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Abstract—This paper presents a channel model suitable for mul-
tiwire overhead medium voltage lines. This model, incorporating
ground admittance, is more appropriate at higher frequencies than
predicted by Carson’s model of 1926. The proposed model is fur-
ther used to evaluate the multipath channel impulse response and
associated capacity limit in sample power distribution grids for ap-
plications in broadband over power lines communications. For a
sample grid model, comparison is made to the capacity value pre-
dicted based on the Carson’s model, and it is demonstrated that
the older model underestimates the potential of the overhead lines
for broadband transmissions, significantly.

Index Terms—Capacity, channel model, ground admittance, im-
pulse response, medium voltage, power line communications.

1. INTRODUCTION

HE medium-voltage power grid, typically carrying

megawatts of power at 11000 V, reaches within a few
hundred meters of most dwellings within the industrialized
world. The same grid is a potentially excellent communica-
tions medium, offering bandwidths well beyond 100 MHz and
potentially more, with Shannon capacity values well into the
gigabit range. This fact was highlighted very recently by the
authors, in conference paper [1].

Fast Internet access is growing from a convenience into a ne-
cessity in all aspects of our daily lives. Unfortunately, this has
been held back by the high expenses of wiring infrastructure es-
sential to deliver such high-speed Internet access especially to
private homes, small offices and rural areas, where the instal-
lation of any kind of new wires tilts the scales of the economic
feasibility to a nonprofitable state. This problem is known as the
“last mile problem” which has been an active area of research
in recent years.

The lines in a power delivery network may be characterized
by a number of criteria. For example, by line voltages including:
high voltage (HV), medium voltage (MV), and low voltage (LV)
or within a distribution grid, in the form of either overhead (OH)
or underground (UG) cable topologies.

The power distribution grid resembles an omnipresent,
widely branched hierarchical structure. Therefore, the struc-
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ture of MV and LV power distribution grid is appropriate for
Internet access, offering both last mile and last meter solutions.
In Europe, there have been significant efforts to utilize the LV
distribution grid consisting mostly of shielded underground
cables and in-building LV network as a medium for broadband
service delivery, [2]-[8]. Unlike the European system, a typical
power line access network in the U.S. is composed of MV
distribution grid and LV lines to and from houses. It is usually
composed of three phases and a neutral wire or three phases
and a grounded neutral wire. Measurements over three-phase
overhead MV lines were performed in South Korea [9], [10].
Currently, many vendors have proposed use of frequencies
between 2-50 MHz for broadband over power lines (BoPL)
application [11].

Overhead MV lines differ considerable in structure and phys-
ical properties compared with other wire-lines as twisted-pair,
coaxial, and fiber-optic cables. The power lines in the U.S. hang
overhead at a height of ~10 m above ground, for more than
85% of locations, simply because over ground wiring is ten
times cheaper than underground. Typically, four wires, three
phases and a neutral (sometimes a grounded neutral) with ~0.5
to 1 m spacing between wires are used above ground. Wires
are made of aluminum with 70% of standard annealed copper
conductivity.

Originally designed for power delivery rather than signal
transmission, power line has many nonideal properties as a
communications medium. Impedance mismatches at joints
cause reflections that generate conditions similar to those
created by multipath fading in wireless communications. While
there have been significant research efforts to characterize
European ground cables, a proper theoretical model for multi-
conductor overhead MV lines, a typical situation in the U.S.,
was not available, until the recent work by the authors [1] that
suggests the MV grid is a potentially excellent communications
medium, offering bandwidths well beyond 100 MHz and po-
tentially many gigahertz, with Shannon capacities well into the
gigabit range. The high bandwidth and the ubiquitous nature of
the MV grid make it a communication engineer’s gold mine,
whose potential has hardly been exploited.

As an extension of the work by D’ Amore et al. [12], in this
paper, a channel model is presented suitable for multiconductor
overhead MV lines. The suggested model, accounting for
ground admittance, is more appropriate at higher frequencies
than what was predicted by the Carson’s model [13]. More
can be found on communications over multiconductor trans-
mission lines (MTL), involving more than two conductors, in
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references [20], [30], and [31]. The proposed model is further
utilized to evaluate the channel impulse response and trans-
mission capacity in some sample power distribution networks.
Our channel modeling belongs to the category of bottom-up
approaches, and is different from the traditional top-down
multipath-based approaches. This kind of approach allows for
the a priori computation of the transfer function (whereas a
top-down one does not) at the expense of a detailed knowledge
of topology, cable properties, and terminating impedances.

