfer characteristics; the echo model and the series resonant circuit model [5].

2.2.1 Echo model

The echo model is based on the multipath nature of the PLC channel which leads to direct as well as indirect transmission of the
signal. Thus, the signal that gets to the receiver is a summation of several copies (echoes) of the transmitted signal, and not just one
direct signal from the transmitter to the receiver. This means that different signals are delayed and attenuated differently. This fact
led to the development of the echo model, which happens to be in good agreement with the parameters that constitute the network.

If we assume that there are N paths that the signal travels through to the receiver, then, on the path v, the signal will suffer the
amount of delay equal to 7,, and also be attenuated by a complex factor p,,. The complex path attenuation is given by [5]:

Py = |py| - e TPy (10)
where:
Im(pv)
=tan ! ( ) 11
o Re(p,) (n

Then, the impulse response 4(?) is obtained as a sum of N dirac pulses which are multiplied by p,, and delayed by t,,, that is:

N
h©) = ) oyl -8 =) (12)
v=1
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The channel transfer function is obtained as a Fourier transform of the impulse response, from which we have:

N
H(f) = leul-e“"v reT /AT (13)
v=1

The graphical representation of the echo model is shown in Fig. 6. For each path, there are three parameters that have to be defined.
Hence, for a model with N paths, a total of 3N parameters will be required to completely define the model. These parameters are
the delay factor t,,, the phase shift ¢,, and the attenuation factor p,,. The said model can be optimized by using an evolutionary
strategy as described in [5] which essentially minimizes the root mean square error and maximizes the correlation factor between

the measured and modeled functions.
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Figure 6: Graphical representation of the Echo model

2.2.2 Series resonant circuit model

Electrical load impedance measurements have been shown to behave like one or few series resonant circuits whose constituent
elements are a resistance R, inductance L and a capacitance C. This is due to the fact that many appliances incorporate a capacitance
at the input for preventing interference and also possess a feeder line that is both resistive and inductive. Since in most cases the
loads are very much far apart, they do not influence one another. Hence it would be realistic to model the powerline channel as a
cascade of series resonant circuits (SRC) that are decoupled. Fig 7 below shows a single RLC resonant circuit connected to line of

a load impedance Z.
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Figure 7: Series RLC resonant circuit

The frequency-dependent impedance of the series RLC resonant circuit is calculated as :

Zs=R+j-2nf L+— (14)

j-2nf-C
At resonance, the capacitive and inductive reactances are equal, and the circuit is purely resistive (minimum impedance). The

resonant frequency is then computed from:

1
fres = PN (15)

Then, the channel frequency response is given by:

H() = — 16)

Yz

The channel frequency response is shown in the Fig. 8 below; where we see that a notch occurs in the amplitude transfer function

at resonance.

MO, . R . off) -

- . N
' \ 2.&‘/’-
0,707 '

(a) Amplitude response (b) Phase response

Figure 8: The amplitude and phase response of a series RLC Circuit [5]
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(17)

The quality factor is a function of the notch width; the narrower the notch, the higher the quality factor. In the phase response, we
see that there is a steep rise at resonance. The phase is capacitive at lower frequencies while it is inductive at higher frequencies.
The overall frequency response characteristic is modeled as a series of cascaded decoupled series resonant circuits, and is given by:

H(f) = ﬁHi(f)
i=1

(18)

In order to fit the model, 3N parameters should be optimized. The same approach adopted for the echo model can be used for the
optimization. Table 2 shows the parameters that were obtained for a maximum of five series resonant circuits; that have been
determined by using the evolutionary strategy.

Table 2 : Set of parameters of series resonance circuits model

No [R(Ohm) |[L(uH) |C@F) |fis(MHz) |Q

1 [214 0.137 10.8908 | 4.122 0.165

2 | 121 8.264 0.1334 | 4.793 20.640
3 679 18919 | 0.0197 |8.238 14.431
4 464 11.948 [ 0.0103 | 14324 23.183
5 1196 1.008 0.0273 | 30.357 9.799

The frequency response of this kind of circuit is shown below in Figure 9 below.
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Figure 9: Channel transfer characteristic for a five series resonant circuits model

2.3 Meng et al. model

Meng et al. [9] applied transmission line theory to come up with a transfer characteristic model of the power line for a low voltage
network. To validate the model, a sample network comprising of several branches and connected to different household appliances
was constructed and the channel measurements were done. A simplified in-house powerline network with N branches is shown in

Fig. 10 below.

