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Abstract: The present work aims to determine a method
for modeling and designing different types of filters that
exist between nodes in a single phase topology with BPL
technology for housing. The filter design objectives are to
control the spectral power density, with the effect of the
BPL transmission power is optimized and significant
offset voltage variations that occur in the connection and
disconnection of electric charges, both effects are
presented in a phase topology that is used as the
communication channel. The results are reflected in the
attenuation of electromagnetic compatibility (noise,
attenuation, distortion, and coupling) relevant variables
that cause problems on the communication channel of a
system with BPL technology.

Keywords: communication channel, filter, power spectral
density, single-phase topology.

INTRODUCTION

The possibility of using electrical energy grids as a channel
for  communication-signal  transmissions  involves
introducing a conceptual and technological framework that
has evolved in its terminology but still addresses the very
same issues. Initially, these technological ideas were
referred to as PLT (Power Line Telecommunication),
occasionally also  called PLC  (Power Line
Communication); at present, the term to be used is BPL
(Broadband over Power Line), [2]-[4].

There are various restrictions associated to electrical grids
when they are used as a channel for the transmission of
communication signals [5]-[16]-[17], namely:

a. FElectromagnetic compatibility problems (e.g.
noise, attenuation, distortion and line coupling)
derived from line design, which is originally
intended for electrical power transmission only.

b. Electrical load connecting and disconnecting
events, which cause significant voltage
variations that affect the topology of the
electrical lines that serve as communication
channel.

c. Configuration issues: there are aerial as well as
underground grids.

d. Operation voltage levels and wuser grid
topologies: there are variations between 110 Vac
and 1 KVac depending on the application and
purpose (either residential, commercial or
industrial). Additionally, in terms of topology
design, the following configurations are

possible: single-phase, two-phase and three-
phase including ground connections and
protection circuit synchronization.

Depending o the type of restriction and/or combination of
restrictions, a different analysis should be conducted to
meet the required BPL condition [6]. In this particular
study, an electrical-line grid-based method is established in
order to design suitable filters to be placed in between
nodes derived from a single-phase topology that serves as
communication channel, starting from a set of extracted
transfer functions.

METHODOLOGY

When applying an observation-based methodology to look
at existing research results it is possible to determine he
elements that lead to the intended method. Prior analysis
leads to the following:

a. Convenient geometry and configuration of a
single-phase topology, which is modeled as a
distributed parameter transmission line (with and
without load). For various types of AWG
conductors and loads it is possible to determine
transmission line parameters by applying
characteristic electromagnetic relations.

b. The elements that constitute the transmission line
model, which find their place within a quadripole
model. The transmission parameters in question
[3]-[13] allow characterization of each
transmission-line element in a matrix form.

c. Finding the transmission matrix; this allows
proper control of frequency variations as well as
length variations over the transmission line
model.

1. PRELIMINARY DEVELOPMENT OF THE
METHOD

In order to represent a distributed-parameter transmission
line for a single-phase topology (which corresponds to the
two-conductor model), it is necessary to use
electromagnetic relations that allow modeling each of the
line’s constituent elements from a geometric perspective;
this process is called parameterization. The representation
of a transmission line with no load is shown in Figure 1.
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Figure 1: Tranimission line with oo load

Z1 and Z2 correspond to the input and output impedances,
respectively, and Y2 represents the transmission line
admittance.

The material considered as dielectric (material that covers
the conductor) was chosen to be an intermediate compound
between polystyrene and asbestos, thus its relative
permittivity is er =3,45. As a conductor, copper was
chosen, thus relative permeability is pr = 1. The particular
conductor to be analyzed corresponds to a copper 12-AWG
wire within a PVC pipeline — 1/2” galvanic metallic
conduit [5]. In this case, the associated absolute values of
permittivity and permeability are as follows:
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PARAMETER DESCRIPTION
1.1. Skin depth

Any current density or electrical field intensity falls
towards the center of solid conductors. Electromagnetic
energy does not travel at the core of conductors; instead,
energy flows over the surface of conductors, thus a
conductor serves to guide electrical waves. The currents
that occur on the surface of conductors propagate towards
the inner conductor and are perpendicular to current
density; in doing so, such current is also attenuated by
resistive losses. In some books, this phenomenon is
referred to as skin effect and is denoted by &; similarly,
resistive losses are denoted by tand.