In Section II, a review of existing models is provided. In
Section III, mathematical derivations of the proposed model are
presented. Section IV presents a new communications channel
model suitable for these lines. In Section V, numerical perfor-
mance results are provided. Concluding remarks and references
end the discussions.

II. REVIEW OF EXISTING RESEARCH EFFORTS

A. Single Conductor Over High-Loss Earth

Historically, finding the propagation constant of “a thin wire
over earth” has been of interest to researchers since early 20th
century because of its application in power transmission and
telephone communications. These systems operate at very low
frequencies. At these frequencies, height of wire is a small frac-
tion of wavelength and all the coupled energy into the wire prop-
agates in quasi-transverse-electromagnetic (TEM) modes. Thus,
the early works in this field focused on finding the distribution
characteristics of this type of propagation mode in transmission
lines.

Carson reported the earliest solution for this problem in 1926
[13]. In his work, he calculated values for distribution parame-
ters of a quasi-TEM mode in a transmission line. In doing so,
he made some assumptions. He first assumed that the displace-
ment current on the earth surface is negligible; therefore, the
effect of earth conductivity on the per-unit-length shunt admit-
tance can be neglected. Moreover, he assumed that propagation
constant in the air is not significantly different than that in a di-
electric, thus, he used Laplace’s equation for two-dimensional
wave equation in air. These assumptions restrict the solution to
very low frequencies and/or perfectly conducting earth.

To find the exact solution for this problem at high frequencies
with higher loss ground return, we need to derive modal equa-
tions. Kikuchi [14], [15] in 1956 derived exact modal equations
for very thin overhead wires. In his works, Kikuchi used quasi-
static and asymptotic expansion of the exact modal equation to
investigate the transition from quasi-TEM to surface wave prop-
agation. Carson’s method is essentially a low-frequency approx-
imation of transmission line mode. On the contrary, Kikuchi’s
result is associated with the entire frequency spectrum of the
same mode. Kikuchi showed, experimentally and theoretically,
that as frequency increases, the transmission line quasi-TEM
mode reverts to a transverse-magnetic (TM) mode. According to
Kikuchi, as frequency increases there exist a high field concen-
tration around the wire and large longitudinal displacement cur-
rents that act as return currents over the air, thus minimizing the
role of earth as a return current path. Therefore, beyond certain
frequency, the path loss of transmission line diminishes by an in-
crease in frequency. In 1972, Wait [16], [17] extended Kikuchi’s
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work and solved the exact modal equation for a thin overhead
wire, numerically.

Basically, for analyzing this problem, we need to satisfy
boundary conditions on the interface between the surface of
wire and the medium surrounding the wire. Suppose a wire with
thickness a is positioned at a height z = h above the surface of
the earth parallel to horizontal x axis. Permittivity, permeability,
and conductivity of ground are, respectively, represented by
€g, g, and o,. These parameters for wire are expressed by
Ew, lw, and oy. Parameters ¢y and po are permittivity and
permeability of the free space. The electric current propagates
along x-direction in this wire with a propagation constant ~y.
For boundary conditions, we will have

Em<a77h7a)|wire = Ex(x7h~,a)|air- (D
The z-component of the electric field on the wire is expressed

by

Ey(z,h,a)|wire = ZE(’Y)I(QJ) 2)

where z/(-y) is the wire inner impedance expressed as

/ wuwuwIO(juwa)
() = ) 3
z(7) 2rak? I (juwa) )
Ew Jow
kw =koy/ =2 — 22 ky = w/loc0
0 %o Weo W/ Ho€o
uy =\ k2, — 2. 4

Following the procedure in [18], the z-component of electric
field in the air is obtained by:

—Jwho

EX('Tv h, a)|air = M(77 h, a)l(x) (5)
kg —
M(’Y*,}L?a): 2]€2 A(’Y*,}L?a)_i_slg(’%h;a)
0
72
ﬁSQQ('Y: h> a) (6)
0
i exp(—ug2h) )
Sio(vhya) == [ FPETU) —iadN (T
19(7: h, a) 2/ —— exp(—jzA) (M

