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This review paper reveals the broadband potential of overhead and underground low-voltage (LV) and medium-voltage (MV)
broadband over power lines (BPL) networks associated withmultiple-inputmultiple-output (MIMO) technology.The contribution
of this review paper is fourfold. First, the unified value decomposition (UVD)modal analysis is introduced.UVDmodal analysis is a
new technique that unifies eigenvalue decomposition (EVD) and singular value decomposition (SVD)modal analyses achieving the
common handling of traditional SISO/BPL and upcoming MIMO/BPL systems. The validity of UVD modal analysis is examined
by comparing its simulation results with those of other exact analytical models. Second, based on the proposed UVD modal
analysis, theMIMOchannels of overhead and underground LV andMVBPL networks (distribution BPL networks) are investigated
with regard to their inherent characteristics. Towards that direction, an extended collection of well-validated metrics from the
communications literature, such as channel attenuation, average channel gain (ACG), root-mean-square delay spread (RMS-DS),
coherence bandwidth (CB), cumulative capacity, capacity complementary cumulative distribution function (CCDF), and capacity
gain (GC), is first applied in overhead and underground MIMO/LV and MIMO/MV BPL channels and systems. It is found that
the results of the aforementioned metrics portfolio depend drastically on the frequency, the power grid type (either overhead or
underground, either LV orMV), theMIMO scheme configuration properties, theMTL 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, three interesting findings concerning the statistical properties of MIMO channels of
distribution BPL networks are demonstrated, namely, (i) the ACG, RMS-DS, and cumulative capacity lognormal distributions;
(ii) the correlation between RMS-DS and ACG; and (iii) the correlation between RMS-DS and CB. By fitting the numerical
results, unified regression distributions appropriate for MIMO/BPL channels and systems are proposed. These three fundamental
properties can play significant role in the evaluation of recently proposed statistical channelmodels for various BPL systems. Fourth,
the potential of transformation of overhead and underground LV/BPL and MV/BPL distribution grids to an alternative solution
to fiber-to-the-building (FTTB) technology is first revealed. By examining the capacity characteristics of various MIMO scheme
configurations and by comparing these capacity results against SISO ones, a new promising urban backbone network seems to be
born in a smart grid (SG) environment.

1. Introduction

The distribution power grids—that is, overhead and un-
derground low-voltage (LV) and medium-voltage (MV)

networks—can become the key to delivering broadband last-
mile access in remote and/or underdeveloped areas and
simultaneously to the development of an advanced IP-based
power system [1–6].This power grid upgrade can be achieved
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through the deployment of broadbandover power lines (BPL)
networks [7–14].

Despite their great broadband promises, distribution
power grids constitute a rather hostile medium for commu-
nications signal transmission. Attenuation, multipath due to
various reflections, noise, and electromagnetic interference
are the main problematic issues [15–22]. Since overhead and
underground LV/BPL and MV/BPL channels mix the nasty
behavior of a power line with that of a communication chan-
nel, each of the aforementioned adverse factors significantly
degrades the overall performance of BPL networks [23–25].

Recently, new interest arises due to developments regard-
ing multiple-input multiple-output (MIMO) transmission
scheme configurations for BPLnetworks andBPL coexistence
with other broadband technologies [13, 14, 26–30]. Actually,
the need of coexistence among overhead and underground
LV/BPL and MV/BPL networks (intraoperability) will be a
necessary prerequisite before investigating the cooperative
communications between distribution BPL networks and
other broadband technologies (interoperability) [28, 31–
38]. Despite the urgent demand for systems intraoperabil-
ity/interoperability, today’s distribution BPL network capac-
ity performance seems significantly worse than that of other
competitive broadband technologies—wired, such as fiber
and DSL, and wireless, such as Wi-Fi and WiMAX. Hence,
there is a need of not only utilizing existing technical devel-
opments, but also inventing and exploiting novel ones such
as MIMO technology.

