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Abstract—The implementation of power-line communication
systems requires detailed knowledge of the channel properties,
such as transfer function, noise levels, and channel capacity in
order to assess the services that can be provided. In this paper,
the interference scenario on overhead medium-voltage power
distribution lines caused by external electromagnetic (EM) fields
is examined by focusing on the noise induced. The external EM
fields are considered to be the main source of occurring noise and
a novel method capable to calculate the corresponding noise levels
is presented. The proposed method is compared to other existing
models and its strengths are highlighted. The effect of the induced
noise to the overall data capacity of the power-line communication
channel is examined. Eventually, the influence of several param-
eters, such as the magnitude and direction of propagation of the
external EM field, network topology, earth’s EM properties, and
different levels of emissions suggested by various organizations
are investigated.

Index Terms—Broadband over power lines (BPL), channel ca-
pacity, coupled mode analysis, electromagnetic coupling, electro-
magnetic fields, electromagnetic interference, modal analysis, noise
calculation, overhead power lines, power distribution lines, power-
line communications (PLC).

I. INTRODUCTION

HE ever-increasing necessity for data transfer, due to the
constant development of communication systems, leads
to the boost of economical feasible technologies, such as power-
line communications (PLC). The exploitation of the particular
technology appears to be tempting, because it uses the existing
electrical power grid infrastructure, and does not require further
investment for backbone installation. The upcoming upgrade of
the traditional power grids to smart grids, which will incorpo-
rate information and communication technology (ICT) toward
improving their functionality, offers a unique opportunity for the
PLC technology to be implemented in large scale for the trans-
mission of network operation-related data [1]. Several models
proposing fault isolation, self healing, and online measurements
at various points of the network can be incorporated in the new,
smart era of the grid, and PLC systems could be utilized for the
respective data transfer.
However, power grids were designed to deliver electric
power to consumers at very low frequencies (50 or 60 Hz) and
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not to carry frequencies in the range of megahertz, implemented
by PLC technology. Furthermore, the networks typically spread
to vast areas and contain many lateral branches. Thus, PLC
systems suffer from attenuation and multipath propagation,
problems similar to those appearing in wireless communication
systems [2]-[5]. Because of this, such a system requires a
rigorous study prior to its installation, in order to determine all
required parameters [6]-[11]. A key feature that may determine
the penetration level of this technology is the data capacity of
the PLC communication channels. This mainly depends on
the available frequency range, transmitted power, channel’s
transfer function, and existing noise. Each of these factors can
drastically enhance or deteriorate the channel performance.
Studies have been conducted aiming mainly on the effect of the
first three factors on the capacity of PLC channels [12]-{15],
but the influence of the channel noise also has to be taken into
account.

PLC channel noise is influenced mainly by the voltage level,
the characteristics of the power grid appliances, the features of
the transmission line, and the electromagnetic (EM) activity in
the vicinity of the communication channel. In addition, it can be
divided into two main categories, defined here as endogenous
and exogenous noise, representing the self-imposed and the in-
duced noise, respectively. The former is caused by the function
of the power grid, whereas the latter exists mainly due to ex-
ternal EM fields in the vicinity of the power lines inducing noise
due to the fact that power cable installations are unshielded.

Models existing in the literature deal with the issue of noise
modeling by incorporating random peaks of noise that can be
caused by interference [2], [15], or assuming a constant noise
level over the used frequency range [12], [14]. Both afore-
mentioned models do not take into account several important
characteristics of the network and cannot be applied in every
case. Furthermore, measurements have been conducted for
determining the existing noise level in MV networks [16],
[17], and studies have been conducted for the impulsive noise
modeling [18]-[20].

