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The established statistical analysis, already used to treat overhead transmission power grid networks, is now implemented to
examine the factors influencing modal transmission characteristics and modal statistical performance metrics of overhead and
underground low-voltage/broadband over power lines (LV/BPL) and medium-voltage/broadband over power lines (MV/BPL)
channels associated with power distribution in smart grid (SG) networks. The novelty of this paper is threefold. First, a refined
multidimensional chain scattering matrix (TM2) method suitable for overhead and underground LV/BPL and MV/BPL modal
channels is evaluated against other relative theoretical and experimental proven models. Second, applying TM2 method, the end-
to-end modal channel attenuation of various LV/BPL and MV/BPL multiconductor transmission line (MTL) configurations is
determined. The LV/BPL and MV/BPL transmission channels are investigated with regard to their spectral behavior and their
end-to-end modal channel attenuation. It is found that the above features depend drastically on the frequency, the type of power
grid, the mode considered, the MTL configuration, the physical properties of the cables used, the end-to-end distance, and the
number, the electrical length, and the terminations of the branches encountered along the end-to-end BPL signal propagation.
Third, the statistical properties of various overhead and underground LV/BPL and MV/BPL modal channels are investigated
revealing the correlation between end-to-end modal channel attenuation and modal root-mean-square delay spread (RMS-DS).
Already verified in the case of overhead high-voltage (HV) BPL systems, this fundamental property of several wireline systems
is also modally validated against relevant sets of field measurements, numerical results, and recently proposed statistical channel
models for various overhead and underground LV/BPL and MV/BPL channels. Based on this common inherent attribute of either
transmission or distribution BPL networks, new unified regression trend line is proposed giving a further boost towards BPL
system intraoperability. A consequence of this paper is that it aids in gaining a better understanding of the range and coverage that
BPL solutions can achieve; a preliminary step toward the system symbiosis between BPL systems and other broadband technologies
in an SG environment.

1. Introduction

The topic of this work is the use of the low-voltage
(LV) and medium-voltage (MV) distribution power grids
as a transmission medium for broadband communica-
tions. This kind of technology is known as broadband

over power lines (BPL), and it is not only a promis-
ing solution for delivering broadband last mile access
in remote and/or underdeveloped areas but also the key
to developing an advanced IP-based power system, offer-
ing a plethora of potential smart grid (SG) applications
[1–3].
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Utilities employ either the overhead or the underground
distribution power grid for new urban, suburban, and rural
LV and MV installations. The choice is made according
to different criteria like cost requirements, existing grid
topology, and urban plan constraints [4–6].

When considered as a transmission medium for commu-
nication signals, the overhead and underground LV and MV
power grids are subjected to attenuation, multipath due to
various reflections, noise, and electromagnetic interference
[7–14]. Each of the aforementioned adverse factors critically
affects the overall performance and the design of BPL systems
[15–18].

Due to the need of broadband communications through
distribution power grids, the development of accurate
channel models at high frequencies along the overhead and
underground LV and MV distribution power lines is impera-
tive. As usually done in BPL transmission, a hybrid model
is employed to examine the behavior of BPL transmission
channels installed on BPL multiconductor transmission line
(MTL) structures [1, 8–11, 19–28]. Through a bottom-
up approach consisting of an appropriate combination of
the similarity transformation and MTL theory, the modes
that may be supported by a BPL configuration are deter-
mined concerning their propagation constants and their
characteristic impedances [1, 8, 22–32]. In this paper, a
top-down approach, is proposed to determine the end-
to-end attenuation of overhead and underground LV/BPL
and MV/BPL modal channels. Based on an exact version
of multidimensional chain scattering matrix or T-Matrix
method, this novel extended T-Matrix (TM2) method com-
bines the accuracy of the generic multidimensional network
analysis tool presented in [22–24] and the simplicity of
hybrid model of [8–11, 19–21]. The influence of factors,
such as the physical properties of the cables used, the MTL
configuration, the end-to-end distance, and the number,
the electrical length, and the terminations of the branches
encountered along the end-to-end BPL signal propagation
are investigated based on numerical results concerning
simulated overhead and underground LV/BPL and MV/BPL
topologies.

On the basis of these numerical results, statistical prop-
erties of BPL modal channels are reported. The common
nature of overhead and underground LV/BPL and MV/BPL
transmission lines is mirrored on important statistical
performance metrics, such as the attenuation exceedance
probability, the average end-to-end attenuation, and the
root-mean-square delay spread (RMS-DS) of BPL modal
channels. Specifically, it is confirmed that average end-to-
end channel attenuation and RMS-DS in overhead and
underground LV/BPL and MV/BPL modal channels are
positively correlated lognormal random variables being in
agreement with: (i) relevant sets of measurements and
relevant distributions of recently proposed statistical BPL
channel models [33–41]; (ii) recent simulation results
regarding various overhead HV/BPL channels [19]. Since this
inherent statistical characteristic is validated in the cases of
overhead and underground LV/BPL, MV/BPL, and HV/BPL
power grids, a suitable unified approximation is proposed—
UNI1 regression trend line—that commonly describes either

BPL distribution or transmission power grids enhancing the
common handling of BPL networks in an SG landscape.

The rest of this paper is organized as follows. In Section 2,
the modal behavior of BPL propagation is discussed along
with the necessary assumptions concerning overhead and
underground LV/BPL and MV/BPL transmission. Section 3
deals with signal transmission via power lines by the TM2
method which is applied for the evaluation of the end-
to-end modal transfer functions. Section 4 provides a
description of the modal statistical performance metrics
considered. In Section 5, numerical results are provided,
aiming at marking out how the various features of the
overhead and underground LV and MV distribution power
grids influence BPL transmission and statistical performance
metrics. Section 6 concludes the paper.

2. The Physical BPL Layer

The overhead and underground LV and MV distribution
power grids differ considerably from signal transmission
via twisted-pair, coaxial or fiber-optic cables due to the
significant differences of the network structure and the
physical properties of the power cables used [1, 5–8, 10, 15,
42].

2.1. Overhead LV and MV Power Distribution Networks. A
typical case of overhead LV distribution line is depicted
in Figure 1(a). Four parallel noninsulated conductors are
suspended one above the other spaced by ΔLV in the range
from 0.3 m to 0.5 m and located at heights hLV ranging
from 6 m to 10 m above ground for the lowest conductor.
The upper conductor is the neutral, while the lower three
conductors are the three phases. This three-phase four-
conductor overhead LV distribution line configuration is
considered in the present work consisting of ASTER 3 ×
54.6 mm2 + 1× 34.4 mm2 conductors [4, 5, 30, 31, 43, 44].