Port1

Branch 1 :Hranch EEHram:h 3

Branch M

Port2

|

Transmitter

|

Receiver

Figure 10: A simplified in-house powerline network with N branches

Four key parameters for the line are determined first, that is, the line resistance R, the line inductance L, the line capacitance C and
the line conductance G. These primary parameters are necessary in the determination of the two model parameters; the propagation
constant y and the characteristic impedance Z,. The mathematical procedure for the primary line parameter determination is a

outlined below for each element:
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1. RESISTANCE

Due to skin effect, when there is an ac current flow in the conductor, where more current flows near the conductor surface as opposed
to towards the center. This is caused by the self-inductance within the conductor [9, 29]. This phenomenon causes an increase in the
cable resistance which even becomes worse as the frequency of the current increases. Even though there is uniform current
distribution throughout the cable cross section, when computing the cable resistance, it is normal to make the assumption that all
the current flows within the cable “skin depth”. The skin depth § is computed as [9, 30]:

1
§= |— 19
TTf Uco. (19

Where p. is the permeability of the conductor, o, is the conductivity of the conductor, and f is the current frequency.

Hence, for a transmission line consisting of two wires with a solid core conductor, its resistance is computed as:

(20)

Rgotia =

1 (Oth)

nado, \ m

Where a is the conductor radius. If however the conducting wires are stranded, then the current flow area is reduced
due to the gaps between the wire strands. In such cases, the solid cable resistance is multiplied with a correction factor.

This correction factor is given by [9]:

- wire_s
Xp = [COS 1 (r—) X rwirez = ("wire — 6) X \/rwire2 = ("wire — 6)2] /(2 X (Tyire X 6) (21)

Twire
Where 1y, is the a single wire strand radius, and § is as defined in (19) above. Thus, the net resistance of the stranded

conductor is given by [9]:

Ohms
R = Xp X Reotia (—)

(22)
2. INDUCTANCE

For a transmission line comprising of two wires, its net inductance is a summation of the self-inductance per conductor
and the mutual inductance between them. The self-inductance L is calculated as follows [29]:

_ Ke (E) 23)

S 8m m

Also, the mutual inductance is computed using the following expression [29]:

Hc (D - a)
L, =—In
mor a

g

m

Where D is the distance between the conductors. So, the net inductance is given as [29]:

e L [N N
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3. CAPACITANCE

The two-wire cable capacitance is a function of the cable to cable capacitance per unit length, C.,p;., and the capacitance due to the
coupling effects from both the metal conduit, C.,,4,i: and the earth cable. The capacitance between the metal conduit and the earth
cable is zero because both of them are grounded which means that the potential between them is zero also. The cable capacitance
per unit length, C,,p;. is given by [29]:

e

Ccable =
Inl(5g) + G2 — 1]

Where ¢ is the dielectric material permittivity between the conductors. The capacitance due to the coupling effects from the metal

(F/m) (26)

conduit, Ceonauit, 1S given by [9]:

N

Znsk

Ccondult - h_) Z N (F/m) (27)
k=1 In(

Where ¢, and by, are dielectric material permittivity and the metal conduit inner radius for the sector k. The net capacitance, C is

then obtained from [9]:

Ceable + Ceonduit _ 3Ccable + Ceonduit (F/m) 28)

C = CCable + 2 2 - 2

4. CONDUCTANCE

From [29], we see that if the medium is homogeneous, then the following expression holds true:

(29)

QO

&
o
which implies that,

G=— (30)

Where o is the dielectic material conductivity and G is the cable conductance per unit length. In the approach taken by Meng et al.,
the dielectric material is assumed to be a mixed content and the space inhomogeinity is neglected to make the model more tractable.