In this study, a novel approach considering external EM ac-
tivity in the vicinity of the arrangement as the main source of
noise on overhead MV transmission lines, which induces noise
on the network, is presented. Therefore, a thorough investiga-
tion concerning the effect of this external EM field on the in-
duced noise and the channel data capacity are presented. In ad-
dition, the influence of various features, such as EM-field mag-
nitude and orientation, different emission levels as proposed
by various countries and organizations, the network topology,
and earth’s EM properties are examined. The proposed method
could be very helpful during the study preceding the installa-
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tion of a broadband PLC system at an overhead MV line. The
external EM activity of the region in which the transmission
line is installed can be used in order to calculate the corre-
sponding noise levels. These can be used for the computation of
the channel’s expected capacity and, thus, the services that can
be successfully provided by the PLC system can be determined.

In Section II, the origin of noise in aerial MV networks is ex-
amined and its significant features are explained. Subsequently,
Section III contains the theoretical analysis required for the cal-
culation of the induced noise on the network. All of the con-
ducted simulations and the respective results and conclusions
are shown in Sections IV and V, respectively.

II. ORIGIN OF NOISE IN AERIAL MV NETWORKS

The noise occurring in power networks may cause problems
and malfunction to an installed communication system, such as
high bit-error rate (BER) or burst errors. For this reason, a com-
prehensive investigation of the noise origin is indispensable.
Furthermore, it is important to focus on the specific attributes
of the studied part of the network (i.e., the MV network).

In general, possible noise origins may be divided into two
main categories: corresponding to sources or events that are ei-
ther endogenous or exogenous. Endogenous is in reference to
the sources that are part of the MV network, such as electrical
equipment, whereas exogenous refers to the sources that do not
constitute part of the power network and do not participate in its
operation.

In more detail, endogenous noise could be generated by
electrical devices, switching operations, network faults, and
spark discharges since they are defined in [21]. The MV part
of the network is separated from the low voltage (LV) and
the high voltage (HV) parts by power transformers. These are
considered to behave as open circuits at the frequency range
utilized by the PLC technology, providing complete isolation
from the rest of the network. Devices that are connected
directly to the MV network could be capacitor banks and
motors that do not produce noise at the studied range. The rest
of the equipment is connected through a power transformer,
leading to negligible noise production. Furthermore, it can be
considered that both switching operations and faults would
lead to burst errors, making communication impossible during
their occurrence, but their appearance is rare. Moreover, spark
discharges do not occur on all power lines and that it is why
these types of discharges are not frequently documented in
the literature. In fact, their appearance could be considered
rare and does not correspond to normal operating conditions.
They are caused by bad connections between conductors and
insulators, caused by oversight during the installation process,
that does not constitute the usual case. The existence of spark
discharges could create problems to PLC system operation due
to their spectral content. For that reason, it is important that
bad connections creating them are fixed prior to PLC system
installation. Considering that a functioning PLC system and
spark discharges will not coexist, this particular source of
noise is neglected. Conclusively, all possible endogenous noise
origins may be omitted in a noise calculating model.

Possible origins of exogenous noise are external EM fields
and weather conditions. The former may be transmitted by
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another communication system utilizing the same frequency
range and inducing thus noise on the studied PLC system due
to the absence of cable shielding. The latter may cause the ini-
tiation of corona discharges that are reported as possible noise
sources and atmospheric noise. Specifically, regarding corona
discharges, the threshold value of the electric-field strength for
corona phenomenon initiation, as computed using Peek’s equa-
tion [22] under normal weather conditions (i.e., air pressure
of 760 mmHg, temperature of 20 °C) for a typical overhead
MYV line with stranded aluminum conductor steel-reinforced
(ACSR) conductors of 70/12 mm? is close to 36 kV/cm, while
the maximum calculated electric-field strength for a typical
overhead 20-kV MYV line is approximately 6 kV/cm. By com-
paring these values, it can be deducted that corona discharges
would only manifest themselves in MV power lines under ex-
tremely severe weather conditions. Furthermore, atmospheric
noise that could be created by lightning could raise the noise
levels, in some cases so high that communication could be-
come infeasible. However, the existence of lightning-induced
atmospheric noise can be considered as rarely appearing and
is chosen to be omitted. Hence, the main origin of noise gen-
eration for the system investigated in the current work is the
external EM fields.