Overhead MV distribution lines hang at typical heights
hMV ranging from 8 m to 10 m above ground. Typically, three
parallel noninsulated phase conductors spaced by ΔMV in the
range from 0.3 m to 1 m are used above lossy ground. This
three-phase overhead MV distribution line configuration is
considered in the present work consisting of ACSR 3 ×
95 mm2 conductors, see Figure 1(b)—[1, 4, 5, 8, 9, 42, 46].

The ground is considered as the reference conductor. The
conductivity of the ground is assumed σg = 5 mS/m and its
relative permittivity εrg = 13, which is a realistic scenario
[1, 8–10, 42].

The impact of imperfect ground on signal propagation
over power lines was analyzed in [1, 8, 9, 42, 47–50].
This formulation has the advantage that, contrary to other
available models for overhead power lines [44, 51–53], it
is suitable for transmission at high frequencies above lossy
ground and for broadband applications of overhead LV/BPL,
MV/BPL, and HV/BPL systems.

2.2. Underground LV and LV Power Distribution Networks.
The underground LV distribution line that will be examined
in the simulations is the three-phase HN33S33 underground
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Figure 1: Typical multiconductor structures. (a) Overhead LV. (b) Overhead MV. (c) Underground LV. (d) Underground MV [8, 10, 22, 45].

LV distribution cable (3 × 150 mm2 + 1 × 70 mm2 Al, PVC,
Steel-Pb shield). The layout of this cable is depicted in
Figure 1(c). The cable arrangement consists of the three-
phase three-sector-type conductors, one core-type neutral
conductor, and one shield conductor grounded at both ends.
The neutral conductor is in galvanic contact with the shield.
Hence, the shield is obtained by its concatenation with the
neutral conductor [4, 5, 22–24, 26, 43].

The underground MV distribution line that will be
examined is the three-phase sector-type PILC distribution-
class cable (8/10 kV, 3 × 95 mm2 Cu, PILC). The cable
arrangement consists of the three-phase three-sector-type
conductors, one shield conductor, and one armor conductor,
see Figure 1(d). The shield and the armor are grounded at
both ends [10, 54–57].

Due to the common practice of grounding at both
ends, the shield acts as a ground return path and as a
reference conductor and separates the inner conductors
electrostatically and magnetostatically from the remaining
set. Hence, the analysis may be focused only on the remaining
four-conductor transmission line (TL) of interest consisting
of the three phases and the shield. This is the common
procedure either in theoretical analyses or in measurements
[4–6, 10, 22–24, 26, 45, 54–60].

This paper focuses on broadband propagation via
HN33S33 underground LV distribution cable and the PILC
underground MV distribution cable because: (i) in many
countries, these types of cable are dominant in urban and
suburban underground LV and MV power distribution
installations, respectively [54, 55, 61–63]; (ii) the theoretical



4 ISRN Signal Processing

results obtained concerning the propagation characteristics
of the modes supported are found to be in excellent
agreement with the experimental results obtained from
the cable measurements [22–24, 26, 43, 54, 57]; (iii) the
above LV and MV underground distribution cables—rather
than other LV and MV underground cables which present
lower attenuation—are studied because these types of cable
behaves closer to the line-of-sight (LOS) transmission
behavior (corresponding to “LOS” transmission in wireless
channels) in the majority of existing underground LV and
MV distribution grids. Thus, an indicative picture of the real
world situation will be obtained [4, 6, 55].

Signal transmission via three-phase underground power
lines has been analyzed in [10, 22–24, 26, 45, 64–67]. This
formulation considers high frequency BPL transmission in
the general case of underground power lines consisting of
three-phase conductors with common shield and armor. It is
suitable for transmission at high frequencies for broadband
applications of underground LV/BPL and MV/BPL systems.

2.3. Modal Analysis of Overhead and Underground LV/BPL
and MV/BPL Systems. Through a matrix approach, the
standard TL analysis can be extended to the MTL case which
involves more than two conductors. Compared to a two-
conductor line supporting one forward- and one backward-
traveling wave, an MTL structure with n + 1 conductors
parallel to the z axis as depicted in Figures 1(a), 1(b), 1(c),
and 1(d) may support n pairs of forward- and backward-
traveling waves with corresponding propagation constants.
These waves may be described by a coupled set of 2n first-
order partial differential equations relating the line voltages
Vi(z, t), i = 1, . . . ,n to the line currents Ii(z, t), i =
1, . . . ,n. Each pair of forward- and backward-traveling waves
is referred to as a mode [1, 8, 10, 19–21, 29–31, 42].

By extending the modal analysis to examine signal
transmission via overhead and underground LV and MV
distribution power cables, it was found out that n modes may
be supported, namely: (i) the common mode (CM) which
propagates via the n conductors and returns via the ground
or the shield for overhead or underground BPL systems,
respectively; (ii) the n − 1 differential modes (DMi−1, i =
2, . . . ,n) which propagate and return via the n conductors.
In the overhead case, γOV,LV

CM , γOV,LV
DMi−1, i = 2, 3, 4, γOV,MV

CM ,
and γOV,MV

DM j−1, j = 2, 3 constitute the propagation constants

of overhead LV/BPL CM (CMOV,LV), overhead LV/BPL
DMs (DMOV,LVs), overhead MV/BPL CM (CMOV,MV), and
overhead MV/BPL DMs (DMOV,MVs), respectively [1, 4,
5, 8, 22–24, 26, 30, 31, 42, 43, 47–50]. Similarly, in the
underground case, γUN,LV

CM , γUN,LV
DMi−1 i = 2, 3, γUN,MV

CM , and
γUN,MV

DM j−1 j = 2, 3 constitute the propagation constants of

underground LV/BPL CM (CMUN,LV), underground LV/BPL
DMs (DMUN,LVs), underground MV/BPL CM (CMUN,MV),
and underground MV/BPL DMs (DMUN,MVs), respectively
[8–11, 22–24, 26, 30, 31, 43, 54–57, 68].