1 T exp(—ug2h)
S2g(77 h7a) - 5 / k2k0—2u0 + g
I N

A(77h7a) :KO (]av k(2) - 72>
_K, <j\/4h2+a2\/k§ +72> )

exp(—jzA)dA  (8)

o = /A2 + 42 — k2 (10)
g =/ A2+ 72— k2 (11

where K|, is the modified Bessel function of second kind order
zero. S14 and Sy, are called Sommerfeld integrals.
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By the help of (3)—(11), (2) can be solved for . Equation (2)
is composed of Bessel and Sommerfeld integrals that are func-
tions of y; therefore, the general explicit answer to (2) cannot be
obtained and it needs numerical methods to solve (2) for propa-
gation constant «. Solving this equation numerically is not an
easy task, as there is no certainty about starting point for .
An unsuitable starting point can cause the answers to diverge.
D’Amore et al. in [12] assumed k,, > ko and kZ — y? =~ 0,
which are admissible for the cases when wavelength is a small
fraction of the height of wire above ground. For example, for a
wire system with 10 m height above the terrain, these estimates
are valid, approximately up to 100 MHz frequencies. With these
assumptions in mind, the propagation constant can be expressed
as

2m2l (jwpo) ™t + In (%) + 25’1g(h)

22 - 12
T In (Z) + S, (1) 2
/ wﬂwIO(jkwa)
r— _YHw 0 Pwd) 13
% 2maky 11 (Fkwa) (3)
S1g(h) =0.5In(1 + o'r 1) (14)
R _ k(% / . —1
SQg(}L) —mln(l‘i‘ﬁr ) (15)
2 kg +k;
o =—= andf = —2 9 (16)
/K2 — k2 k3 \/k3 — k2
r =+\/4h2 + a2. 17

Carson in [13] assumed |a\/kZ — 72| < 1, [2h\/k2 — 72| <
1, 2h > a, |koh| < 1, and |ko/k,| < 1. With these approxi-
mations, the propagation constant is equal to

(18)

where J, is given by

J. = ki 7(, /32— k2= A)ePraxn. 19)
0

Carson’s integral in (19) can be expressed as a series. Un-
fortunately, even with these assumptions and using the series
expansion, solution appears to be rather complicated. However,
Carson noted that the leading terms in the series are of impor-
tance in many practical cases, and use of these terms leads to a
simple closed form answer [13].

For a better understanding of these expressions, Fig. 1 shows
the real and imaginary parts of the propagation constant of a
wire above the ground surface, evaluated by three different
methods. This wire is characterized by oy, = 3.8 X 10" S/m
and e, = 2.3 X 10360 and is positioned at 10 m above the
earth. The wire has a radius of 1 cm. Earth is characterized by
oz = 0.005 S/m and ¢, = 13gq. As it is shown in this figure,
in terms of attenuation constant, the three formulations agree
at low frequencies and increase with frequency increments,
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Fig. 1. (a)Real and (b) Imaginary parts of propagation constant of an overhead
wire at a height of 10 m above ground, obtained by three different methods.

but beyond a certain frequency, D’ Amore’s expression shows
a decrease in the attenuation constant, Kikuchi’s expression
approaches a saturated level and Carson’s result increases
monotonically with frequency. The experimental measure-
ments in [12], [19], and [16] are in agreement more with
D’ Amore’s method rather than with the other two methods.

B. Analysis of Multiconductor Transmission Lines

Analysis of transmission lines consisting of two parallel con-
ductors is a well-understood topic. This understanding can be
further extended into matrix notations to cover multiconductor
transmission lines (MTL), involving more than two conductors
[20]. For a two-conductor line, we end up with forward- and
reverse-traveling waves. For an MTL with (n 4 1) conductors
placed parallel to the z axis, there are n forward- and n re-
verse-traveling waves with respective velocities. These waves
can be described by a coupled set of 2n, first-order matrix par-
tial differential equations which relate the line voltages V;(z, t),
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Ip; Ips
I 3

Ground mode

Fig. 2. Modes of four-wire power lines.

i=1,2,...,n, and line currents I;(z,¢),1 = 1,2,...n. Each
pair of forward- and reverse-traveling waves is referred to as a
mode. For example, in a case involving four conductors and a
ground return, we can define four modes, as shown in Fig. 2.
Using these independent modes, we can decompose currents
I; through I, as a linear combination of four modal currents.
Common mode (also referred to as ground mode) is character-
ized by the highest attenuation among the modes, and is propa-
gation through four phases and a return via ground. With signal
propagation and return only through wires, differential modes
(also known as the aerial modes) 1, 2, and 3 show a somewhat
lower attenuation than the common mode.