Equation 2 shows the variation of this parameter as a
function of frequency (f), material permeability (p) and
material conductivity (oc). Table 4 shows the values of
these parameters for various types of conducting materials
at different operation frequencies, namely 60 Hz, 1.8 MHz
and 30 MHz.
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Table 1: The values of the parameters
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Table 2: Skin depth and transmission losses are higher for
low frequencies
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In Table 2, it can be observed that skin depth and
transmission losses are higher for low frequencies. For
operation frequencies associated to BPL transmissions
ranging from 1.8 MHz to 30 MHz, the communications
signal should travel between the conductor’s surface and
the dielectric material, since there is very low skin depth
for these frequencies.

1.2. Attenuation Constant, Phase Constant,
Propagation Constant and Wave Propagation Speed.
When propagating through a conductor (wire or cable
including the surrounding dielectric sleeve), an electrical
signal changes its characteristics and transmission values
(e.g. attenuation, phase, propagation, speed and
wavelength) due to conductivity (oc) and absolute
permittivity- (¢) permeability- (p) losses associated to
different materials.

The factor that allows considering the attenuation over an
electrical signal, when propagating in a particular direction
through a lossy medium, is called attenuation constant (a,
neper’s/m; Np/m). Similarly, the measurement of the
signal’s phase shift is called phase constant (B, radianes/m;
rad/m). The combination of @ and B yield a propagation
complex constant (y).
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The following tables provide a context by summarizing the
values of the aforementioned constants for particular
frequencies, namely 60 Hz, 1.8 MHz and 30 MHz.

Table 3: Values of the aforementioned constants for
particular frequencies (3).

Table 4: Values of the aforementioned constants for
particular frequencies (4).
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Figures from Tables 3 and 4 indicate that attenuation
constant a is lower at low frequencies, in other words,
electromagnetic fields suffer attenuations equivalent to a
factor of e = 0.3678 every 1/0.0001172= 8532.42 meters
at 60 Hz, every 1/0.00586191= 170.59 meters at 1.8 MHz
and every 1/ 0.00588231 = 170.001 meters at 30 MHz.
Phase constant P gradually increases as frequency
increases. Similarly, propagation complex constant 7y
increases in magnitude and phase as frequency increases.

1.3. Primary parameters of a two-conductor
transmission line

The context to analytically determine the primary
parameters of a transmission line (that is associated to a
single-phase household topology with BPL and is used as a
telecommunications channel) corresponds to a PVC
pipeline 1/2” galvanic metallic conduit that contains two
12-AWG conductors (one for a single phase and the other
for the neutral terminal connection), as shown in Figure 2.
The geometrical elements shown in Figure 2 are related,
for primary parameter calculation purposes, as follows:

a: conductor radius

d: distance between the centers of the two inner
conductors. For the purposes of this study an approximate
value of d= 1.20584*2*a was considered. This particular
value was assumed since the average separation between
conductors within pipelines is 3mm.
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Figure 2: geometrical elements

Eferring back to Figure 1, it is worth mentioning that the
impedance units for Z1 and Z2 are Ohms (2). However,
for the case of conductors, impedances result from
conductor length, thus the previous impedances associated
to transmission lines were given as Z'1(Q/m) and
Z°2(Q/m).

[Z=Z(@Q7m)* ongiud_(m). (V)]

Similarly, the units of admittance Y are Mhos or Siemens
(v) and are associated to the line’s length as follows: Y~
(v/m)

|l' =¥ (ziemens fm)* length (m); (siemens J|(6)

Each of the elements that contribute to the impedance and
admittance, are presented as follows:

Z = R*Ax+ joL *Ax;(Q)) o

¥ = G™*Ax + joC™*Ax;(siemens )|

®)

In this description, R’ represents resistance, a is the
conductor radius, o is conductivity and & represents the
skin depth factor of equation 2.
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The expression for inductance L” is as follows:

L= &5 Cosh™( 1 fim

(10)

Where a is the conductor radius, p is the permeability
constant and d represents the separation distance between
conductors. The expression for capacitive loss C’ is:
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Where & represents the permittivity constant. The
expression for conductance G’ is as follows:

|G'=27f.C tan 5. (simens [m)| |,

In this expression C’ is computed from (11) and tand
represents the skin-depth loss factor indicated in equation
(2). Once all the main parameters of the transmission line
are calculated, the results are multiplied by the
corresponding length and frequencies so that they can be
represented as indicated in equations (7) and (8).