The attenuation coefficients αOV,LV
CM = Re{γOV,LV

CM }, αOV,LV
DMi−1

= Re{γOV,LV
DMi−1} i = 2, 3, 4, αUN,LV

CM = Re{γUN,LV
CM }, and αUN,LV

DM j−1 =
Re{γUN,LV

DM j−1} j = 2, 3 of the CMOV,LV, the three DMOV,LVs,

the CMUN,LV, and the two DMUN,LVs are plotted versus
frequency in Figure 2(a) for the overhead and underground
LV/BPL configurations depicted in Figures 1(a) and 1(c),
respectively. In Figure 2(b), the attenuation coefficients
αOV,MV

CM = Re{γOV,MV
CM }, αOV,MV

DMp−1 = Re{γOV,MV
DMp−1} p = 2, 3,

αUN,MV
CM = Re{γUN,MV

CM }, and αUN,MV
DMq−1 = Re{γUN,MV

DMq−1} q =
2,3 of CMOV,MV, the two DMOV,MVs, CMUN,MV, and the
two DMUN,MVs DMs are plotted with respect to frequency
for the overhead and underground MV/BPL configurations
depicted in Figures 1(b) and 1(d), respectively. The phase
delays βOV,LV

CM = Im{γOV,LV
CM }, βOV,LV

DMi−1 = Im{γOV,LV
DMi−1} i = 2,3,4,

βUN,LV
CM = Im{γUN,LV

CM }, βUN,LV
DMp−1 = Im{γUN,LV

DMp−1} p = 2, 3,

βOV,MV
CM = Im{γOV,MV

CM }, βOV,MV
DM j−1 = Im{γOV,MV

DM j−1} j = 2, 3,

βUN,MV
CM = Im{γUN,MV

CM }, and βUN,MV
DMq−1 = Im{γUN,MV

DMq−1} q =
2,3 of the CMOV,LV, the three DMOV,LVs, the CMUN,LV, the
two DMUN,LVs, CMOV,MV, the two DMOV,MVs, CMUN,MV, and
the two DMUN,MVs, respectively, (not plotted in this paper)
are linear functions of frequency [1, 8, 9, 19–21, 42, 47–
50, 54, 56, 57, 68].

As it has already been presented in [8–11, 19–21],
the modal voltages Vm(z) = [Vm

1 (z) · · · Vm
n (z)]T and

the modal currents Im(z) = [Im1 (z) · · · Imn (z)]T may
be related to the respective line quantities V(z) =
[V1(z) · · · Vn(z)]T and I(z) = [I1(z) · · · In(z)]T via
the similarity transformations [8, 10, 19–22, 30, 31]

V(z) = TV ·Vm(z), (1)

I(z) = TI · Im(z), (2)

where []T denotes the transpose of a matrix, TV and
TI are n × n matrices depending on the frequency, the
physical properties of the cables, and the geometry of the
MTL configuration [8, 10, 19–22, 30, 31]. Through the
aforementioned equations, the line voltages and currents
are expressed as appropriate superpositions of the respective
modal quantities. From (1)

Vm(0) = T−1
V ·V(0). (3)

The TM2 method—considered in Section 3—models the
spectral relationship between Vm

i (z), i = 1, . . . ,n and Vm
i (0),

i = 1, . . . ,n proposing operators Hm
i, j{·}, i, j = 1, . . . ,n so

that

Vm(z) = Hm{Vm(0)}, (4)

where Hm{·} is a n × n matrix operator whose elements
Hm

i, j{·}, i, j = 1, . . . ,n with i = j are the modal cochannel
(CC) transfer functions, while those Hm

i, j{·}, i, j = 1, . . . ,n
with i /= j are the modal cross-channel (XC) transfer func-
tions and Hm

i, j denotes the element of matrix Hm{·} in row
i of column j. From (1), the n × n matrix channel transfer
function H{·} relating V(z) with V(0) through

V(z) = H{V(0)} (5)

is determined from

H{·} = TV ·Hm{·} · T−1
V . (6)
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Figure 2: Frequency spectra of attenuation coefficients of BPL power distribution networks (the subchannel frequency span is equal to
0.1 MHz and logarithmic scale is used for the y-axes). (a) Overhead and underground LV. (b) Overhead and underground MV.

Based on (6), the n× n matrix transfer function H{·} of the
BPL distribution networks is determined.

3. Evaluation of the End-to-End Modal
Transfer Functions

So far, several methods with converging results have been
used to determine the modal transfer functions of BPL
transmission channels [8–11, 19–24, 43, 69, 70]. In this
paper, based on the well-established hybrid model of [8–11,
19–21] and the generic multidimensional network analysis
of [22–24], the TM2 method is demonstrated. TM2 method
constitutes a refined exact version of scattering matrix
(SM) and TM methods—analyzed in [8–11, 19–21]—and
is validated in overhead and underground LV/BPL and
MV/BPL networks.

More specifically, similarly to TM method, in order to
apply the TM2 method, an end-to-end BPL connection
is separated into segments—network modules—, each of
them comprising the successive branches encountered—see
Figure 3(a). Signal transmission through the various network
modules is taken into account based on the concatenation of
respective chain scattering or T-matrices. A typical overhead
or underground LV/BPL or MV/BPL end-to-end connection
comprises branch-type network modules, as depicted in
Figure 3(b), while A and B are assumed matched [1, 6, 8–
11, 16, 19–21, 42, 48].

These “branch” modules may be considered as a cascade
of two submodules. The multidimensional scattering char-
acteristics of these two submodules—detailed in [22–24]—
may be determined as follows.

(i) A “transmission” submodule representing a trans-
mission line of length Lk with the 2nk×2nk scattering
matrix

ST ,k
(
γk,Lk, Uk

)
=
⎡
⎣ ST ,k

11 ST ,k
12

ST ,k
21 ST ,k

22

⎤
⎦ =

⎡
⎣ 0nk×nk ET ,k

ET ,k 0nk×nk

⎤
⎦, (7)

where ET ,k = diag{exp(−γk1Lk) · · · exp(−γknLk)} is the
corresponding nk × nk diagonal transmission matrix, 0nk×nk
is an nk × nk matrix with zero elements, and ST ,k

11 , ST ,k
12 , ST ,k

21 ,
ST ,k

22 are the matrix elements of the ST ,k as evaluated from
(7). γk, Uk, and nk are the set with elements the propagation
constant of the modes, the eigenbase, and the number of
conductors, respectively, characterizing this “transmission”
submodule MTL configuration. Since one type of overhead
and underground LV/BPL and MV/BPL configuration is
used across the end-to-end BPL connection it is assumed
that U ≡ Uk and n = nk are the reference eigenbase and
the reference number of conductors, respectively.

(i) A “shunt” submodule representing the cascade of: (a)
an nbk × nbk reflection matrix Kbk(Zbk) associated
with the branch terminations; (b) an 2nbk × 2nbk
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Figure 3: (a)End-to-end BPL connection with N branches. (b) Network module. (c) An indicative BPL topology considered as a cascade of
N + 1 modules corresponding to N branches [8–11, 19–21].

scattering matrix ST ,bk(γbk,Lbk, U)—similar expres-
sion to (7)—representing the branch transmission
line of length Lbk; (c) an nbk × nk connection
matrix Ck defining the interconnections between the
transmission and branch conductors; with 2nk × 2nk

scattering matrix

SS,k
(
γbk,Lbk, U

)
=
⎡
⎣ SS,k

11 SS,k
12

SS,k
21 SS,k

22

⎤
⎦, (8)

where Zbk is the nbk × nbk branch termination
matrix, SS,k

11 , SS,k
12 , SS,k

21 , SS,k
22 are the matrix elements

of the SS,k matrix as determined from (8), and γbk

and nbk are the set with elements the propagation

constant of the modes and the number of conduc-
tors, respectively, related to this “shunt” submodule
MTL configuration [22–24]. Note that the number
of conductors may vary from “transmission” to
“shunt” submodules. Through the eigenbase change
procedure—presented analytically in [22–24]—and
by taking under consideration the reference eigenbase
U and reference number of conductors n, scattering
matrices Kbk, ST ,bk, and Ck may be grouped together
through their cascading. Hence, the “shunt” scatter-
ing matrix of (8) may be evaluated.