In BoPL transmission, depending on the way signal is
coupled onto the lines, either wire-to-wire (WTW) or
wire-to-ground (WTG) injection is possible. For WTW in-
jections, differential modes are mostly excited. For a WTG
injection, in the case of coupling to the middle phase, common
mode and differential modes are excited. Generally, these
modes are not orthogonal unless the wavelength of electro-
magnetic wave inside the conductors is a small fraction of the
height of the wires and the spacing between the wires is a small
fraction of the wavelength [21]. This condition is satisfied for
practical MV power line systems up to 100 MHz. Beyond
this frequency, the discrete modes lose their orthogonality and
continuous modes start to appear.

The prevalent mode of propagation in an MTL is TEM. An
MTL is capable of guiding waves whose frequency values vary
from DC to a point where the line cross-sectional dimensions
such as line separations become a significant fraction of wave-
length. At higher frequencies, higher order modes coexist with
the TEM mode, so other guiding structures such as waveguides
and antennas are more practical. Additionally, imperfections in
the line conductors; presence of nearby conductors, and asym-
metries in the physical terminal excitation such as offset source
positions may also create non-TEM currents [20].

In a multiconductor geometry depicted in Fig. 3, n wires are
placed in parallel with the x axis. Parameters h; and a; refer
to the height above the earth and the radius of ith wire, respec-
tively. Parameter A;; is defined as the distance between the ith
wire and the jth wire along the z axis. Distance parameter d;;
is defined as the shortest distance between the sth and the jth
wires and can be described by

di]‘ = (hl — hj)Z + A?] (20)

11
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Fig. 3. A multiconductor configuration.

Basically, this problem is analyzed by solving the so-called
curl-Maxwell equations and satisfying the boundary conditions
on each and every wire similar to the single conductor case. By
doing so, the result for finding the transmission constant is the
answer to matrix equations with Bessel and Sommerfeld inte-
grals. The procedure is very similar to what we followed for a
single wire, but it uses matrices instead of vectors.

Actually, taking a number of steps can solve for n line
voltages and n line currents, describing an MTL. First,
per-unit-length parameters such as inductance, capacitance,
conductance, and resistance are determined for the considered
line. Second, the MTL equations are solved in the form of a
sum of n forward- and n reverse- traveling wave equations,
with 2n unknown coefficients. Third, termination conditions
such as independent voltage/current sources, load, and source
impedance values are incorporated in the MTL equations in
order to determine the 2n unknown coefficients [20].

As stated, the first step in solving the MTL equations is to ob-
tain the per-unit-length parameters for the conductors. For this,
Carson [13] suggested incorporating ground impedance. How-
ever, this model, without considering the ground admittance,
is only suitable over low-frequency values and/or under good
conductive ground plane conditions. Unfortunately, ground ad-
mittance does not have an explicit expression and it can be
evaluated only by numerical methods. Therefore, as an effort
to find a new ground return path model for higher frequencies
and/or under poor ground conductivity conditions, a new pro-
cedure was suggested with some assumptions. This method-
ology by D’Amore et al. [12] incorporates the per-unit-length
series-impedance and shunt-admittance matrices, using the curl-
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Maxwell field equations. In this method, it is assumed that the
wavelength of electromagnetic wave inside the conductors is a
small fraction of the height of wires and the spacing between
the wires is a small fraction of the wavelength. Therefore, the
discrete modes are orthogonal. The details of this formulation
are explained in the next section. Further physical justifications
of these steps can be found in [12] and [19].

III. MATHEMATICAL DERIVATIONS

A. Multiconductor Configuration and Modal Analysis

The well-known second-order differential equations de-
scribing the propagation on a conductor can be extended to
a matrix form as in (21), where V and I are n-by-1 column
vectors of voltage and current in each wire, P is an n-by-n
propagation matrix, and “*” represents the matrix transpose

>V

— _ t
T3 =PV, 5 =PL

da? D

Denoting the n-by-n per-unit-length series impedance matrix
by Z and the n-by-n per-unit-length shunt-admittance matrix by
Y, the propagation matrix P can be expressed by

P=7Y. (22)

Often, similarity transformation is adopted in the analysis of
multiconductors, where a change in variables is defined, as in
(23), such that the actual conductor voltage vector V and current
vector I can be related to mode voltage vector V™™ and mode
current vector I, as in [12]. The definitions of M and N are
provided in [20] and [12]

V=MV"™ and I=NI". (23)
Using the propagation matrix, propagation constant of the sth
mode, ; can be represented by (24), with «; and 3; being the

attenuation and phase constants of the ;th mode, respectively

vi=Vhi=ai+if,  i=1l..n
where )\; is the ith eigenvalue of the propagation matrix.