Being prominent from the wireless world [38–46] and
recently applied in various BPL networks [13, 14, 33, 47–56],
the potential of integrating MIMO technology with distri-
bution BPL networks is investigated. Towards that direction,
MIMO capabilities of distribution BPL networks are com-
pared with today’s single-input single-output (SISO) ones
either in transmission or in spectral efficiency fields.

For efficient MIMO/BPL (either MIMO/LV/BPL or
MIMO/MV/BPL) communications, a thorough understand-
ing of the MIMO signal transmission at high frequencies
along the overhead and underground LV andMVpower lines
is required. To facilitate MIMO analysis, the hybrid model
that is usually employed to examine the behavior of BPL
transmission channels installed onmulticonductor transmis-
sion line (MTL) structures is also used in this review paper
[2, 3, 5, 6, 9, 10, 12–14]. This hybrid method, based on a
combination of bottom-up [57–65] and top-down [8, 15, 18,
24, 58, 62, 64, 66–69] approaches, receives as inputs accu-
rately determined parameters, such as the MIMO scheme
implementation, the power grid type (either overhead or
underground, either LV or MV), the MTL configuration, the
physical properties of cables, and the grid topology, and deliv-
ers as outputs accurate results in terms of channel attenuation.
Actually, exploiting the acquired MIMO/BPL knowledge of
[13, 14], MIMO expansion of the hybrid method is first
presented in order to (i) achieve a smooth expansion of
SISO to MIMO analysis and (ii) unify eigenvalue decom-
position (EVD) and singular value decomposition (SVD)
modal analyses under the aegis of the proposed unified value
decomposition (UVD) modal analysis.

Based on the outputs of UVDmodal analysis, broadband
transmission characteristics, statistical performance metrics,
and capacity measures are investigated through numerical
results concerning simulated overhead and underground
MIMO/LV/BPL and MIMO/MV/BPL networks [57, 62, 64,
67, 70]. The numerical results of UVD modal analysis are
validated against already verified results of the accurate TM2
method, which are analytically presented in [13, 14].

More specifically, a set of important statistical perfor-
mance metrics, such as the average channel attenuation, the
average channel gain (ACG), the root-mean-square delay
spread (RMS-DS), and the coherence bandwidth (CB), tries
to elicit the commonand the different aspects of overhead and
underground MIMO/LV/BPL and MIMO/MV/BPL chan-
nels. In addition, two fundamental properties of several
wireline channels (e.g., DSL, coaxial, and phone links) are
first validated in overhead and undergroundMIMO/LV/BPL
andMIMO/MV/BPL systems; namely, (i) ACG and RMS-DS
are negatively correlated lognormal random variables being
in agreement with recently proposed statistical BPL channel
models [71–79]. A new approximation—UN1 approach—
suitable for the design of overhead and underground
MIMO/BPL channels is proposed and compared to existing
distributions; and (ii) CB and RMS-DS correlation behavior
can be described by hyperbolic functions. By fitting the
simulation results, a new approximation—UN2 approach—
appropriate for MIMO/BPL channels is proposed [78–82].
Moreover, lognormal distributions for the cumulative dis-
tribution functions (CDFs) of ACG, RMS-DS, and cumu-
lative capacity—suitable for overhead and underground
MIMO/LV/BPL andMIMO/MV/BPL channels—are used so
as to (a) be imposed by design in the upcoming BPL statistical
channel modeling and (b) operate as evaluation measures of
the statistical channel models proposed [71–73, 76–79].