Based on the lumped-element circuit model of the transmission line, the propagation constant y and the characteristic impedance
Z, can be computed as [9, 29]:

y=a+jB =R +joL)(G + jwl) (31)
_ |[R+jwl 32
" |G +jwC (32)
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Where w is the angular frequency. The real part of the propagation constant ¢ is the attenuation constant while the imaginary part
is the phase constant 3. Thus we see that these parameters can be used to characterize any transmission line regardless of its length.
The input impedance Z;,, of a transmission line whose length is / and is terminated by a load impedance Z; is given by:

Z; + Zytanh (y.1)

7. =7 h 33
in °4+amm@u(0m” (33)

If the load is a short circuit, then Z; = 0, which gives:
Zis = Zy,tanh(y.l) (Ohms) (34)
If however the load impedance is replaced by an open circuit, then Z; = oo, and we have:
Zio = Z, coth(y.l) (Ohms) (35)
From the Equations (34) and (35), we can obtain the characteristic impedance and the propagation constant as follows:

Zo =+ Zislio (36)

/-
y = tanh™?! Zi (37)

io

The diagram shown in Fig. 11 is used for the s-parameters evaluation for a single-branch network. In the derivation that follows,
the path line is defined as the direct path for the signal (excluding the branches). Line 1 is the path power line with line parameter
Z, v, Line 2 is the branch power line with line parameter Z,,, vy, Line 3 is the transmission line with 5042 characteristic impedance.
By applying the theory of the transmission line, Z;,1, Zin2, Zin, 17 and I, are determined as follows [9]:

Z; + Zytanh (y.13)
Zimi =2 Oh 38
in1 7.+ Z,tanh (7.13) (Ohms) (38)

. Zy + Ztanh (v.1y)
L“_%4+4mm@h)mmm (39)
(Zin1//Zinz) + Zotanh (y.1;)
°Zy + (Zin1//Zinz)tanh (y.1;)

Zin =12 (Ohms) (40
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Figure 11: Single-branch network diagram
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Where Z; is the source impedance, Z; is the load impedance, Z,, is the load impedance at the branch end, Z;,,, is the input impedance
of the network on the right of the tap, Z;,, is the input impedance of the branch network, Z;, is the input impedance of the single
branch network, 7 is the reflection coefficient from path end, and I is the reflection coefficient from tap point calculated as:

ZL— Zo

L= — —
1 7.+ 7,

And,

_ Zinlllzinz —Zy
L= —r7——-
Zin|Zin2 + Zo

The s-parameters S;; and S, are obtained using the following equations [31]:

Zin — 50

S, = —
1 Zin + 50

S;1= 2
Eg

The S, parameter can also be calculated indirectly according to the following equation:

Vs V, 1
521 = - . . =
Vo i Eg
Where,
E — Zin
Eg1 Zin + Zg

From [30], the shifting of reference planes yields the following:
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V; (1+L)e?b 47
V, 1+ e (47)
V, (1+L)eh

V,  1+he'h 48

After determining the S-parameters above, we can then obtain the scattering matrix for an entire network comprising several
cascaded single branch networks. There are two methods that can be applied to do this. One is the use of signal flow graphs while
the other one is the use of the chain scattering matrix (T-matrix). For ease of computation, the latter is used in this case. The overall
T-matrix for the whole cascaded network is a product of the individual T-matrices for each single branch network. The following is
the relationship between the S-matrix and the T-matrix [9]:

1 _ S22
521 521
Tl = 49
[T] Suo S (49)
S;r P Sy

And then the total T-matrix for an entire network is calculated as [9]:

[T]

[ [ma (50)

N
k=1

Where T is the T-matrix of the k™ cascaded element in network. The S-matrix for the whole network can then computed

as [9]:

T21 T21T12
Th 27T,
S| = 51
S1=17 1, (51)
T11 T11

The S, term gives the transfer function of the network.

2.4 Anatory et al. Model

The Anatory ef al. model [7, 25] is based on the fact that at a particular node, part of the signal will be transmitted and another part
will be reflected. The model also takes into consideration the loads connected to the network, their distances from the path line and
the number of nodes. For a multiple branch transmission line at a single node as shown in Fig. 12, where Zs is the impedance of the
source, Z, is the characteristic impedance of any terminal , and Vs and Z; are source voltage and load impedance respectively,
Anatory ef al. developed the following transfer function for the PLC channel [7, 25, 32, 33]:

L Nt
Ha() = D D TinmaHmn()  n#m (52)
M=1n=1
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Where: N7, is the total number of branches connected at node B and terminated in any arbitrary load, » is any branch number, m is
any referenced (terminated) load, M is the number of reflections (with a total L number of reflections),