Based on the specialized algebra for handling multidimen-
sional scattering matrices presented in [71, 72] and by using
(7) and (8), the 2n × 2n “transmission” submodule chain
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scattering matrix TT ,k and the 2n × 2n “shunt” submodule
chain scattering matrix TS,k are determined by

TT ,k =
⎡
⎣ TT ,k

11 TT ,k
12

TT ,k
21 TT ,k

22

⎤
⎦ =

⎡
⎣
[

ET ,k
]−1

0n×n

0n×n ET ,k

⎤
⎦, (9)

TS,k =
⎡
⎣ TS,k

11 TS,k
12

TS,k
21 TS,k

22

⎤
⎦

=
⎡
⎢⎣

[
SS,k

21

]−1 −SS,k
22

[
SS,k

21

]−1

[
SS,k

21

]−1
SS,k

11 SS,k
12 − SS,k

11

[
SS,k

21

]−1
SS,k

22

⎤
⎥⎦,

(10)

where TT ,k
11 , TT ,k

12 , TT ,k
21 , TT ,k

22 are the n × n matrix elements
of the TT ,k as determined by (9) and TS,k

11 , TS,k
12 , TS,k

21 , TS,k
22 are

the n× n matrix elements of the TS,k as evaluated from (10).
Taking into consideration (9) and (10), the 2n×2n chain
scattering matrix of a “branch” module, Tk, is determined
in the appropriate cascade rule order through the following
multiplication rule [27, 28, 71, 72]:

Tk = TT ,k · TS,k

=
⎡
⎣ TT ,k

11 TS,k
11 + TT ,k

12 TS,k
21 TT ,k

11 TS,k
12 + TT ,k

12 TS,k
22

TT ,k
21 TS,k

11 + TT ,k
22 TS,k

21 TT ,k
21 TS,k

12 + TT ,k
22 TS,k

22

⎤
⎦.

(11)

The last module of the BPL connection is the “load”
module. Similarly to “transmission” submodule characteris-
tics of (9), the 2n× 2n chain scattering matrix of the “load”
module is given by

TN+1 =
⎡
⎣
[

ET ,N+1
]−1

0n×n

0n×n ET ,N+1

⎤
⎦. (12)

Having determined the chain scattering matrices of the
various network modules encountered along the end-to-
end connection, as it has already been detailed in [71, 72],
the 2n × 2n overall end-to-end chain scattering matrix is
evaluated through the multiplication rule of (11) from

Toverall =
⎡
⎣ Toverall

11 Toverall
12

Toverall
21 Toverall

22

⎤
⎦ =

N+1∏

k=1

Tk, (13)

and the 2n × 2n overall end-to-end scattering matrix is
obtained from

Soverall =
⎡
⎣ Soverall

11 Soverall
12

Soverall
21 Soverall

22

⎤
⎦ =

⎡
⎢⎣

Toverall
21

[
Toverall

11

]−1
Toverall

22 − Toverall
21

[
Toverall

12

]−1
Toverall

11
[

Toverall
11

]−1 −
[

Toverall
12

]−1
Toverall

11

⎤
⎥⎦, (14)

where Toverall
11 , Toverall

12 , Toverall
21 , Toverall

22 are the n × n matrix
elements of the Toverall as evaluated from (13) and Soverall

11 ,
Soverall

12 , Soverall
21 , Soverall

22 are the n × n elements of the Soverall

matrix as defined from (14).
Combining (4) and (14), the n × n modal transfer

function matrix is given by the Soverall
21 element of the Soverall

matrix, that is,

Hm{·} = Soverall
21 =

[
Toverall

11

]−1
. (15)

The proposed TM2 method is extremely flexible since it
is also able to calculate modal transfer functions associated
with any type of BPL distribution network including various
types of overhead and underground LV/BPL and MV/BPL
configurations, any type of interconnection at the branches,
and any type of branch termination. This permits the direct
application of TM2 method in contrast with legacy SM and
TM methods where the assumption of specific transmission
assumptions were necessary, thus limiting their general
application [1, 8–11, 22, 28, 73]. Finally, contrary to SM and
TM methods, the problem of mode mixture now can be fully

investigated through the definition of the modal XC transfer
functions, as given in (15).

4. Statistical Performance Metrics of
the Modal Channels

Extending the statistical performance metrics of overhead
HV/BPL coupling scheme channels presented in [19],
based on the end-to-end modal transfer functions of the
independent modal BPL transmission channels, as given
by (15), several useful modal metrics are first presented
concerning the statistical properties of the n × n BPL modal
channels existing in overhead and underground LV and MV
configurations, as follows.

(a) The modal discrete impulse response. Once the end-
to-end modal transfer function is known from (15),
modal discrete impulse response hmi, j,p = hmi, j(t =
pTs), p = 0, . . . , J − 1, i, j = 1, . . . ,n is obtained
as the power of two J-point inverse discrete Fourier
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transform (IDFT) of the discrete end-to-end modal
transfer function:

Hm
i, j,q =

{∣∣∣Hm
i, j,q

∣∣∣ejϕm
i, j,q , q = 0, . . . ,K − 1

0, q = K , . . . , J − 1

}

=
{
Hm

i, j

(
f = q fs

)
, q = 0, . . . ,K − 1

0, q = K , . . . , J − 1

}
,

i, j=1, . . . ,n,

(16)

where j is the imaginary unit, Fs = 1/Ts is the Nyquist
sampling rate, fs is the flat-fading subchannel fre-
quency span, K ≤ J/2 is the number of subchannels
in the BPL signal frequency range of interest, and
|Hm

i, j,q| and φm
i, j,q are the amplitude response and

the phase response of the discrete end-to-end modal
transfer function, respectively [19, 33–35].

(b) The average end-to-end modal channel gain. As the
BPL channel is frequency selective, the average end-
to-end modal channel gain can be calculated by
averaging over frequency

∣∣∣Hm
i, j

∣∣∣2 = 1
J

J−1∑

q=0

∣∣∣Hm
i, j,q

∣∣∣2 =
J−1∑

q=0

∣∣∣hmi, j,q
∣∣∣2

,

i, j = 1, . . . ,n,

(17)

where |Hm
i, j|2, i, j = 1, . . . ,n is the average end-to-end

modal channel gain. The lognormality (normality)
of the average end-to-end modal channel gain may
be justified by the multipath nature of BPL signal
propagation and the TL modeling using on cascaded
two-port network modules [19, 33–35, 38–41].