Apart from statistical performance metrics, suitable
capacitymetrics, such as the cumulative capacity, the capacity
complementary cumulative distribution functions (capacity
CCDF), and the capacity gain (GC) of MIMO/BPL systems,
are applied. It is unveiled thatMIMO/BPL systems can define
an alternative technological solution to the existing fiber-
optic technology and especially to the fiber-to-the-building
(FTTB) systems. Depending on BPL system investment
budget, technoeconomic and socioeconomic characteristics,
required system complexity, power grid type, power grid
topology, IPSDM limits applied, operation frequency band,
and BPL intraoperability/interoperability requirements, dif-
ferent single- and multiport implementations may be applied
in improving today’s system capacities. By fully exploiting
the MIMO technology, the increase of the capacity of both
overhead and underground MIMO/LV/BPL and MIMO/
MV/BPL systems is notable exceeding 8Gbps. Using only
the existing infrastructure and electromagnetic compatibility
limits, the imminent MIMO/BPL technology implementa-
tions promise better capacity results by a factor of up to
3.65 in comparison with the best today’s capacity results for
given power grid type and power grid topology. Hence, the
forthcoming MIMO/BPL capacity boost indicates that the
BPL technology should be examined as (i) an emerging
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urban backbone network and (ii) a promise towards BPL
intraoperability/interoperability.

The rest of this review paper is organized as follows.
In Section 2, the overhead and underground LV and MV
configurations adopted in this paper are presented. Section 3
introduces theMTL theory andmodal analysis alongwith the
necessary assumptions concerning BPL transmission. Apart
from the presentation of EVD and SVD modal analyses, the
UVD modal analysis is highlighted in order to realize the
necessary upgrade from SISO/BPL to MIMO/BPL consid-
eration. Section 4 details the statistical performance metrics
and the capacity measures applied in this review paper for
the upcoming MIMO/BPL analysis. In Section 5, a series
of numerical results and conclusions is provided, aiming
at marking out how the various features of the overhead
and underground MIMO/LV and MIMO/MV channels and
systems influence BPL transmission, statistical performance
metrics, and capacitymeasures. On the basis of the confirmed
fundamental properties, new regression approximations are
proposed. Moreover, after providing the SISO capacity of
overhead and underground LV/BPL and MV/BPL channels
and systems, different MIMO scheme configurations are
demonstrated and compared regarding their suitability and
performance for various overhead and underground LV/BPL
and MV/BPL systems. A thorough MIMO scheme config-
uration investigation reveals the great capacity potential of
overhead and underground MIMO/LV/BPL and MIMO/
MV/BPL distribution power networks. Section 6 concludes
this review paper.

2. The Physical BPL Layer

The overhead and underground LV and MV MTL config-
urations as well as the ground properties used across the
following MIMO/BPL system analysis are outlined in this
section [8, 15, 17, 23, 57, 59–61, 66, 67, 83–86].

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 sus-
pended one above the other spaced by Δ LV and located at
heights ℎLV 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 (𝑛 =
4) overhead LV distribution line configuration is considered
in the present work consisting of ASTER conductors. The
exact dimensions for the overhead LVMTL configuration are
detailed in [60, 61, 83–85, 87].

Overhead MV distribution lines hang at typical heights
ℎMV. Typically, three parallel noninsulated phase conductors
spaced by ΔMV are used above lossy ground. This three-
phase three-conductor (𝑛 = 3) overheadMVdistribution line
configuration is considered in the present work consisting of
ACSR conductors—see Figure 1(b). The exact properties of
the overhead MV MTL configuration are detailed in [15, 16,
57, 67, 83, 86, 87].

2.2. Underground LV and MV Power Distribution Network.
The underground LV distribution line that will be examined

in the simulations is the three-phase four-conductor (𝑛 =

4) core-type YJV XLPE underground LV distribution cable
buried 1m inside the ground. The layout of this cable is
depicted in Figure 1(c). The cable arrangement consists of
the three-phase three-core-type conductors, one core-type
neutral conductor, and one shield conductor. The shield is
grounded at both ends. The exact dimensions of this under-
ground LVMTL configuration are reported in [58, 59, 62, 63,
83, 84, 87, 88].

The underground MV distribution line that will be
examined is the three-phase three-conductor (𝑛 = 3) sector-
type PILC 8/10 kV distribution-class cable buried 1m inside
the ground [15–18, 89, 90]. 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. The under-
ground MVMTL configuration specifications are detailed in
[17, 91–94].