III. THEORETICAL FORMULATION

A. Interference on the Transmission Line Caused by an
External EM Field

The effect of an external EM field on a transmission line
may be expressed using field-to-transmission-line coupling
equations formed similar to the telegraph equations for voltage
and current propagation, such as those proposed by Agrawal et
al. [23]-[25], shown in (1) and (2)

d%fx) + Z'I(x) = ES(x,h)dx )
) | yive(x) =o. ?)

ox

The elements of the voltage vector V*(x) correspond to the
line integrals of the scattered electric field between the ground
and each line conductor, respectively. Moreover, Z' and Y’ cor-
respond to the per-unit length impedance and admittance ma-
trices of the transmission line, respectively, and can be calcu-
lated as explained in [26]. Furthermore, vector ES (x, h)dx rep-
resents the external electric-field component parallel to the con-
ductor’s axis.

The analysis of the problem can be simplified by imple-
menting the modal transformation technique, through which
only N-independent modes may be considered. The voltage
and current vectors of the arrangement are linked to their modal
components through specific transformation matrices T~ and
Ty, as shown in (3) and (4), respectively [27]

Vi(x) = Ty - Vi, (x)
I(x) = Ty - Ln(x).

(€))
“

With the application of the modal transformation, the field to
transmission-line equations may be uncoupled as shown in (5)
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Fig. 1. Mesh current method for the 7" mode of a topology with no lateral branches.

and (6). The transformation matrices T+ and Ty may be used
to diagonalize the per-unit impedance and admittance matrices
Z’,Y’, as shown in (7) and (8), leading to the analysis of com-
pletely independent circuit equivalents. Each of these equiva-
lents corresponds to a specific mode, implementing the modal
per-unit length impedance Z! ; and admittance Y, ; of the I'*"
mode [28]. Moreover, the term T{,l -E£ (x, h)dx corresponds
to the transformed vector ES(x, h)dx

(5)
81{;15") +T Y Ty - Vi (x) =0 ©
Ty - Z' - Ty = diag{Z}, Z0 - Ziun'} )
T Y Ty =diag{Y;,, V), - Vin - ®)

B. Noise Calculation at Topologies With No Lateral Branches

Considering a transmission line of N conductors and length
L, located above a lossy ground plane, N equivalent circuits,
such as the one illustrated in Fig. 1, may be formed, each one
corresponding to a specific mode. Each circuit incorporates the
termination impedances Z, and Z;, corresponding to the com-
munication devices installed at the starting and ending point
of the topology, respectively; the integral of the transformed z
component of the external electric field at both ends, and the
transformed longitudinal voltage sources corresponding to the
x component of the external electric field. Applying the mesh
current method to the circuit formed by n loops [29], as shown
in Fig. 1, gives (9). A corresponds to a n. X n matrix and is de-
rived as

A-J=E )
A=Ag+A+ (A (10)

The elements of matrices A4 and A are defined in (11) and
(12), respectively, where T is a set containing the number of
loops having a termination which, in the examined cases with
no lateral branches, is equal to {1,7}, and Zie,p; is the corre-
sponding terminating impedance of loop ¢

Z o+ ,L ifi=jandi¢ T
Adi; = Zoormi + 2 + =, ifi=jandie T
0, ST
(1)

ifi# jande =75 —1
elsewhere.

1
Appi =< Yoo’ 12
tij { 0, ! (12)
Moreover, n x 1 vectors J and E contain all loop currents and
transformed modal voltage sources corresponding to external
field interference as indicated by (13) and (14), respectively

Jy
Jo
J=1" (13)
-'In
/()h Eznt(O7 Z)(ZZ + EJJ(;LI(J"? h,)(],ﬂ?
E«'L’fnl(x? h)dT
E = . (14)
L~ foh EZ;LI(L'/ Z)(],Z + El’fnl(x? h)(lT