(c) The modal RMS-DS. It is a measure of the multipath
richness of a BPL modal channel. The modal RMS-
DS is determined from [19, 33–35, 38–41]:

σmτ,i, j = Ts

√
μm,(2)

0,i, j −
(
μm0,i, j

)2
, i, j = 1, . . . ,n, (18)

where

μm0,i, j =
∑J−1

p=0 p
∣∣∣hmi, j,p

∣∣∣2

∑J−1
p=0

∣∣∣hmi, j,p
∣∣∣2 , i, j = 1, . . . ,n,

μm,(2)
0,i, j =

∑J−1
p=0 p

2
∣∣∣hmi, j,p

∣∣∣2

∑J−1
p=0

∣∣∣hmi, j,p
∣∣∣2 , i, j = 1, . . . ,n.

(19)

(d) The relationship between end-to-end modal channel
attenuation and modal RMS-DS. Recently, several
statistical channel models have investigated the corre-
lation between end-to-end BPL channel attenuation
and RMS-DS which appears to be a universal prop-
erty of wireline channels (e.g., overhead HV/BPL,
DSL, coaxial, and phone link channels) [19, 33–
41]. In this paper, the already proposed approaches

for coupling scheme channels are extended so as to
describe modal channels, say these approximations
aim at identifying the distribution of the end-to-
end modal channel attenuation and modal RMS-
DS. Their main advantage is that they summarize
statistical results carried out on a variety of BPL
system data sets proposing suitable trend lines for
overhead and underground LV/BPL and MV/BPL
modal channels of the following form:
(
σmτ,i, j

)
μs
= vi, j ·

(
Am
i, j

)
dB

+ wi, j , i, j = 1, . . . ,n, (20)

where

(
Am
i, j

)
dB
= −

(∣∣∣Hm
i, j

∣∣∣2
)

dB

, i, j = 1, . . . ,n (21)

is the average end-to-end channel attenuation in dB,

(σmτ,i, j)μs is the RMS-DS in μs, and (|Hm
i, j|2)

dB
is the

average end-to-end channel gain in dB of the BPL
modal channel examined. Parameters vi, j and wi, j

constitute the robust regression parameters and are
calculated using appropriate robust regression tech-
niques depending on the modal channel considered
and the technique adopted.

(e) The attenuation exceedance probability. It is the
probability that the end-to-end modal channel
attenuation Am

i, j , i, j = 1, . . . ,n exceeds a certain
level. The distribution of the attenuation exceedance
probability may be determined for any overhead
or underground LV/BPL or MV/BPL channel. It
provides a qualitative macroscopic estimate of how
steep is the end-to-end attenuation of BPL channels
and may help to determine: (i) the positions where
the installation of signal repeaters is necessary in SG
networks; (ii) the thresholds related to the applica-
tion of orthogonal frequency-division multiplexing
(OFDM) systems, discrete multitone modulation
(DMT) systems, and of various resource allocation
schemes [8, 9, 11, 17, 19, 74–76].

5. Numerical Results and Discussion

The simulations of various types of overhead and under-
ground LV/BPL and MV/BPL transmission modal channels
aim at investigating (a) their broadband transmission char-
acteristics; (b) how their spectral behavior is affected by
several factors, such as the type and the topology of the
distribution power grid; (c) statistical remarks obtained on
the basis of simulated and measured BPL topologies.

For the numerical computations, the overhead and
underground LV and MV distribution line configurations
depicted in Figures 1(a)–1(d), respectively, have been consid-
ered. As already mentioned in Section 2 and analyzed in Sec-
tion 3, since the modal channels supported by the overhead
and underground LV/BPL and MV/BPL configurations may
be examined separately, it is assumed for simplicity that the
BPL signal is injected directly into the modal channels [1, 8–
11, 19, 22–24, 26, 27, 30, 31, 42, 73]; thus, the complicated
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modal analysis of [30, 31], briefly described in Sections 2
and 3, is avoided. In addition, since the mode mixing is
not among the scopes and contributions of this paper, the
following analysis is concentrated only on the investigation
of modal CC transfer functions rather than XC ones.

As it concerns the system specifications, the sampling rate
and flat-fading subchannel frequency spacing are assumed
Fs = 200 MHz and fs = 0.2 MHz, respectively. Thus, the
number of subchannels K in the BPL signal frequency range
of interest and the J-point IDFT are assumed equal to 496
and 1024, respectively.

As usually done to simplify the analysis [1, 8–11, 19–
21, 42, 48, 54, 57, 62, 68], only one mode for each BPL system
will be examined, hereafter. This assumption does not affect
the generality of the analysis concerning the transmission
characteristics of the examined BPL systems in the range
from 1 MHz to 100 MHz and is adopted for the sake of
terseness, economy, and simplicity. Hence, the transmission
characteristics of only one mode for each BPL system, say
that of DM1, will be examined, hereafter. Consequently, only
the CC transmission characteristics of DMOV,LV

1 , DMOV,MV
1 ,

DMUN,LV
1 , and DMUN,MV

1 , for overhead LV/BPL, overhead
MV/BPL, underground LV/BPL, and underground MV/BPL
systems, respectively, will be examined in the rest of the
paper.

The simple BPL topology of Figure 3(a), having N
branches, has been considered. In order to validate the
accuracy of TM2 method and simplify the following analysis
without affecting its generality, the branching TLs are
assumed identical to the distribution TLs and the intercon-
nections between the distribution and branch conductors
are fully activated. With reference to Figure 3(c), the
transmitting and the receiving ends are assumed matched
to the characteristic impedance of the mode considered,
whereas the branch terminations Zbk, k = 1, . . . ,N are
assumed open circuit, that is, Kbk = Inbk , k = 1, 2, . . . ,N
where Inbk is the nbk × nbk identity matrix—[1, 4, 8–11, 19–
22, 42].

In urban areas, about 45%–75% of the underground
grids exhibit path lengths shorter than 200 m and only 1%–
9% longer than 500 m. The latter case constitutes the worst-
case scenario with regard to underground BPL transmission
[4, 5, 55]. Hence, path lengths of the order of 200 m to 250 m
are encountered in underground BPL transmission. These
path lengths are quite shorter compared to the overhead BPL
case where path lengths up to 1000 m may be encountered
[1, 4, 5, 9, 11–13, 22, 23, 42, 44, 48, 55, 64, 77, 78].