As it concerns BPL signal propagation in underground
MTL configurations, due to the common practice of ground-
ing at both ends, the shield acts as a ground return path
and as a reference conductor. Hence, the inner conductors
are separated electrostatically andmagnetostatically from the
remaining set. On the basis of this separation, the analysis
may be focused only on the remaining five- or four-conductor
transmission line (TL) of interest for underground LV—that
is, the three phases, the neutral conductor, and the shield
conductor—or MV configurations—that is, the three phases
and the shield conductor, respectively. Repeatedly applied in
[17, 58, 59, 62, 63, 66, 83, 87, 91–98], this is the common
procedure either in theoretical analyses or in measurements.

2.3. Ground Properties. The properties of the ground are
assumed common either in overhead or in underground BPL
configurations. In detail, the conductivity of the ground is
assumed 𝜎𝑔 = 5 mS/m and its relative permittivity 𝜀rg = 13.
In accordancewith [15–17, 57–59, 62, 63, 67, 95, 99–102], these
ground properties are suitable for the BPL signal propagation
analysis at high frequencies (from 1MHz to approximately
100MHz) either in overhead or in underground BPL systems.

3. Modal Analysis of Overhead and
Underground LV/BPL and MV/BPL Systems

In this section, through a matrix approach, the standard
TL analysis is extended to the MTL case, which involves
more than two conductors. First, a brief introduction toMTL
theory is provided, which is accompanied with the necessary
assumptions concerning BPL transmission via the entire
distribution power grid. Second, a detailed modal analysis of
overhead and underground LV/BPL and MV/BPL systems is
highlighted; in particular, UVDmodal analysis is proposed in
order to (i) unify EVD and SVDmodal analyses; (ii) describe
the analysis convergence of SISO/BPL and MIMO/BPL con-
figurations; and (iii) suggest appropriatemethodology for the
performance and capacity study of MIMO/BPL systems.

3.1. MTL Theory of Overhead and Underground LV/BPL and
MV/BPL Systems. Signal transmission via overhead power
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Figure 1: Typical multiconductor structures [15, 17, 58, 95]. (a) Overhead LV. (b) Overhead MV. (c) Underground LV. (d) Underground MV.

lines has been analyzed in [17, 58, 59, 62, 63, 95, 99–102],
whereas signal transmission via three-phase underground
power lines has been detailed in [17, 58, 59, 62, 63, 95, 99–102].
These formulations have the advantage that, contrary to other
available models for overhead and underground power lines
[85, 103–105], they are appropriate for broadband applications
of overhead LV/BPL and MV/BPL systems.

Already described in [15, 17, 31, 56, 57, 60, 61, 67],
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(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 and presents its own propagation
constant.

According to TM1 method—detailed in [15, 16, 57, 58,
65, 106] and briefly presented in Section 3.2—these modes
may be examined separately across the overall overhead or
underground LV or MV power distribution network under
the following two assumptions.

(A1) The branching cables are assumed to be identical to
the distribution cables. Hence, cables with identical
modes are used throughout the network ensuring
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that the mode propagation constants of all the cable
segments are the same.

(A2) The termination points are assumed to be either
ideal matches—achieved using adaptive modal im-
pedance matching [107, 108]—or open circuit ter-
minations. Hence, these termination points behave
independently of frequency. Due to this frequency-
independent nature of terminations, the branches and
termination points are perfectly balanced ensuring
that no mode mixing occurs anywhere in the net-
work.

These two assumptions are general and consider BPL
transmission regardless of the power grid type (either over-
head or underground, either LV or MV) and MIMO scheme
configuration. Because of the above assumptions, the 𝑛modes
supported by the BPL configurations are completely separate
giving rise to 𝑛 independent transmission channels which
simultaneously carry BPL signals [15–18, 57, 58, 65, 91, 106].

3.2. UVD Modal Analysis of Overhead and Underground
LV/BPL and MV/BPL Systems. Since the number of transmit
ports 𝑛𝑇 and receive ports 𝑛𝑅 in MIMO systems is not always
equal, existing EVD modal analysis for SISO/BPL networks
needs to be integrated with SVD modal analysis for MIMO
communications networks so as to permit the general study
of MIMO/BPL systems [39, 40, 48, 49, 52].