Zime Zrmea
Nt Nt—}f
-
Ik
* FiTY B - m ]
— e -
T,
H""\.
2 ~7
VS 3 I""‘.. [] sz
2 Zin
L=
- -

Figure 12: Single node power line network with multiple branches [32]

H,., (f) is the transfer function between line n and a referenced load m, and 77y is the transmission factor at the referenced load m,

respectively. o, is the signal contribution factor given by:
— pM—1,M-1,-y,(2(M-1)!
amn — fLn pnm e Yn( ( ) n) (53)
Where p., is the the reflection factor at node B between line n and the referenced load m, and v, is the propagation constant of
line 7 that has line length L,. All terminal reflection factors Py, in general are given by:

ps n = 1(source)

P, = ,
In { PLn, Otherwise

(54)

except at the source where p;; = ps is the source reflection factor. The authors extended the above results for any power line network

with spread branches as shown in Fig. 13.

Ziane Z11Ne-1
-
Nt-1,~
Zs 2111 2 d My
. ¢ ——9——¢—8 LinMm
|
b |
5, |
. —eedeee
|
|
|
|
L L ] L]
Zizn  Zign  ZLMTn

Figure 13: Power-line network with distributed branches
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They obtained the transfer function of such a network as:

Mr [ Nt
HmMT(f) = Z Tim@mna Hmna (f) n#*m (55)
d=1M=1n=1
@mna = Plna' prmge " ma @M Dind (56)
_ (Ps d = n = 1(source)
Pina = {and, otherwise (7)

Where all the parameters used have the same significance as mentioned above and, M7 is the total number of distributed nodes, d

is any referenced node (1... Mr), and H,,,4(f) is the transfer function from line n to a referenced load m at a referenced node d.

2.5 Mulangu and Afullo model

Recently Mulangu and Afullo [34], investigated the effect of the number of branching nodes in a power line network and derived
a PLC channel model that is based on Mie scattering theory [35]. The basis of this model is on the assumption of a multitude of
scatterers that are randomly spread in the channel vicinity, requiring a sufficient number of impedance discontinuity points. The
power line is considered as one single element, and then it is subdivided into a grid of scattering points (small areas) whose
dimensions range from 0.5 to 3 mm. A power law mathematical formulation that relates specific attenuation in the channel to the
number of branching nodes is then derived.

If an electromagnetic wave of known amplitude travels through a volume, containing N scattering particles that are identical with
diameter D, its amplitude decreases by the factor of e *!, at any distance I. The coefficient of attenuation y is calculated as [34]:

Y = NQex:(D) (58)
The wave attenuation in dB is then given by:
1
Agp = 1010gﬁ = 4.343yl (59)
While the specific attenuation in dB/km computed as:
Ag = 4.343y (60)
Ag[dB/km] = 4.343 x 103 f N(D)Qy (D)dD (61)
0
Equation (61) can also be rewritten as:
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A[dB/km] = 0.251 j D2N(D)Q,ye (D)dD (62)
0

The power law form of the specific attenuation is given as:

As = oK¢ (63)

where g and ¢ are powerline specific coefficients and K is the branching nodes number.

2.6 Zwane and Afullo model

A series of resonant circuits (SRCs) can be used to describe the power line channel [5]. From channel measurements, a correlation
of the notch locations to the SRC branch parameters was obtained. The transmission line theory for two extreme cases, that is, short
circuited and open circuited branches, was used. Through the analysis of the input impedance characteristics around a resonant
wavelength A,., the short and open circuited circuits behaved like a series RLC circuit. For the open circuited end, the cable length
is in odd multiples of A,./4 while for the short circuited end, the cable length is in even multiples of A,./2. Table 3 presents a summary
of the series RLC parameters determination formulations obtained.