Then, the general equation for modal currents can be ex-
pressed by (25), where the vectors of undetermined constants
still need to be determined. Modal voltages can be determined,
likewise. Actual voltages and currents of phases can be deter-
mined by (23)

(24)

I e ME L. et
I;n 0 e~ TnT Irrlr.y,-i-
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Characteristics impedance and admittance matrices can be de-
fined by (26)

Z. =Y '=Y " 'NyN~! = Z'Ny'N-1 (26)

B. Propagation Matrix Derivation

With the derivations in Section III-A, one needs to further
characterize P. This can be done by enforcing the continuity
condition of the x-component of the E-field at each air-wire
interface [12]. Following the reference, P can be expressed by
internal, external, and ground impedance and admittance, as is
given by (27). Each of the impedance and admittance terms are
represented by (28), (30), and (32)—(34), where the definitions
in (29), (31), and (35)—(38) are used

A A -1
P=(Z+2.+2,) (Y + Y, 7
Z; =diag{Zj, ... Z};... Zi,}

7! = PufloGkwai) @8

I ik Ly (fhwa)

I,  first kind Bessel function of zeroth-order
I;  first kind Bessel function of first-order

1/2
ko =ko (E—w — Ja_w> , where : ko = wy\/poeo  (29)

(30)

A is a matrix corresponding to the characteristics of each wire
and the relation to those of other wires, with elements equal to

2h; D;;
A“‘,:hl—, Ai]':hl ],
073 dij
2 211/2
D,;j = [(}L7 + h]') + A“] 3
Y. =jwee2rA™! (32)
~ Tw
7, =My, (33)
Y; :ngowFQ_g1 (34)

F,4 and Fy4 are matrices representing the characteristics of
each wire with respect to the ground and to other wires, with
elements equal to:

Lo hi+h;+jA5+&

Figii ==1 -
Lgii 2 " }Li—|-hj +]Aij (35)
hi +hj + jAi; + &3
Fyii =61 J J 36
21 =21 hi + hj + jAij (30
2 k2
51:—7 52: 0 ’
k2 + K2
€= ——t (37)
k%,/k%—kfl
ky =koy |2 — j 22, (38)
1) WEeo
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C. Per-Unit-Length Series Impedance and Shunt-Admittance
Matrices Derivations

Derivations in Section III-B can be used to obtain the propa-
gation matrix. However, to derive Z and Y, more rigorous ex-
pressions should be applied for several reasons outlined in [12].
Therefore, one needs to evaluate Zj, in (39) by evaluating Pt
from (27) and F3, in (40). Z; can then be used in (41) in order
to obtain Z. Also, Y; can be calculated by (42), yielding (43).
This process is necessary in order to calculate the exact value
of the per-unit-length series impedance and shunt admittance
matrices

j 1

7, =R -y, P (39)

s JweQm

hi+jAij + &3
Fgij = &oIn ———4——== 40
3gij §21n hi+]Aij (40)
Z=7;+7,+7, (41)
Y, = jweom(Fag — Fy) ™" (42)

-1
1

Y :jw€07r <§A + F2g - F3g> . (43)

IV. BOPL NETWORK CHANNEL MODEL AND CAPACITY

Frequency response, H(f), of a matched transmission line can
be expressed by means of a propagation constant ~y. In [23],
voltage along the conductor at a distance [ from the source V (1),
is obtained by

(44)
(45)

V() =H(f)V(0)
H(f) = e /Dl = gm0 Dl =3B

where V'(0) is the voltage at the source. By having the propaga-
tion constant, one may easily find a transfer function for power
line wire at a desired point on the conductor. As discussed later,
each mode of coupling has a different propagation constant.
Hence, there is a different frequency response for each mode.

Part of a propagating signal reflects back to the transmitter at
branch junctions due to impedance mismatch and the remainder
travels through [23]. Reflection coefficient is defined for each
node as the ratio of the reflected signal power to the total re-
ceived signal power at the node. In the same way, transmission
coefficient is defined as the ratio of the transferred signal power
to the total received signal power at the node. Obviously, reflec-
tion and transmission coefficients are equal or less than unity
and the sum of all transmission and reflection coefficients at
each node is unity.

Reflections cause signal propagation not to take place along
a single straight path from a transmitter to a receiver in a power
line network. Additional paths may also exist due to reflec-
tions at the network junctions. This creates a multipath channel
with frequency selectivity, similar to that in a wideband radio
channel. As such, a transfer function for linear systems with
memory can be used to characterize these lines. When signal
passes through a junction, it will be multiplied by transmission
coefficient of the junction and when it reflects back from a junc-
tion, it will be weighted by reflection coefficient of that junction.
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Fig. 4. Multipath signal propagation; cable with a single tap.