Taking advantage of the simplicity of TM1 method, UVD
modal analysis is the technique that perceives the modular
consideration of EVD and SVDmodal analyses, concatenates
them, and achieves the common handling of traditional
SISO/BPL and upcoming MIMO/BPL systems. Based on
EVD and SVD modal transfer functions, UVD modal anal-
ysis computes the extended channel transfer functions and
various performance and capacity metrics imperative for the
following MIMO/BPL analysis—further details concerning
the metrics are provided in Section 4.

More specifically, the EVD modal voltages V𝑚(𝑧) =

[𝑉
𝑚

1
(𝑧) ⋅ ⋅ ⋅ 𝑉

𝑚

𝑛
(𝑧)]
𝑇 and the EVD modal currents I𝑚(𝑧) =

[𝐼
𝑚

1
(𝑧) ⋅ ⋅ ⋅ 𝐼

𝑚

𝑛
(𝑧)]
𝑇 may be related to the respective EVD

line quantities V(𝑧) = [𝑉1(𝑧) ⋅ ⋅ ⋅ 𝑉𝑛(𝑧)]
𝑇 and I(𝑧) =

[𝐼1(𝑧) ⋅ ⋅ ⋅ 𝐼𝑛(𝑧)]
𝑇 via the EVD transformations [15–18, 58,

60, 61]:

V (𝑧) = T𝑉 ⋅ V
𝑚
(𝑧) , (1)

I (𝑧) = T𝐼 ⋅ I
𝑚
(𝑧) , (2)

where [⋅]𝑇 denotes the transpose of a matrix, T𝑉 and T𝐼 are
𝑛 × 𝑛 matrices depending on the frequency, the power grid
type, the physical properties of the cables, and the geometry
of the MTL configuration [15, 17, 58, 60, 61].

The TM1 method—based on the scattering matrix theory
[15, 18, 19, 68, 69] and presented analytically in [18]—models
the spectral relationship between 𝑉𝑚

𝑖
(𝑧), 𝑖 = 1, . . . , 𝑛, and

𝑉
𝑚

𝑖
(0), 𝑖 = 1, . . . , 𝑛, introducing operators𝐻𝑚

𝑖
{⋅}, 𝑖 = 1, . . . , 𝑛

so that

V𝑚 (𝑧) = H𝑚 {V𝑚 (0)} , (3)

where

H𝑚 {⋅} = diag {𝐻𝑚
1
{⋅} ⋅ ⋅ ⋅ 𝐻

𝑚

𝑛
{⋅}} (4)

is a diagonal matrix operator whose elements 𝐻𝑚
𝑖
{⋅}, 𝑖 =

1, . . . , 𝑛, are the EVD modal transfer functions [15–18].
Combining (1) and (4), the 𝑛×𝑛 channel transfer function

matrixH{⋅} relating V(𝑧) with V(0) through

V (𝑧) = H {V (0)} (5)

is determined from

H {⋅} = T𝑉 ⋅H
𝑚
{⋅} ⋅ T−1
𝑉
. (6)

Based on (4) and (6), the 𝑛 × 𝑛 channel transfer function
matrixH{⋅} of the overhead and underground SISO/LV/BPL
and SISO/MV/BPL distribution networks is determined.

Based on (5), at the transmitting end side of the over-
head and underground LV/BPL and MV/BPL distribution
networks, n independent transmit ports—that is, 𝑉𝑖(0), 𝑖 =
1, . . . , 𝑛—which share the same return reference conductor,
can be used. At the receiving end side, due to coupling
effects that provide interactions between different ports, n
independent receive ports are available—that is, 𝑉𝑖(𝑧), 𝑖 =
1, . . . , 𝑛. Consequently, the 𝑛 × 𝑛 channel transfer function
matrix H{⋅}, which is presented in (5) and (6), can describe
multiport communications systems with 𝑛𝑇 (𝑛𝑇 ≤ 𝑛)
transmit and 𝑛𝑅 (𝑛𝑅 ≤ 𝑛) receive ports. This multiport
communications system is referred to as 𝑛𝑇 × 𝑛𝑅MIMO/BPL
system [13, 14, 31, 56, 76, 79]. During the following analysis, it
is assumed that 𝑁𝑇 and 𝑁𝑅 are the active transmit port and
the active receive port set, respectively, hereafter.