After having computed the unknown vector J using (9), the
modal noise voltage at the receiving device installed at the
end of the examined transmission line can be calculated as
the voltage drop across its impedance, that is, the termination
impedance Z; in Fig. 1 as shown in (15). For the voltage signal
corresponding to the actual noise, this procedure has to be
repeated for all N modes and the modal quantities have to
be transformed by implementing the proper transformation as
indicated by

Vnm] =Jn 2y
Va=Tv -Vun-

(15)
(16)

C. Noise Calculation at Topologies With Lateral Branches

Topologies that contain lateral branches require a slightly dif-
ferent approach compared to the topologies with no branches.
The mesh current method can be used for this case too. The
n loops that are formed are numbered starting from the point
where the transmitting communication device is installed and
ending at the point where the receiving device is installed as
shown in Fig. 2, in which the transmitting device is consid-
ered to be installed at loop 1, whereas the receiving device is
at loop n. The specific topology includes a lateral branch, ter-
minated to impedance Z,y,, that is perpendicular to the main
direction of the transmission line and because of that, the ef-
fect of the external EM field to the loops of the branch is taken
into consideration by the addition of the 2% ,(y, h)dy voltage
sources. The set T°, as was defined for the no-branches case,
is needed. Furthermore, for a set .J containing the number of
loops from which the lateral branches start, a set B L containing
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Fig. 2. Mesh current method for the Tth mode of a topology with one lateral branch.

the corresponding lengths of the lateral branches and a set BN
containing the loop numbers that correspond to lateral branches
need to be defined. For example, referring to the case shown in
Fig. 2, the sets that need to be introduced are T = {1,n1,n},
J={na}t, BL={n1 —no},and BN = {[n,14+1,n1]}-

Let us consider a topology that contains one branch that starts
from loop 7,1 of the transmission line. The numbering of the
loops is shown in Fig. 2 and the application of the mesh current
method for loop 7,1 is shown in (17). Since it is deducted at
the starting points of branches, four loop currents are involved
instead of two that had to be taken into account for topologies
with no branches

1 2 1
T Jnalfl + (Zrln,l + —) ' Jﬂul - 3 J"lo1+1*
Yo Yo Yo
1
——— Juy1 = Eer (e, R)de,  (17)
Y’r/nI
For that reason, the n X n matrix A is calculated as
A=Ag+ A+ (A) +Ap + (Ay)! (18)

where the elements of the matrix Ay are derived as shown in
(19), and BL; is the value of the BL set that corresponds to the
branch that starts from the ¢th loop. Matrices Ayq and A are
used as defined in Subsection III-B

1
— o,
Ali - {0 YmI

Moreover, the vector E: can be calculated as the sum of vec-
tors Ey, and E,, as in (20), where Ey, and E,, are defined in (21)
and (22), respectively, as follows:

ifi € Jandj=¢+ DBL; +1

19
elsewhere (19)

E=E,+E, 20)
l()h EZ:ﬁ,I(Oa Z)dZ + ET:17I(£, h)(]iL
En = . @
- f(]h EZerI(Lv Z)(],Z + E.’J,’fnj(«/[/.~, h)(lT
Euiy = B, (y,h)dy — B, (x, h)de, ifi € BN
! 0, elsewhere.
(22)

After having formulated the n x 7 matrix A and vector E, the
unknown vector J can be computed by applying (23). Finally,
the modal noise voltage can be computed by using (15) and (16),
as in the case with no lateral branches

J=A1.E. (23)

D. Transmission-Line Capacity for PLC Systems

The data transmission capacity of power lines is the max-
imum transmission rate over a channel, regardless of modula-
tion or any other system considerations [12] and is a crucial
characteristic that may determine the amount and features of
the services that may be offered. Capacity is mainly affected by
four key elements, namely: 1) the available frequency range; 2)
the total injected power; 3) the channel transfer function; and 4)
the noise present in the communication channel. Equation (24)
expresses, in mathematical terms, the total available capacity ¢
of a communication channel by applying the water filling algo-
rithm in the frequency domain as shown in [12] and [30]