Z=R+jX= N o

(13)

After obtaining the values of Z and Y from equations (9) to
(12), to be used in equations (7) and (8), and since each
element of the transmission line matches these equations,
from Figure 1 we can obtain a complex-valued
representation (either rectangular or polar) for Z and Y as
follows:

Y=G+jB= N P

(14)

Where X = oL (Q) and B = oC (siemens), respectively.
Then, applying the quadripole model and the transmission
parameters that allow a matrix-form manipulation for
complex variables, it is possible to achieve operation
results that are efficient in terms of transfer functions
(vector length N and angle ¢), input/output impedances,
and voltage/current gains, among other resulting values.
The model has the following representation:

Vi an  an Vo (15)
11 an an - I2

Where Vi, 11, and Vo, 12 correspond to the input and
output variables of the quadripole, respectively, and the
entries aij characterize the transmission matrix.

an an
[ a ] = 6)

an  an

The modeling of each of the line’s elements as an
independent quadripole suggests the following matrix
representation for impedance (Z) and admittance (Y), so
called transmission matrix [a]:
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Figure 3. Impedance
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Figure 4. Admittance

The resulting transmission matrix for the network of
Figure 1 is as follows:

This matrix is transformed into the following matrix after
making some necessary computations:

1 Il 1 1] 1 A
(»)-
0 1 il 0 1
a7
1+ZLY2 T3+ ZU1+YLLY
(2]
Y32 1+¥2.Z3
as)

By associating the previous matrix to the matrix in
equation (16), the following parameters are obtained:

an = 1+Z1L¥2 (19)
an = Z3+Z1(1+YLZ3) (20)
a = Y2 21
a = 1+Y.Z3 22)

Proceeding with the previous parameters, we obtain the
following:
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This equation corresponds to the transfer function of the
transmission line under consideration.

H(f)=

APPLICATIONS

For a particular design method for in-between-node filters
derived from a single phase topology and also by using the
results from the transfer function, the characteristics of the
filter can be modeled and controlled since these
characteristics and the corresponding transfer function are
closely related. This procedure is to be carried out in
between various pairs of nodes with variations in
conductor length (cables and/or wires) and operation
frequency (ranging from 1.8 MHz to 30 MHz).

Once filter characteristics have been established, filter
behavior can be assimilated from an out-of-filter
perspective by implementing electronic designs that
exhibit the same frequency response.

Power spectral density [7] is a parameter that allows
reducing the impacts of electromagnetic compatibility
(noise, attenuation, distortion, coupling) [8]-[9]-[10]-[14]
on a particular BPL communications channel [15]-[18] and
also facilitates control management over transmission
power levels. In general, this type of filter design
contributes to properly controlling and reducing
electromagnetic compatibility issues as well as taking
advantage of transmission power.

PRELIMINARY RESULTS

Based on measurements obtained from an actual single-
phase topology of a household BPL system, adjustments
and corrections must be made for a particular set of
modeled filters, which have been designed and
implemented, to establish response patterns according to
circuit location within the topology and also to establish
frequency response and transmission SNR levels.

In order to obtain preliminary results for the case of non-
loaded 12-AWG conductors within PVC pipelines —
galvanic metallic conduit —, a draft algorithm design was
carried out using a spreadsheet so as to allow controlling
the transmission line based on the line’s characteristic
impedance and its transfer function. Frequency variations
were applied (1.8 MHz and 30 MHz) and conductor length
was also varied (between 0.5 and 1000 meters).