Table 2: Series resonance RLC parameters [36]

Quarter wavelength (A./4) Half wavelength (A/2)
Resonance Open circuit Short circuit
1 1

R Z ZO a)\r E ZO a}\r

T[ZO T[ZO
L 4w, 2 wq

4 2

C TwyZy ATV

B B
Q 2a 2a

Where in the above table, Z; is the characteristic impedance of the line, w, is the resonant angular frequency, « is the attenuation
constant of the line, A, is the wavelength at resonance and £, = /l. From Equation (2.16), each resonant circuit is described by a
transfer function Hr;(f) and the overall transfer function is given as:

H(H = a| [Hn(n (64
i=1

Where n is the number of series resonant circuits forming the total transfer function and A is the average path loss factor from
transmitter to receiver distance determined by e 74,
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3. PLC CHANNEL MODELLING AND CHALLENGES

Even though the powerline channel and wireless channel have similarities, the PLC channel exhibits frequency selective fading with
certain extent deterministic fact, quasi-static channel but with slow time variation and two-dimension attenuation characteristics.
Therefore, it is challenging to model a realistic PLC channel. For the PLC channel transfer function, several approaches have been
proposed in the last few years. The PLC channel modelling approaches cab be categorized into: the multipath approach and the
transmission line approach or top-down and bottom-up techniques. For the multipath PLC channel, the most important task is to
determine the number of paths and magnitude and delay of each path. Currently, the multipath models are based on the data obtained
through field measurements on a powerline network. Hence, the channel responses can only be generated for limited scenarios by
the multipath approach. For However, more flexibility can be obtained using the transmission line modelling approach. Through
transmission line theory, the topology of the communication channel can be broken down into small units. For each unit, we can
then determine the transfer function separately, and then, the entire PLC channel transfer function can be obtained by computed
using the transmission line theory Chain Rule (CR) [35].

Essentially, the transmission line method can be used to determine the PLC channel response for a given random topology. However,
the challenge is that it is cumbersome to achieve a unified calculation process for various topologies. Hence, if the transmission line
method is used, the design process for each topology should be done manually, which is generally a difficult and time-consuming
work. Based on the above explanation, the multipath and the transmission line approaches are both deterministic channel models.
The two channel methods can only be applied to derive the communication channel response only when the topology of the network
can be determined. But, for presenting the channel statistical properties, deterministic channel models are not appropriate. Hence,
recently, statistical PLC channel modelling method has drawn considerable attention. This model, in theory, is necessary for
determining the coverage, deployment and transmission capacity of powerline communication networks. It is obvious that the works
on network coverage, channel coding and modulation techniques cannot be evaluated according to one or two specific network
situations. Therefore, with an increase in demand for PLC technology, the statistical channel methods is necessary to determine how
well PLC performs. PLC channel modelling comes with significant challenges.

The first challenge is from the transmission cable the electrical parameters. In transmission line theory, the cable is often evaluated
using the lumped parameters resistance (R), capacitance (C), conductivity (G) and inductance (L) which should be reconsidered in
the high frequency scenario. Usually, the R, C, G and L parameters are determined by the geometric structure of the cable, conductor
and insulator materials. The cable types used in different papers, such as [35], [4] and [9], are from different countries, which means
that it is difficult to compare the modelling results from different papers. Also it is difficult to verify the consistency of results of
the modelling obtained from different methods. Therefore, getting a common cable parameters set to prove the consistency of results
obtained from different modelling approaches is difficult to achieve. The other bottleneck is the topology. As stated above, the
random topology variation across different homes and offices determines the channel statistical properties.

The PLC network topology will vary from one building to the next or from one place to another. For example, residential and office
building topologies, or the topologies in Europe, Africa and South America will differ significantly. Hence, to determine the proper
PLC channel topology for modelling purposes is a key issue to consider in PLC also. Generally, a tree structure [36] can be used to
describe the topology of the powerline network. Therefore, the resultant statistical property of the PLC channel is determined from
the results obtained from the random branch lengths, terminal loads and switching on/off of appliances. It is almost impossible to
accurate determine this information of the PLC network in reality. For wireless communications research, there are some channel
fading models which are commonly agreed upon, such as Nakagami, Rayleigh, Rician fading and Hata model for different terrains.
Thus, we can directly compare research results obtained based on these channels with each other. By contrast, the channel modelling
work done for powerline networks is in quite diverse settings. Thus, it is challenging task to obtain the detailed modelling
information for the different scenarios and to verify the correctness of the results for each case.

CONCLUSION

In this paper, a comprehensive survey of PLC channel models has been presented. The challenges associated with PLC channel
modeling are also discussed. PLC technology is promising in that the network infrastructure is already in place; but the channel
characteristics are very dynamic and difficult to predict; hence PLC channel characterization and modelling continues to be an active
research area.
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