Therefore, each arrived path at a receiver is weighted by a factor
g, which is the product of reflection and transmission coeffi-
cients of nodes along the path. As reflection and transmission
coefficients are equal or less than one, the weighting factors are
equal or less than unity, as well [24].

For better explanation, multipath signal propagation can be
studied by a simple example, which can be easily analyzed in
Fig. 4. The link has only one branch and consists of the seg-
ments (1)—(3) with lengths l1, l2, l3, and the impedance values
Z11, Z12, and Z 3 that are equal to the product per-unit-length
impedance of each branch by its length.

In order to simplify the considerations, A and B are assumed
to be matched, which means Z4 = Z;; and Zg = Zj». The
remaining points for reflections are C and D, with the reflection
factors denoted as r1¢, T3¢, T3p, and the transmission factors
denoted as t1¢, t3¢. These values are given by

(Zi2l|Zi3) — Znn
Tle = —F1— " — (46)
! (Zi2|Zi3) + Zn
Zp — 713
_ 2D~ 21 47
3D Zp+ Zi3 “7
(Zi2||Z1n) — Zis
rae = 2N 20) = 23 (48)
° (Zi2||Z11) + Zis
tic = 1- |T1c| (49)
tgc =1- |’I”3¢|. (50)

These equations can be extended to a matrix form for a mul-
tiwire scenario. With these assumptions, in principle, an infi-
nite number of propagation paths is possible due to multiple re-
flections (ie, A - C - BA —- C — D —- C — B,
A—-C—-D —C —- D — C — B, and so on). Each
path ¢ has a weighting factor, g;, representing the product of
the reflection and transmission factors along the path. The more
transitions and reflections occur along a path, the smaller the
weighting factor will be, because, as mentioned earlier, trans-
mission and reflection coefficients are less than one. Further-
more, longer paths exhibit higher attenuation, so that they con-
tribute less to the overall signal at the receiving point. Due to
these facts, it is reasonable to approximate the basically infinite
number of paths by finite number of dominant paths.

With these weighting coefficients, we may express the net-
work as a summation of multiple paths with different length and
weighting factors. The propagation along a wire follows (44), so



1298

one can easily express the multipath network channel model [4],
[7] and [24] as

N
H(f) = giem*dhemi00d (51)
=1

where N is the number of significant arrived paths at the re-
ceiver, d; is the length of the ith path, and g; is the weighting
factor of the ith path. This expression is the transfer character-
istics of all cables; however, it uses a propagation constant that
is appropriate for overhead MV power lines.

Now, that the frequency response has been defined, by iden-
tifying the noise spectral density, water-filling [25] in spectral
domain can be applied to express the channel capacity as

+
0o No(f)
1 (p - 2\H(f>|2)
c= / Elogz 1+Tf), df (52)
—o0 2[H(f)I?

where p is the signal power at the specific frequency and is
chosen such that [~°_(p — (No(f)/2|H(f)|?))*df = P. The
notation [X]* means Max {X,0} and P is the average trans-
mitted power. In (52), No(F) is the noise spectral density in the
system.

Over MV lines, two types of noise are dominant: colored
background noise and narrowband noise [9]. The former is the
environmental noise, which is highly dependant on the weather,
geography, above ground height, etc. Corona discharge is a
major cause of background noise, especially under humid and
severe weather conditions [26]. When MV power line is in op-
eration, a strong electric field exists in the vicinity of wires. This
field accelerates free electron charges in the air surrounding the
conductors. These electrons interact with the molecules in the
air and produce free electrons and positive ions. This process
causes an avalanche, called corona discharge. The discharge
induces current pulses in conductors with random variations
of amplitude and separation time. Induced currents can be
modeled with current sources in power line system.

Narrowband noise is the interference from other narrowband
wireless devices and services in the frequency range of BoPL
systems, like amateur or shortwave radios. Narrowband noise
differs from time to time and place to place because the BoPL
frequency range is not occupied in all places by radio signals,
uniformly. Also, narrowband noise is time dependent.

V. NUMERICAL COMPUTATION RESULTS AND DISCUSSION

For numerical computation purpose, we used a four-wire con-
figuration with a 10 m height above ground and 70 cm spacing
between wires; each wire assumed to have 2 cm diameter. The
ground plane, on an average base, is characterized by a relative
permittivity of ¢, = 13 and conductivity of o4, = 5 S/m.