With reference to Figure 3(c), five indicative overhead
topologies, which are common for both overhead LV/BPL
and MV/BPL systems, concerning end-to-end connections
of average lengths equal to 1000 m have been examined, as
follows.

(1) A typical overhead urban topology (overhead urban
case A) with N = 3 branches (L1 = 500 m, L2 =
200 m, L3 = 100 m, L4 = 200 m, Lb1 = 8 m, Lb2 =
13 m, Lb3 = 10 m).

(2) An aggravated overhead urban topology (overhead
urban case B) with N = 5 branches (L1 = 200 m,

L2 = 50 m, L3 = 100 m, L4 = 200 m, L5 = 300 m,
L6 = 150 m, Lb1 = 12 m, Lb2 = 5 m, Lb3 = 28 m,
Lb4 = 41 m, Lb5 = 17 m).

(3) A typical overhead suburban topology (overhead
suburban case) with N = 2 branches (L1 = 500 m,
L2 = 400 m, L3 = 100 m, Lb1 = 50 m, Lb2 = 10 m).

(4) A typical overhead rural topology (overhead rural
case) with only N =1 branch (L1 = 600 m, L2 =
400 m, Lb1 = 300 m).

(5) The overhead “LOS” transmission along the same
end-to-end distance L = L1 + · · · + LN+1 = 1000 m
when no branches are encountered.

The respective indicative underground topologies, which
are common for both underground LV/BPL and MV/BPL
systems, concern 200 m long end-to-end connections. These
topologies are as follows.

(1) A typical underground urban topology (under-
ground urban case A) with N = 3 branches (L1 =
70 m, L2 = 55 m, L3 = 45 m, L4 = 30 m, Lb1 = 12 m,
Lb2 = 7 m, Lb3 = 21 m).

(2) An aggravated underground urban topology (under-
ground urban case B) with N = 5 branches (L1 =
40 m, L2 = 10 m, L3 = 20 m, L4 = 40 m, L5 = 60 m,
L6 = 30 m, Lb1 = 22 m, Lb2 = 12 m, Lb3 = 8 m, Lb4 =
2 m, Lb5 = 17 m).

(3) A typical underground suburban topology (under-
ground suburban case) with N = 2 branches (L1 =
50 m, L2 = 100 m, L3 = 50 m, Lb1 = 60 m, Lb2 =
30 m).

(4) A typical underground rural topology (rural case)
with only N = 1 branch (L1 = 50 m, L2 = 150 m,
Lb1 = 100 m).

(5) The underground “LOS” transmission along the
same end-to-end distance L = L1 + · · · + LN+1 =
200 m when no branches are encountered.

5.1. TM2 Method Verification and Effect of Grid Topol-
ogy on Overhead and Underground LV/BPL and MV/BPL
Transmission. To compare the proposed TM2 method with
other established methods [11, 16, 19–21, 32, 79] and
simultaneously examine the end-to-end modal channel
attenuation behavior for different LV/BPL and MV/BPL
types and topologies, in Figures 4(a)–4(e), the end-to-end
channel attenuation from A to B for the propagation of DM1

is plotted with respect to frequency for the aforementioned
five indicative overhead LV topologies, respectively, applying
the proposed TM2 method, the TM method [11, 19–21],
and the multipath echo-based (MEB) method [6, 16, 79].
In Figures 4(f)–4(t), similar plots are drawn in the case
of overhead MV, underground LV, and underground MV
indicative topologies, respectively. Observations based on
Figures 4(a)–4(t) were made as follows.

(i) As it concerns the validity of TM2 method, it is
observed that the three methods coincide in all
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the BPL types and topologies examined yielding
excellent results of convergence regardless of the over-
head/underground power grid type and topology.
Moreover, since in a realistic BPL distribution net-
work, due to reflections and multipath propagation
caused by branches, spectral notches are observed
in the end-to-end modal channel attenuation, the
accurate description of the number and the behav-
ior of these spectral notches consist a crucial and
defining element in order to obtain a representative
image of their real behavior. Actually, The TM2
method describes the spectral notches accurately
either in depth or in spectral extent in any multipath
environment. Thus, the TM2 method offers an accu-
rate representation of the attenuation discontinuities
caused by branching. It is also easily adapted to
various network topologies resulting from various
kinds of branches or transformers [8, 19, 55, 64, 77,
78]. Due to the unique combination of generality and
modular simplicity, the TM2 method will be adopted
in the following simulations concerning the behavior
of overhead and underground LV/BPL and MV/BPL
modal channels.

(ii) In a realistic BPL network, the spectral behavior of
the end-to-end channel attenuation depends drasti-
cally on the frequency, the type of grid, the physical
properties of the cables used, the end-to-end—
“LOS”—distance, and the number, the electrical
length, and the terminations of the branches encoun-
tered along the end-to-end BPL signal transmission
path [6, 8, 9, 11, 16, 19, 55, 64, 68, 77]. As it
has been pointed out from the above figures, due
to reflections and multipath propagation caused
by branches, spectral notches are observed in the
end-to-end channel attenuation. The number and
the behavior of these spectral notches significantly
depend on the number of branches encountered
along the end-to-end transmission path as well
as on the branch electrical length. These spectral
notches are superimposed on the exponential “LOS”
attenuation [8, 19, 55, 64, 77, 78].

In Figures 5(a) and 5(b), the attenuation exceedance
probability of DM1 is plotted versus end-to-end channel
attenuation for the aforementioned indicative LV and MV
topologies, respectively. As readily verified observing the
respective attenuation distributions, the attenuation exhib-
ited by underground channels is dramatically worse than the
attenuation of overhead ones. This explains why in most
underground channels distance rather than multipath is
identified as the dominant factor affecting signal transmis-
sion. The opposite is observed in overhead channels, where
the effect of multipath is significantly more severe and is
recognized as the primary attenuation factor. Therefore, in
urban and suburban environments denser BPL networks are
preferable [4, 5, 8–11, 55].

Based on the picture of the spectral behavior obtained
from Figures 4(a)–4(t) and Figures 5(a) and 5(b), as it has
already been mentioned in the case of overhead HV/BPL

systems, the taxonomy of BPL distribution grids remains the
same; the BPL modal channels may be classified into the
following three channel classes [8–11, 19, 41, 75, 80].

(i) “LOS” channels, representing end-to-end transmis-
sion when no intermediate branches exist. No spec-
tral notches are observed. This case corresponds
to the best possible BPL transmission conditions,
encountered sometimes in rural or suburban and
rarely in urban areas.

(ii) Good channels, when a small number of relatively
long branches are encountered along the end-to-end
connection. Shallow spectral notches are observed.
BPL transmission in rural, suburban, and several
urban areas belongs to this channel class.

(iii) Bad channels, when the number of branches is large
and their electrical length is small. Deep spectral
notches are observed. BPL transmission in many
urban areas belongs to this channel class.