. +
No(f)
T (p‘ QIB;(f)IQ) .
c= 5105};2 It—Fp  |% (24)
faown P
2/H(f)]

In this equation, fyown and f,;, are the minimum and maximum
frequencies of the given range, respectively; p is the injected
power at each distinct frequency; H(f) is the channel transfer
function; and Ny ( f) is the noise level at frequency f. Moreover,
the notation [X] " indicates the maximum value between quan-
tity X and zero. In addition, the total injected power P over the
total available frequency range is given by

_ [T Nolf) >+

2H (S
The noise power spectral density (PSD), expressed as No( f)
in the aforementioned equations, may be determined by ap-
plying the proposed model using as an input the properties of
the external EM field. Concerning the transfer function compu-
tations, the hybrid Smith chart (HSC) method was selected for
the modal transfer function derivations [31] (i.e., H,,,(f) in this

(25)
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work), as shown in (26), due to the fact that it is easily imple-
mented in source programming code

M41

[1

k=1

(1 _|_p’£m) e m Lt
1+ pEmeiQ%"'Lk .

Hon(f) = (26)

In this equation, p% = corresponds to the mode coefficients of the
reflections that a signal is subjected to along its path from the
transmitting to the receiving device for the studied mode, ~.,, is
the propagation constant of the studied mode, and 7 is one of
the total M + 1 lengths of line segments between two successive
reflections across the path to the receiver as explained in [7]
and [31]. The transfer functions of all existing modes form a
diagonal matrix H,,. Moreover, the transfer function matrix A
can be calculated by applying the proper modal transformation

H=TvH,.T" 27)

IV. SIMULATIONS

A. Baseline Scenario

The vast extent of the installed, overhead MV networks con-
tains a variety of network topologies. However, for the investi-
gation of the properties of a broadband PLC system, it is suffi-
cient to study the network segment between two adjacent com-
munication devices, corresponding to the typical PLC repeater
span of 1 km [7], [12]-[15]. For the purposes of this paper, a
test network topology had to be selected within these limits in
order to test the ability of the proposed model to calculate the
induced noise on a PLC system by external EM waves. For this
reason, a topology was selected, without loss of generality, with
a total length of 1 km. Three lateral branches, with lengths equal
to 100, 50, 150 m, respectively, are located at distances of 300,
500, and 600 m, respectively, from the topology’s starting point,
that is, the first communication device. All branches are consid-
ered to lead to power transformers, which are regarded as open
circuits within the studied high-frequency ranges. The branches
are considered to be perpendicular to the main topology’s direc-
tion which is considered to be parallel to the # axis of the Carte-
sian coordinate system. Therefore, the direction of branches is
parallel to the ¥ axis.

The second communication device is installed at the end
of the selected topology. Furthermore, both communication
devices are matched to the transmission line’s characteristic
impedance. The geometric configuration of the overhead MV
transmission line comprises three ACSR phase wires of a
70/12-mm? cross section, located at a height of 10 m above the
surface of the earth, in a symmetrical horizontal arrangement.
Specifically, the outer conductors have 1-m spacing from the
middle one, as shown in Fig. 3.

The earth, considered for the simulations, has a resistivity
equal to 100 £2m and a relative permittivity equal to 10. More-
over, if it is not stated differently, the total injected power from
the communication devices is equal to 5 dBmW, and the studied
external plane EM-field propagation forms a 40 degree angle
with the = axis of the 2 plane, and a 20 degree angle with the y
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Fig. 3. Configuration of three wires above a lossy ground plane, in the presence
of an external EM field with propagation vector k.
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Fig. 4. Noise PSD versus frequency induced by an external field with a mag-
nitude of 0 dBuV/m.

axis of the zy plane. The directions of the zyz Cartesian coordi-
nate system are shown in Fig. 3. Moreover, the chosen generic
amplitudes of the examined EM fields are considered to corre-
spond to the same value for all examined frequencies.