The frequency spectra of four propagation constants are com-
puted by using the method described earlier and the attenuation
constants are shown in Fig. 5.
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Fig. 5. Frequency spectra of attenuation constants of an MTL system.

The attenuation constants of each mode exhibit a different
behavior and values. Common mode shows higher attenuation
over the frequency range and the attenuation factors for the three
aerial modes are close to one another. Common mode atten-
uation factor increases up to some frequency and decays be-
yond. This incident is due to resonance phenomenon in ground
medium, initially capacitive and by increasing frequency it ex-
hibits an inductive behavior. This can be observed in Fig. 6 that
illustrates real and imaginary parts of characteristic impedance
of a line with common mode injection. The real part of char-
acteristic impedance is always characterized by positive values,
because the line is a passive system. At low frequencies, the
displacement currents are insignificant and ground plane acts
as a good conductor. Therefore, the proper terms of the input
impedance matrix of the line are capacitive and the imaginary
part of the characteristic impedance shows negative values. On
the contrary, at higher frequencies ground can be considered as
a good dielectric and the proper terms of the input equivalent
impedance matrix become inductive. This makes the imaginary
part of the characteristic impedance positive. The null value is
reached at the resonance frequency, corresponding to the min-
imum of the real part.

Fig. 7(a) represents frequency response of a matched trans-
mission channel over a 1 km span MTL system. As the system
is matched, signal does not get reflected at the receiver-end and
signal path is a straight point-to-point path. In this case, the only
loss comes from MTL path loss. Fig. 7(a) depicts frequency re-
sponse for two coupling methods: common mode and differen-
tial mode 1. Common mode exhibits more loss than differen-
tial mode, especially at low frequencies. As frequency increases,
losses of the two configurations become comparable. Also, one
may notice that both systems show a very low loss at high fre-
quencies over a 1 km repeater span. The fact that MV over-
head power lines resemble a low loss transmission system shows
promise for data delivery at high rates. Also, this is a cause for
concern, regarding potential interference into existing services,
as elaborated on extensively in NTIA reports [11]. Interference
problem must be remedied, as stated earlier. The root cause of
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Fig. 6. Frequency spectra of (a) real and (b) imaginary parts of characteristic
impedance of a multiconductor line with common mode injection.

interference can be found in discontinuities and asymmetrical
MTL loads.

Channel capacity is the maximum transmission rate over a
channel, regardless of modulation or any other systems consid-
erations. It depends on the channel characteristics. As we know,
the interference and narrowband noise vary from place-to-place
and time-to-time and there is no known model for these. As
yet, no significant measurement results are available. However,
these obstacles can be overcome by proper countermeasure
techniques. Therefore, as the definition of channel capacity sug-
gests, one should only consider the nonresolvable limitations
of a channel that are common in all power grids. The additive
background noise in BoPL is the only consistent noise in this
system. Therefore, it is sensible to use the PSD of this noise to
calculate the capacity limit of MV power line grid. Fig. 7(b)
illustrates the water-filling channel capacity limits of (52) for
a matched transmission system with a 1 Km repeater span
at different transmitted power levels. For evaluating channel
capacity, we chose a uniform —105 dBm/Hz spectral level as
a representative of average noise spectral density height of
background noise. Referring to [9], this value is a conservative
average estimate of practical background noise level for MV
power lines. Also, compared with galactic noise model, the
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r=1

Fig. 8. Simulated complex network.

assumption on noise level seems reasonable. It is interesting
to see both differential and common modes coupling systems
show almost the same average capacity characteristics, espe-
cially at high frequencies. This is due the fact that both systems
approach the same loss level at higher frequencies.

According to Fig. 7(b), with an ideal matched MTL system,
over 50 MHz of channel band, we can deliver almost 600 Mb/s
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Fig. 9. (a) Amplitude of frequency response of complex network shown in Fig. 8 using D’ Amore’s formulation for propagation constant and (b) its impulse

response, and (c) line’s transmission capacity bounds.

by launching 10 dBm transmit power. In reality, this low loss
nature of MTL systems degrades as a result of several impair-
ments. As stated earlier, mismatch at junctions cause traveling
signal to get reflected back, creating multipath. This can de-
crease the average channel capacity value.

Over an actual power line network, there always exist sev-
eral branches and junctions between a transmitter and a receiver.
These branches cause nulls in transmission channel frequency
response due to multipath. To investigate this phenomenon, we
simulated the complex network shown in Fig. 8. In this net-
work, we have three branches between transmitter and receiver.
Each end of these branches is an open circuit, so reflection
factor at each end is assumed unity. Also, we have assumed that
transmitter or receiver impedance is matched to that of the line.
Impedance of each branch is related to length of that branch and
according to those impedance values, each junction has an as-
sociated reflection and transmission coefficient.