As it concerns the characterization of channels of the
upcomingMIMO/BPL systems, from (6), the elements𝐻𝑖𝑗{⋅},
𝑖, 𝑗 = 1, . . . , 𝑛, of channel transfer function matrix H{⋅} with
𝑖 = 𝑗 are the cochannel (CC) transfer functions, while those
with 𝑖 ̸= 𝑗 are the cross-channel (XC) transfer functions where
𝐻𝑖𝑗, 𝑖, 𝑗 = 1, . . . , 𝑛, denotes the element of matrixH{⋅} in row 𝑖
of column 𝑗. Altogether,𝐻𝑖𝑗{⋅}, 𝑖, 𝑗 = 1, . . . , 𝑛, are the transfer
functions of MIMO channels (either CCs or XCs).

On the basis of the previous channel characterization, it is
clear that the analysis concerning 𝑛𝑇×𝑛𝑅MIMO/BPL systems
is sustained on the generalization of the analysis concerning
MIMO channels of a full 𝑛 × 𝑛MIMO/BPL system—that is,
all the available transmit and receive ports are active, either
4 × 4 MIMO/LV/BPL or 3 × 3 MIMO/MV/BPL—via the
proposed UVD modal analysis. As shown in the following
analysis, theUVD modal analysis permits the study of full
𝑛 × 𝑛 MIMO/BPL and SISO/BPL systems as case studies of
a general 𝑛𝑇 × 𝑛𝑅MIMO/BPL system [39, 40, 49, 52].

More specifically, based on the above definition of the
EVD line voltages, the associated UVD transmit vector
V+(0) = [𝑉+

1
(0) ⋅ ⋅ ⋅ 𝑉

+

𝑛
(0)]
𝑇 is related to the EVD line volt-

ages vector V(0) through a simple matrix relationship of the
form

V (0) = D𝑁𝑇
𝑉
⋅ V+ (0) , (7)

where D𝑁𝑇
𝑉

is the 𝑛 × 𝑛 UVD transmit voltage matrix with
zero elements except in row 𝑗 of column 𝑗 where the value
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is equal to 1 when transmit port 𝑗 belongs to the set 𝑁𝑇. For
example, in the case of full 𝑛 × 𝑛MIMO/BPL and SISO/BPL
systems,D𝑁𝑇

𝑉
is equal to 𝑛×𝑛 identity matrix and 𝑛×𝑛matrix

with only one 1 on the diagonal at the position of the active
transmit port, respectively. Likewise, the UVD receive vector
V+(𝑧) = [𝑉+

1
(𝑧) ⋅ ⋅ ⋅ 𝑉

+

𝑛
(𝑧)]
𝑇 can be related to the EVD line

voltages vector V(𝑧) through a similar matrix relationship

V+ (𝑧) = D𝑁𝑅
𝑉
⋅ V (𝑧) , (8)

where D𝑁𝑅
𝑉

is the 𝑛 × 𝑛 UVD receive voltage matrix with
zero elements except in row 𝑖 of column 𝑖 where the value
is equal to 1 when receive port 𝑖 belongs to the set 𝑁𝑅. For
example, in the case of full 𝑛 × 𝑛MIMO/BPL and SISO/BPL
systems, D𝑁𝑅

𝑉
is equal to the 𝑛 × 𝑛 identity matrix and the

𝑛×𝑛matrix with only one 1 on the diagonal at the position of
the active receive port, respectively. Combining (5), (7), and
(8), the 𝑛×𝑛 extended channel transfer functionmatrixH+{⋅}
is determined from

H+ {⋅} = D𝑁𝑅
𝑉
⋅H {⋅} ⋅D𝑁𝑇

𝑉
. (9)

Apart from the insertion of D𝑁𝑇
𝑉

and D𝑁𝑅
𝑉
, UVD modal

analysis achieves the MIMO channel analysis generalization
by exploiting both already existing EVD and SVD modal
analyses [13, 14].