PRELIMINARY RESULTS DISCUSSION

A primary parameter that allows analyzing the behavior of
a transmission line (in terms of frequency and line-length
variations) that is associated to a single-phase topology is
the characteristic impedance Zo. Graph 1 shows the results
of preliminary calculations that were obtained from the
two-conductor configuration of Figure 2 (characteristic
impedance described in equation 24 for certain frequency

range variations and for different conductor-gauge
computations based on equations 7, 8 and 23).
Graph 1
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Graph 1 shows a decreasing variation of the 1000-meter
line’s characteristic impedance as a function of frequency,
which corresponds to an approximate attenuation value of
6 Q per decade, that is (for the wire gauges under
consideration), the non-loaded transmission line exhibits a
6-Q reduction as the frequency increases by a factor of 10.
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For 1 MHz, the following values were obtained:

Zo(6 AWG) = 57,5 Q; Zo(10 AWG) = 55,5 Q; Zo(12
AWG) =54 Q.

For 30 MHz, the following values were obtained: Zo(6
AWG) = 27,5 Q; Zo(10 AWG) = 26,5 Q; Zo(12 AWG) =
25 Q.

For illustration purposes it is worth mentioning that a 60-
Watt load (standard lighting output) that operates at 110
Volts and 60 Hz has an impedance of 202 Q. In the case of
a 1000-Watt load (e.g. irons or electric drills), impedance
values are about 12 Q. The characteristic impedance of a
transmission line for a single-phase topology is capable of
dealing with load variations, as illustrated in the following
sections.

A typical equation of a transfer function (equation 23)
ensures a filter-like behavior of the non-loaded
transmission line, within a single-phase topology, when
facing frequency or line-length wvariations. Initially,
various calculations and the corresponding analysis were
carried out based on the particular transfer function in
order to determine the type of filter that can be obtained
when varying operation frequency from 1.8 MHz to 30
MHz. Subsequently, a similar procedure was followed



regarding line-length variations ranging from 0.5 m to
1000 m.

It is worth mentioning that the algorithm employed yields
results in terms of both magnitude and phase, which
represent characteristic variables for the filters in question.

Frequency response of the transfer functions. The
aforementioned methodology was developed until finding
a final version of a computation algorithm that allowed
obtaining suitable results from equation 21, particularly
when varying the operation frequency for transmission-line
lengths of around 1000 meters. The results in terms of both
magnitude and phase are shown in Graphs 2 and 3,
respectively.
Graph 2
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Graph 2 indicates that, in terms of frequency response, line
behavior for a 12-AWG-conductor transmission line
corresponds to a second-order low-pass filter, provided its
40-dB per decade decreasing slope [20]. This suggests that
the transmission line in question offers an attenuation of -
40 dB (when comparing output signals with transmitted
input signals) as operation frequency increases by a factor
of 10. The dotted line represents the values for which an
attenuation of -3 dB can be obtained, which corresponds to

a cutoff frequency of about 10000 Hz (a point in frequency
at which output signal power is half of the transmitted
signal power). For frequency values over 10000 Hz, output
power is attenuated by 40 dB per decade. Regarding phase
behavior, there is a phase shift of -90° per decade, that is,
there is a phase variation between the input and output
signal of -90°, and, as frequency increases, there is a non-
loaded line behavior that resembles an inductive response.
In general, one of the goals of the present study is to find a
method to control the shift in cutoff frequency values at
frequencies over 10000 Hz, whether the BPL transmission
line associated to a single phase topology is loaded or not;
thus it is ensured that transmission power passes over a
larger bandwidth. Figure 5 shows the results of the
algorithm for operation frequencies of around 30 MHz and
1000-meter line length.

Figure 5: Results of the algorithm

Figure 6 shows the algorithm’s control capabilities in
terms of input/output performance.
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Figure 6: Algorithm’s control

Line-length response of the transfer function. By using

the same computation algorithm on equation 21,

transmission line length was varied for an operation

frequency of 20 MHz. The results in terms of magnitude

and phase are shown in Graphs 4 and 5, respectively.
Graph 4
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Graph 4 illustrates the behavior of the transmission line
for a 12-AWG conductor regarding length variations. This
corresponds to a low-pass filter with a -10-dB per decade
slope as a function of length. This suggests that the
transmission "line offers an attenuation of -10 dB
(comparing output signals to input signals) as length
increases by a factor of 10. The dotted line shows the point
at which attenuation of -3 dB occurs. This point
corresponds to a cutoff length of 40 meters, thus for such
length and an operation frequency of 20 MHz, the output
signal power is half that of the transmitted power. For
values over 40 meters, the output power is attenuated by
10 dB per decade of length.