Our simulation program performs an exhaustive search for
all possible paths from the transmitter to the receiver and elim-
inates those paths that have a power less than 1% of straight
path power. Fig. 9(a) shows the complex grid magnitude
of frequency responses. Reflections create deep nulls in the
frequency response. Simulation shows there are 11 dominant
paths and from Fig. 9(b), 11 pulses with different arrival times
are distinguished. Delay spread in this network is almost 3 ps.
Fig. 9(c) is the illustration of the channel capacity limits for
this complex network. The average capacity in this network
with a 10 dBm launched transmit power level at 50 MHz band
is about 400 Mb/s. Obviously, the junctions and branches be-
tween transmitter and receiver degrade the system performance
extensively compared with the ideal point-to-point case.

The same modeling program is used for our sample com-
plex network with Carson’s formulation for propagation con-
stant [13] and the results are depicted in Fig. 10. It is seen from
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Fig. 10. (a) Amplitude of frequency response of complex network shown in Fig.

sponse, and (c) line’s transmission capacity bounds.

Fig. 10(a) that the Carson’s model shows more loss than the
D’ Amore’s method. However, the delay spread is decreased to
1 ps, as it is shown in Fig. 10(b). Due to the high loss of the
channel, there are less significant signal paths from the trans-
mitter to the receiver. Although the delay spread of this model
is lower than the D’ Amore’s model, the channel capacity limits
of this model in Fig. 10(c) is significantly decreased compared
with the values in Fig. 9(c). By using Carson’s formulation, the
predicted capacity at 50 MHz is close to 250 Mb/s, whereas
it is 400 Mb/s using D’ Amore’s method. Thus, using Carson’s
model, potential of OH power lines is underestimated as the om-
nipresent means for broadband communications.

Having stated all the salient features, in a real power line
grid, it must be remembered that in most North American urban
and suburban areas the electricity distribution poles do not only
carry MV electricity distribution cables, but they also carry

8 using Carson’s formulation for propagation constant and (b) its impulse re-

street lighting, telecom, and CATV cables, which are generally
located some (safe) distance below the MV/LV distribution
conductors. HF propagation models must therefore incorpo-
rate these metallic elements if the modeling results are to be
validated in practice. Also, one must consider the effects of
relatively large pole-mounted capacitor banks and the MV/LV
transformers. Also, in North America, many utilities provide
neutral grounding and/or grounding of the wooden support
poles and/or grounding of surge-diverters (i.e., tip-to-toe, to
protect the poles and/or insulators in the event of lightning
strikes and resulting voltage surges), if this is not accounted for
in the modeling then, once again, the predictions may well be
over optimistic.

Another key issue on MV lines occurs at some road crossings,
subways, underpasses, and some lateral sections which, of ne-
cessity, require underground cable sections to be deployed. At
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such points, the relatively high impedance OH open wires are
terminated in relatively low impedance underground cable sec-
tions and, as a result, the high-frequency communication signals
suffer severe attenuation. So, once again, care must be taken not
to generalize, and therefore raise expectations, which may not
be achievable in practice.

Another very important factor that should be considered for
evaluating BoPL system performance is interference to other
wireless systems or electromagnetic compatibility (EMC) is-
sues [28], [29]. As stated earlier, the NTIA reports [11] on po-
tential for interference in using BoPL are excellent sources to
consider in this regard.

VI. CONCLUSION

This research examined the potential of MV overhead
power lines as a communications medium for broadband
transmissions. Available models for overhead power lines were
not suitable for high frequencies with lossy ground return.
D’Amore et al. in [12] proposed a model for multiwires over
ground, which is more suitable for application of BoPL systems
using overhead MV lines. Based on this model, we developed
a new channel transfer characteristic function model. Our
simulations show ideal overhead power lines exhibit a low loss
with a capacity limit of about 1 Gb/s over a 1 Km repeater span;
if 10 dBm transmit power and 100 MHz of channel bandwidth
are available. Junctions and branches in power line network
cause signals to bounce back and produce a multipath channel.
This causes degradation in power line system performance and
decreases channel capacity. Removing discontinuities by adap-
tive impedance matching [27] on these lines can potentially
enhance the lines data handling capacity. For a sample grid,
comparison was made to the capacity value predicted based
on the Carson’s model and it is demonstrated that the older
model underestimates the potential of the overhead lines for
broadband transmissions, largely.
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