The spectral behavior of the above BPL modal channel
classes critically affects the transmission characteristics of
BPL modal channels.

5.2. On the Statistical Relationship between End-to-End
Modal Channel Attenuation and Modal RMS-DS. Based on
the statistical performance metrics presented in Section 4
and the notion already acquired from overhead HV/BPL
coupling scheme channels in [19], a physically meaningful
statistical characterization of the BPL modal channels is
obtained permitting important properties of the overhead
and underground LV/BPL and MV/BPL to come to light.
Table 1 summarizes the metrics of average end-to-end modal
channel attenuation and modal RMS-DS for the aforemen-
tioned indicative overhead and underground LV/BPL and
MV/BPL topologies for the propagation of DM1.

Similarly to [19], the spectral behavior of overhead
and underground LV/BPL and MV/BPL modal channels
is reflected on the corresponding statistical performance
metrics. Indeed, though determined for 1000 m long con-
nections, compared to the 200 m long connections of the
underground cases, the metric of average end-to-end modal
channel attenuation of overhead transmission is significantly
better than the underground one. Furthermore, an indicative
picture of the above channel classification can be obtained
studying the metric of modal RMS-DS. Since, in bad chan-
nel class, superimposed multipath critically affects signal
transmission, bad channel class—primarily urban case B and
secondarily urban case A—tends to exhibit higher values
of modal RMS-DS in comparison with the good channel
class, either suburban or rural cases. “LOS” channels are
characterized by the best possible modal RMS-DS values, as
these channels represent end-to-end transmission when no
multipath exists.

Recently, several statistical approaches investigating the
relationship of end-to-end attenuation and RMS-DS have
been proposed [19, 33–41, 55]. Various measurements for
different BPL topologies have been also performed in the
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Figure 4: Application of the coinciding proposed TM2 method, TM method, and MEB method to determine the end-to-end channel
attenuation for the propagation of DM1 versus frequency for different overhead and underground LV/BPL and MV/BPL types and topologies
(the subchannel frequency spacing is equal to 1 MHz). (a) Urban case A/overhead LV. (b) Urban case B/overhead LV. (c) Suburban
case/overhead LV. (d) Rural case/overhead LV. (e) “LOS” case/overhead LV. (f) Urban case A/overhead MV. (g) Urban case B/overhead
MV. (h) Suburban case/overhead MV. (i) Rural case/overhead MV. (j) “LOS” case/overhead MV. (k) Urban case A/underground LV. (l)
Urban case B/underground LV. (m) Suburban case/underground LV. (n) Rural case/underground LV. (o) “LOS” case/underground LV. (p)
Urban case A/underground MV. (q) Urban case B/overhead MV. (r) Suburban case/overhead MV. (s) Rural case/overhead MV. (t) “LOS”
case/underground MV.
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Figure 5: Attenuation exceedance probability of DM1 versus frequency for urban case A, urban case B, suburban case, rural case, and “LOS”
transmission case. (a) Overhead and underground LV. (b) Overhead and underground MV.

frequency range from 1 MHz to 100 MHz focusing on the
evaluation of distribution function between average end-to-
end channel attenuation and RMS-DS. These measurements
may be classified into the following set:

(i) field trial measurements in real in-home LV/BPL
suburban and urban networks [36, 37];

(ii) field trial measurements in underground MV/BPL
power network [33–35].

The correlation between average end-to-end channel atten-
uation and RMS-DS can be easily verified observing the
scatter plot presented in Figure 6 where the above set of
measurements and the set of numerical results of DM1 for
the aforementioned indicative overhead and underground
LV/BPL and MV/BPL topologies, presented analytically in
Table 1 and denoted as overhead LV/BPL power networks,
overhead MV/BPL power networks, underground LV/BPL
power networks, and underground MV/BPL power net-
works, are plotted. In the same figure, regression lines, as
given by (20), are also plotted, namely, (i) GAL approach,
as proposed in [33–35], with robust regression parameters
assumed v = 0.0075μs/dB and w = 0.183 μs; (ii) TON
approach, as given by [39], with robust regression parameters
v and w assumed equal to 0.0197 μs/dB and 0 μs, respectively;
(iii) the proposed UNI1 approach, as defined in [19], with
regression parameters v = 0.0129μs/dB and w = 0.2472μs.

From Figure 6, the following should be mentioned.

(i) The field measurements, the numerical results, and
the approximation curves exhibit a positive slope
clearly indicating that average end-to-end modal
channel attenuation and modal RMS-DS are also
positively correlated lognormal random variables of
overhead and underground LV/BPL and MV/BPL
systems in accordance with coupling scheme channel
correlation of [19]. The detailed theoretical analysis
and the respective statistical tests are presented in
[33–35].

(ii) The proposed UNI1 trend line suggests a unified
regression line that describes the correlation between
channel attenuation and RMS-DS both in transmis-
sion and in distribution power grids regardless of the
type of channel described—either coupling scheme
or modal channels—and the system specifications.
Hence, UNI1 approach offers a useful tool towards
BPL/SG systems coexistence as it can be used to
estimate the maximum data rate of BPL power grids
being supported without the use of an equalizer [19].

(iii) Depending on the system specifications, a rule of
thumb holds that the position of the BPL channel
markers in the scatter plot in relation with the appro-
priate approximation curve defines the BPL class of
the channel. Therefore, markers located significantly
above the curve result in an above average RMS-DS
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Table 1: Performance Statistical Metrics of Section 4.

Average end-to-end channel attenuation of DM1 (dB) RMS-DS of DM1 (μs)

Overhead Underground Overhead Underground

LV MV LV MV LV MV LV MV

Urban case A 9.07 9.18 26.91 24.92 0.53 0.76 0.62 0.64

Urban case B 12.25 12.39 28.56 26.62 0.94 1.00 0.74 0.77

Suburban case 7.78 7.92 25.78 23.21 0.39 0.59 0.48 0.55

Rural case 6.20 6.35 23.00 20.68 1.36 1.35 0.51 0.58

“LOS” case 4.22 4.34 19.98 17.90 0.07 0.35 0.31 0.28
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Figure 6: Scatter plot of RMS-DS versus average end-to-end
channel attenuation for measured channels (in-home LV/BPL
suburban networks, in-home LV/BPL urban networks, and under-
ground MV/BPL power network), simulated channels (overhead
LV/BPL power networks, overhead MV/BPL power networks,
underground LV/BPL power networks, and underground MV/BPL
power networks for the propagation of DM1), and trend line curves
(GAL, TON, and UNI1 approaches).

for given average end-to-end channel attenuation. In
the case of the above examined overhead and under-
ground LV/BPL and MV/BPL systems compared to
UNI1 curve, the above average RMS-DS channels are
the bad class ones, for example, urban case B. The
opposite is observed in “LOS” and good channel cases
where the channel markers of these cases are located

either below or near to the UNI1 curve, for example,
“LOS” and rural cases, respectively.