B. PSD Calculations

In Fig. 4, the power spectral density (PSD) of the noise in-
duced by an external EM field of magnitude equal to 0 dBxV/m
is plotted versus frequency. The noise is calculated at the point
where the second communication device is considered to be
located. It is obvious that the noise PSD exhibits a nonsta-
tionary behavior over the studied frequency range, in contrast
with the constant level model that suggests a static level of
noise throughout the entire range. The knowledge of the exact
noise pattern may be exploited by advanced schemes that could
be implemented for the optimum transmitted power alloca-
tion. These schemes would aim to optimize the usage of the
available frequency range for the maximization of the channel
capacity, allow transmission of higher power at frequencies
where the noise exhibits low values, while, on the other hand,
transmitting with lower power at frequencies with high noise
values. In Fig. 4, it may be observed that the noise PSD varies
from approximately —85 to —125 dBm/Hz.

In Fig. 5, the results are presented concerning the same con-
figuration, with a difference in the magnitude of the external
field which, in this case, is equal to —20 dBxV/m. The plotted
curve follows the same pattern with the previous examined case,
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Fig. 5. Noise PSD versus frequency induced by an external field with a mag-
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Fig. 6. Comparison between noise PSD versus frequency derived from the pro-
posed, constant level, and random peaks’ models.

as was expected, but exhibits lower values, as a result of the de-
creased occurring source of origin (i.e., the EM field). It may
be observed that the noise PSD varies in this case from approxi-
mately — 105 to — 145 dBm/Hz. The most interesting conclusion
with respect to these figures is that the calculated noise may be
easily attributed to a specific EM-field value with the applica-
tion of the proposed model. This offers a significant advantage
to the proposed method compared to the existing models in the
literature, because the noise and, as a result, the capacity of a
PLC channel may be calculated under different cases of EM in-
terference (EMI), leading to a comprehensive evaluation of its
effect on the system operation.

The difference in the results of the proposed model com-
pared to models that may be found in the literature is shown
in Fig. 6. More specifically, the case that corresponds to an ex-
ternal EM field of —40 dBpV/m, is presented in Fig. 6 along
with two existing models (i.e., the constant level model and
the random peaks model). The value used in the constant level
model is —105 dBm/Hz, as a proper value suggested in the
literature. It may be noticed that this value is approximately
equal to the mean value of the PSD derived by the proposed
method, that corresponds to the examined case shown in Fig. 4
(concerning an external field with a magnitude of 0 dBuV/m).
The random peaks’ model contains narrowband peaks corre-
sponding to the interference from the surrounding area without
providing any other information regarding the EM fields pro-
ducing them. Moreover, this model was initially introduced for
the calculation of noise on LV installations and, as may be ob-
served, does not take into account the specific characteristics of
the overhead MV network. On the contrary, the model proposed
here may be utilized by incorporating various EM magnitudes
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Fig. 8. Cumulative capacity versus the available frequency range for different
magnitudes of the external field and transmitted power.

or directions of propagation, and may provide more accurate re-
sults for each examined case.

C. Cumulative Capacity Calculations

In Fig. 7, the cumulative capacity of the PLC channel is
plotted versus the available frequency range for three different
cases of the external EM field, with magnitudes of 0, —10,
and —20 dBuV/m, respectively. It may be easily derived that
low-field magnitudes cause low-noise PSD and, therefore,
result in high available capacity. The highest observed values
of cumulative capacity for these three cases are 1038, 788.5,
and 545.9 Mbps, respectively, appearing naturally at the max-
imum frequency range considered (i.e., 100 MHz). The figure
content indicates the importance of the EMI that affects the
induced transmission line’s noise and through that the overall
channel’s data capacity. Moreover, the channel capacity is a
crucial element that may determine the amount and type of
services that a PLC system may provide.