Graph 5
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In Graph 5, it can be seen that, for the 12-AWG-conductor
transmission line, regarding length variations, there is a
phase-shift behavior of -90° every 100 meters, there is a
phase variation between input signal and output signal of -
90°. The overall behavior of non-loaded transmission line,
as a function of length, is inductive.

It is necessary to determine a method to control the point at
which the cutoff length occurs for values over 40 meters
and a transmission line associated to a BPL single-phase
topology (whether loaded or not). This ensures that the
transmitted power flows over a larger bandwidth.

OBSERVATIONS ON LOADED TRANSMISSION
LINES

Referring to Figure 1, when a particular load (Z) is added,
in parallel, to the circuit’s output, the network shown in
Figure 7 is obtained.

Vi Yo

Figure 7: Network obtained

Since the power transmission line is going to be used as a
BPL communications channel, and as observed in section
2.1 and Graph 2, there is an attenuation of -3 dB at a cutoff
frequency equal to 10 KHz. The purpose of placing a
particular load at the output terminal of the transmission
line is to establish the characteristics of such a load that
permit finding an upper cutoff frequency of 10 KHz so as

Vi + o HEO

to ensure efficient power transmission.
—-| Ge(f)

Yo

Figure 8

The phase diagram of Graph 3 indicates that there is an
inductive behavior of the transfer function associated to
equation 21, which suggests that the transfer function
should be compensated [21], [22], [23] by using a
capacitive load.

An important aspect that should be considered when
loading the transmission line involves choosing the values
for the components that are to constitute the compensator.
Theses components must ensure a larger frequency
response (Figure 8 illustrates this situation). The feedback
loop that appears in the diagram ensures that there is no
further (sharper) attenuation at the output. Since a
particular load might be represented as certain admittance
value, the following can be obtained:

LGk oGk

In equation 25, constants ki and k2 correspond to a pair of
values that affect the behavior of the compensator and so,
by using the feedback loop such values are adjusted,
yielding the following (equation 26):

FG‘R“G' _G

Y=

(25)

R G" G

(26)



It is necessary to express the elements of the load
impedance as a function of the line’s admittance elements,
thus frequency and length compensation is guaranteed. The
network section displayed in Figure 7, which corresponds
to Zr, was modeled according to Figure 4, and it was used
within the transmission-parameter model to subsequently
run the computation algorithm.

The assessment of ki and k» for two different types of load
impedance can be summarized by the data shown in Table
12.
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The results obtained for the transfer function and the phase
diagram appear in Graphs 6 and 7, respectively.

Graph 6 shows the behavior of a compensated (and
loaded) transmission line for a 12-AWG conductor as a
function of frequency. It can be observed that the line
exhibits the characteristics of a third-order low-pass filter
due to its -60 dB per-decade decreasing slope. This
indicates that the transmission line in question offers
attenuation of -60 dB (when comparing output signals to
input signals) whenever operation frequency increases by a
factor of 10. The dotted line indicates the frequency value
for a -3 dB attenuation, which corresponds to a cutoff
frequency of 100000 Hz, that is, at this particular
frequency, the power of the output signal is half the power
of the transmitted signal. For frequency values over

100000 Hz, output power is attenuated by 60 dB per
frequency decade. By applying the compensator, a
bandwidth gain of 10 was achieved.