(iv) On the basis of the confirmed correlation, statistical
channel models may be defined. These models can
generate random overhead and underground LV and
MV topologies by setting the topology parameters
on the basis of channel class characteristics. Conse-
quently, these models confer a stochastic aspect to the
deterministic channel class design [33–41].

(v) The deterministic BPL channel models in combi-
nation with the newly born statistical BPL channel
models will aid in gaining a necessary tool when
LV/BPL and MV/BPL systems need to coexist in the
SG field.

5.3. Comparison and Integration between Overhead and
Underground LV/BPL and MV/BPL Systems. Concluding the
analysis of overhead and underground LV/BPL and MV/BPL
transmission, the following distinct characteristics should be
marked out.

(1) Based on the well-established hybrid model of [8–
11, 19–21] and the generic multidimensional net-
work analysis tool presented in [22–24], a novel
multidimensional chain scattering matrix method
(TM2 method) has successfully been applied in
overhead and underground LV/BPL and MV/BPL
systems. First of all, TM2 method is well validated
against other theoretically and experimentally proven
models, such as MEB and TM methods. Moreover,
TM2 method is able to calculate modal transfer
functions associated with very elaborate networks
including various types of overhead and under-
ground LV/BPL and MV/BPL configurations, any
type of interconnection at the branches, and any
type of branch termination without imposing special
simplifying transmission assumptions. Finally, TM2
method provides significant help regarding mode
mixture issues via the definition of modal XC transfer
functions, which describe the crosstalk couplings
among the modes supported.

(2) As a broadband communications channel, the over-
head and underground LV/BPL and MV/BPL dis-
tribution power grids suffer from multipath and
“LOS” attenuation which adversely affect the BPL
system design and the SG application performance.
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Besides the BPL power distribution grid considered,
the end-to-end attenuation in BPL modal channels
along the end-to-end transmission path depends on
the frequency, the mode considered, the physical
properties of the MTL configurations used, end-to-
end—“LOS”—distance and the number, the elec-
trical length, and the terminations of the various
branches encountered along the end-to-end BPL
signal propagation [9–11, 20, 21, 23, 25, 55, 64, 77,
78]. As it has already been reported in [19, 20], the
same factors also influence the spectral behavior of
overhead HV/BPL transmission power grids.

(3) The taxonomy of BPL modal channels into three
classes depending on the behavior of spectral notches
is still maintained in the case of BPL distribution
grids, namely, “LOS” channels, good channels and
bad channels. BPL transmission in the majority of
suburban and rural areas and in several urban areas
is classified into the good channel class [8, 9, 11, 19–
21, 25, 38, 41, 80].

(4) Since “LOS” attenuation is dominant in underground
BPL transmission, multipath affects underground
transmission considerably less compared to overhead
BPL transmission. Therefore, BPL signal transmis-
sion via the underground grid exhibits a lowpass
behavior which limits the BPL bandwidth exploita-
tion potential up to a certain frequency [6–11, 15].

(5) In BPL channels, it has been verified that channel
attenuation and RMS-DS are (positively) corre-
lated lognormal random variables. This fundamental
property of several wireline systems (e.g., DSL,
coaxial, and phone links) has been validated also in
the BPL system case either in modal or in coupling
scheme channels [19–21, 33–41]. Since this inherent
statistical characteristic has also been validated in
the case of overhead HV/BPL transmission power
grids [19], suitable unified approximations can be
proposed, such as GAL [33–35], TON [39], and UNI1

[19] regression trend lines, that commonly describe
either distribution or transmission BPL power grids
regardless of the type of channel described. This
introduction of unified tools for the common han-
dling of BPL transmission and distribution networks
is to be seen as strong interoperability guarantee in a
SG landscape.

(6) In the SG landscape, overhead and underground
LV/BPL and MV/BPL systems need to work in a com-
patible way (intraoperate) before BPL technology
interoperates with other broadband technologies,
such as wired (e.g., fiber and DSL) and wireless
(e.g., WiFi and WiMax). A prerequisite step towards
SG technology integration requires compatible fre-
quencies, equipment and signaling, adequate injected
power spectral density (IPSD) levels, area coverage,
and scalable capacity among BPL systems, taking the
specific features of LV/BPL and MV/BPL transmis-
sion into account [8–11, 17, 19–21, 25, 33, 75, 81].

6. Conclusions

This paper has focused on the broadband modal signal
transmission characteristics and the modal statistical perfor-
mance metrics of overhead and underground LV and MV
distribution power grids based on a new exact multidimen-
sional chain scattering matrix method (TM2 method). The
TM2 method which may be combined with an extended
statistical metric framework offers a valuable tool towards
the integrated transmission and distribution BPL network
design.

TM2 method has revealed that the broadband modal
signal transmission capability of overhead and underground
LV/BPL and MV/BPL networks depends on the frequency,
the type of the power grid, the mode considered, physical
properties of the MTL configuration used, the end-to-end—
“LOS”—distance, and the number, the electrical length, and
the terminations of the branches along the end-to-end BPL
signal propagation.

Based on the modal statistical performance metrics of
overhead and underground LV/BPL and MV/BPL distribu-
tion networks, a fundamental property of several wireline
and other BPL channels, that is the positive correlation
between end-to-end channel attenuation and RMS-DS, has
also been validated in the case of BPL systems against relevant
sets of field measurements, numerical results, and recently
proposed statistical channel models for BPL systems. Based
on these inherent attributes of: (i) either distribution or
transmission BPL systems and (ii) either modal or coupling
scheme channels, a new regression trend line suitable for the
common handling of BPL systems has been applied.

The transmission characteristics, the statistical perfor-
mance metrics, and the insertion of unified tools deter-
mine the deployment of OFDM/DMT systems, the uni-
fied design/operation of BPL systems, the performance
of various SG applications across the entire transmission
and distribution grid, and the BPL system intraoperabil-
ity/interoperability in a heterogeneous set of networking
technologies such as the oncoming SG network.
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Louvain-la-Neuve, Belgium, 2004.

[23] T. Sartenaer and P. Delogne, “Deterministic modeling of
the (shielded) outdoor power line channel based on the
Multiconductor Transmission Line equations,” IEEE Journal
on Selected Areas in Communications, vol. 24, no. 7, pp. 1277–
1291, 2006.

[24] T. Sartenaer and P. Delogne, “Powerline cables modelling
for broadband communications,” in Proceedings of the IEEE
International Conference Power Line Communications and Its
Applications, pp. 331–337, Malmö, Sweden, April 2001.
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