Since the cumulative capacity is reduced due to the increase
of the external EM-field magnitude, the total injected transmis-
sion power could be proportionally increased as a means to
maintain the capacity level. In Fig. 8, the increase of the total
injected power and its influence to the total capacity is exam-
ined. From the comparison between Figs. 7 and 8, it may be de-
rived that a 100% increase in the total transmitted power leads
to a 22% increase in the total available capacity for a 0 dBuV/m
external field. At the same time, this increase produces a lower
cumulative capacity compared to the case of a —10 dBxV/m ex-
ternal field combined with a total transmitted power of 5 dBmW.

Moreover, in Fig. 9, comparative results are shown regarding
the cumulative channel capacity for an available frequency
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Fig. 9. Cumulative capacity calculated for different noise models for an avail-
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range from 1 to 100 MHz, for different EM-field levels cal-
culated using the proposed model, as well as the other two
existing models. The proposed model is used for three different
noise-level calculations, namely, 0, —10, and —20 dBuV/m.
The constant level model utilizing a unique value of noise
PSD throughout the entire examined frequency range (i.e.,
—105 dBm/Hz) results in cumulative data capacity close to
the one calculated with the proposed model corresponding to
the external EM field of 0 dByV/m. This reveals the inability
of the constant level model to deal with a variety of noise
cases. It may also be observed that the random peaks’ model
produces greater capacity among the three methods. This is
expected since this model takes into account only narrowband
interference at a small number of bands into the selected range.
Consequently, the method proposed here, combined with the
knowledge of the EM activity in the surrounding area of an
installed PLC system, may provide important information for
the exact cumulative capacity estimation.

D. Calculations Regarding Standards and Proposed Emission
Levels

The emissions of PLC and other systems utilizing the same
frequency range are of high importance and should be compliant
with specific standards ensuring the EMC between various in-
stallations. Until today, there have been several proposals from
different national and international organizations concerning the
allowed emissions of PLC systems, such as the British Broad-
casting Corporation (BBC), NATO, Federal Communications
Commission (FCC), Germany, and Norway, but their effects
have not been thoroughly examined. Furthermore, the suggested
emission levels differ from each other significantly, resulting in
substantially different EM activity situations. These standards
and recommendations focus on the highest value of the electric
field that may originate from a communication system using the
selected frequency range at a specific distance from the arrange-
ment under study. In [32], the levels proposed by the different
standards are shown in a common diagram referring to the al-
lowed emissions, measured at a distance of 3 m from the ar-
rangement under study. Since this distance is considered to be
quite small for practical cases, the results illustrated in Fig. 10
are calculated using the proposed model, as a percentage ratio
among the capacity calculated for each proposal and the one
computed for an external EM field of 0 dByV/m. Moreover, the
calculations were conducted for an available frequency range
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Fig. 10. Cumulative capacities for noise levels corresponding to different stan-
dards, compared to the capacity derived in the presence of a 0 dB;«V/m external
field.
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Fig. 11. Cumulative capacities for different angles between the power line and
the direction of an external field of 0 dB«V/m (« axis of the x:z plane).

up to 30 MHz, because some of the standards did not provide
values up to 100 MHz. For each case, the induced noise cal-
culations were conducted, assuming that the EM activity at the
vicinity of the transmission line is determined by each standard.
Conclusively, the emissions proposed by BBC and NATO lead
to the highest cumulative capacity. On the contrary, the FCC
proposal could create an EM environment of high noise. This
could cause problems for other existing systems by deteriorating
their performance significantly. This comes as a result of the
core idea behind the specific standard, that focuses on permit-
ting the systems to transmit large amounts of power, without
taking into account the EMC problems that may be caused to
adjacent installations.