Graph 7
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In Graph 7, it can be observed that there is a phase forward
shift that ranges from -380° to -120° and also to -100° per
decade, respectively for the two load conditions illustrated
in Table 12. This means that the compensator produced
phase variations between the input and output signals of
approximately -250°, and the overall behavior of the
compensated (and loaded) transmission line is mostly
capacitive as a function of frequency. Complete
verification of the line’s operation is achieved by
implementing line-length variations. To this end, the same
compensator-wise scheme (Figure 8) was applied using
the same restrictions on the values of kl and k2 (see
equations 23 and 24) as well as considering an operation
frequency of 20 MHz. The results regarding magnitude
and phase are shown in Table 13, and Graphs 8 and 9,
respectively.
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Graph 8
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In Table 13, it can be observed that, for the same length
variations, the compensator-associated values of k1 and k2
take the same border values for both the resistance load
and capacitance load. Graph 8 shows that the overall
behavior of compensated (and loaded) transmission line
for a 12-AWG conductor, as a function of length,
resembles that of a first-order low-pass filter, as it can be
observed by looking at the -20 dB per-decade decreasing
slope. This indicates that the transmission line in question
offers attenuation of -20 dB (when comparing output

signals to input signals) whenever there is an increase in
length by a factor of 10. After including the compensator,
there was virtually no bandwidth gain, and if any such gain
were to be observed, it would be negligible.

Graph 9 shows that there is a forward phase shift raging
from -440° to -180° per decade, respectively for the load
conditions illustrated in Table 13. This indicates that the
compensator yielded a phase variation, between the output
and input signals, of approximately -260°; and the overall
behavior of the compensated (and loaded) transmission
line is mostly capacitive as a function of frequency.

CONCLUSIONS

The behavior of a 12-AWG-conductor transmission line
associated to a single-phase BPL household topology
resembles that of a low-pass filter (whether loaded or not).
The transfer-function frequency response gor the non-
loaded transmission line corresponds to a second-order
low-pass filter whose slope decreases at -40 dB per decade
as a function of frequency. This means that the
transmission line offers attenuation of -40 dB as the
frequency increases by a factor of 10, with a cutoff
frequency of 10000 Hz.

In the case of non-loaded transmission lines, the phase
shift corresponds to a slope of -90° per decade. The overall
behavior as a function of frequency is mostly inductive.
The behavior of the non-loaded 12-AWG-conductor
transmission line as a function of the line’s length, at an
operation frequency of 20 MHz, resembles that of a low-
pass filter. The slope of such a filter is -10 dB per length
decade; in other words, the transmission line offers
attenuation of -10 dB as its length increases by a factor of
10. The cutoff length for the filter is 40 meters; therefore
for values over 40 meters, the output power is reduced by
10 dB per length decade.

Regarding the phase shift of the 12-AWG-conductor
transmission line as a function of length, the overall
behavior suggests a -90° phase shift every 100 meters; and
the non-loaded line’s behavior is mostly inductive as a
function of length.

The behavior of the compensated (and loaded) 12-AWG
transmission line, as a function of frequency, resembles
that of a third-order low-pass filter whose slope
corresponds to -60 dB per decade. Thus the transmission
line offers attenuation of -60 dB after increasing the
operation frequency by a factor of 10. The -cutoff
frequency in this case was 100000 Hz.

In the case of the loaded transmission line, there was a
forward phase shift ranking from -380° to -120° and also
to -100° per decade, respectively. The compensator that
was implemented yielded a phase-shift variation (between
the input and output signals) of -250°, and the overall
behavior of the compensated (and loaded) transmission
line is mostly capacitive as a function of frequency.

The behavior of the compensated (and loaded) 12-AWG
transmission line as a function of length resembles that of a
first-order low-pass filter. The slope of such a filter is -20
dB per frequency decade. The transmission line offers
attenuation of -20 dB as the line length increases by a
factor of 10. After implementing the compensator, there
was no bandwidth gain; in case this bandwidth gain was to



be achieved, it would be negligible. Regarding the signal’s
phase, there was a forward phase shift ranging from -440°
to -180° per decade, respectively. The compensator yielded
a comparative variation, between input and output signals,
of approximately -260°, and the overall behavior of the
compensated (and loaded) line as a function of frequency
is mostly capacitive.

The frequency response of the low-pass filter associated to
the transfer function of the loaded transmission line shows
better results than the non-loaded line in terms of
bandwidth.

The length-dependent response of the low-pass filter
associated to the transfer function of the loaded
transmission line shows limited results in terms of
bandwidth when compared to the bandwidth of the non-
loaded transmission line.
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