E. Influence of the EM—Field Direction

The investigation of different angles between the external EM
field and the transmission line, as well as the respective effect
on the available capacity, also appears to be interesting. For that
reason, in Fig. 11, the computed cumulative capacity of a power
line is plotted, for an external EM field with a magnitude equal
to 0 dBxV/m, and with a direction that results in different angles
with the line regarding the x axis of the xz plane. In this figure,
the capacity of the initial test case is included as the baseline sce-
nario, corresponding to a 40° angle. It may be concluded that the
examined angle has a substantial effect on the overall capacity.
More specifically, a divergence of approximately 400 Mb/s is
observed between the perpendicular and parallel field incidence,
with the former resulting naturally in the highest capacity value.
Expressed in percentage ratio terms, this deviation is equal to
78%, a result indicating that the knowledge of the external field
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Fig. 13. Noise PSD versus frequency induced on topologies with and without
branches by an external field with a magnitude of 0 dBytV/m.

direction of propagation is of high importance. On the contrary,
apossible angle between the external EM-field direction and the
y axis of the xy plane seems to be insignificant in terms of the
power-line data capacity. This may be observed in Fig. 12, for an
external EM field of magnitude equal to 0 dBuV/m. Again, the
initial test case with a respective angle of 20° is also included in
this figure, corresponding to the baseline scenario. The highest
deviation occurring in this case reaches approximately 15 Mbps,
confirming the conclusion that this specific angle has no prac-
tical effect on the overall available channel’s data capacity.

F. Influence of Lateral Branches

In addition, a comparison has been conducted, concerning the
noise PSD induced on two different power-line topologies; the
one studied throughout the aforementioned cases, which con-
tains branches, and a respective one with no branches across the
1 km that separates the communication devices. The respective
results are presented in Fig. 13. As may be easily derived, the
induced noise PSD versus frequency depends on the topology
of the transmission line under study and, thus, the topology has
to be taken into account. More specifically, no significant devia-
tion is observed between the two different topologies in terms of
mean value over the entire selected frequency range, but there is
a difference in the pattern that each of the two illustrated curves
follows.

G. Influence of Earth’s EM Properties

Finally, an issue that is interesting to deal with is the effect of
the earth’s EM properties, that is, earth resistivity (o) and rela-
tive permittivity (e, ) to the overall induced noise. As was de-
scribed in the section of theoretical analysis, the parameters of
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Fig. 14. Noise PSD versus frequency induced on a topology with branches by
an external field with a magnitude of 0 dBuV/m for various values of earth
resistivity.
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Fig. 15. Noise PSD versus frequency induced on a topology without branches
by an external field with a magnitude of 0 dB+V/m for various values of earth
permittivity.

the earth are taken into account for the per-unit length electrical
characteristics computation. In Fig. 14 as well as in Fig. 15, the
noise induced on a studied topology from an external EM field
of 0 dB;:V/m is calculated for various values of the earth’s resis-
tivities and permittivities, respectively. The former figure indi-
cates that the influence of the earth’s resistivity may be consid-
ered negligible, whereas the latter one indicates the same con-
cerning the influence of the earth’s permittivity. Conclusively,
the noise PSD is affected mainly by the characteristics of the
external EM field and the transmission-line geometrical config-
uration, and not by the earth’s parameters.

V. CONCLUSION

In this paper, a novel method is presented for modeling noise
induced on a PLC system installed on overhead MV power lines.
Compared to other models existing in the literature, it offers
the capability of taking into account several parameters of the
studied configuration that may influence the results. Focusing
on the nature of MV overhead power lines, the external EM
fields are identified as the dominant source of noise, causing
the absence of cable shielding. Different magnitudes of inter-
fering fields are examined, and the induced noise is calculated.
Moreover, their effect on the overall PLC channel cumulative
capacity is computed. Noise PSD and capacity are computed
using the proposed model and it is concluded that they both are
considerably influenced by the magnitude and EM field’s direc-
tion of propagation. Important results are also derived from the
noise levels extracted from different emission levels proposed
in the existing standards by several organizations which lead to
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significantly different capacities. Furthermore, the effect of the
exact power-line topology and its possible branches are exam-
ined, and it is concluded that they have to be taken into account
for noise calculations. Finally, the earth’s EM properties have
no influence on the results, leading to the conclusion that the
geometrical configuration of the arrangement and the character-
istics of the external field are the key parameters for the noise
estimation procedure.
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