More specifically, adopting SVD modal analysis pre-
sented in [13, 14, 39, 40, 49, 52], the 𝑛 × 𝑛 extended channel
transfer function matrix H+{⋅} can be decomposed into
min{𝑛𝑇, 𝑛𝑅} parallel and independent SISO channels where
min{𝑥, 𝑦} returns the smallest value between 𝑥 and 𝑦. Then,
the SVD modal transfer function matrix operator is given by

⌣

H
𝑚

{⋅} =
⌣

T
𝐻

𝑉
⋅H+ {⋅} ⋅

⌣

T𝐼

= (
⌣

T
𝐻

𝑉
⋅D𝑁𝑅
𝑉
⋅ T𝑉) ⋅H

𝑚
{⋅} ⋅ (T−1

𝑉
⋅D𝑁𝑇
𝑉
⋅
⌣

T𝐼) ,

(10)

where
⌣

H
𝑚

{⋅}

= [

[

diag {
⌣

𝐻

𝑚

𝑖
{⋅}} 0(min{𝑛𝑅,𝑛𝑇})×(𝑛−min{𝑛𝑅,𝑛𝑇})

0(𝑛−min{𝑛𝑅,𝑛𝑇})×(min{𝑛𝑅,𝑛𝑇}) 0(𝑛−min{𝑛𝑅,𝑛𝑇})×(𝑛−min{𝑛𝑅,𝑛𝑇})

]

]

,

𝑖 = 1, . . . ,min {𝑛𝑅, 𝑛𝑇} ,
(11)

is an 𝑛 × 𝑛 matrix operator whose nonzero elements
⌣

𝐻

𝑚

𝑖
{⋅},

𝑖 = 1, . . . ,min{𝑛𝑅, 𝑛𝑇}, are (i) the singular values of H+{⋅}
and (ii) the end-to-end SVD modal transfer functions. [⋅]𝐻
denotes the Hermitian conjugate of a matrix, 0𝑚×𝑛 is an
𝑚 × 𝑛 matrix with zero elements, and

⌣

T𝑉 and
⌣

T𝐼 are 𝑛 × 𝑛
unitary matrices [39, 40, 49, 52]. From (10) and (11), the SVD
modal transfer function matrix

⌣

H
𝑚

{⋅} suitable for the MIMO
capacity computations of general 𝑛𝑇×𝑛𝑅MIMO/BPL systems
is determined.

4. Performance and Capacity Metrics of
Overhead and Underground MIMO/LV/BPL
and MIMO/MV/BPL Systems

In this section, several useful transmission and capacity met-
rics, which are well proven and used in the communications
literature [3, 5, 12–14], are synopsized in order to investigate
the behavior of MIMO/BPL channels and systems when
UVDmodal analysis is applied.

More particularly, the ACG, the RMS-DS, the CB, and
various capacity measures—such as cumulative capacity,
capacity CCDF, and GC—are reported and applied with
the purpose of investigating the transmission and capacity
properties of overhead and underground MIMO/LV/BPL
and MIMO/MV/BPL channels and systems. All these per-
formances and capacity metrics are based on (i) extended
channel transfer functions elements 𝐻+

𝑖𝑗
{⋅}, 𝑖, 𝑗 = 1, . . . , 𝑛

of MIMO/BPL transmission channels—as given by (9), and
(ii) end-to-end SVD modal transfer function elements

⌣

𝐻𝑖{⋅},
𝑖 = 1, . . . ,min{𝑛𝑅, 𝑛𝑇}—as given by (10)—of MIMO/BPL
transmission channels.

4.1. The Discrete Impulse Response. Once the extended chan-
nel transfer functions 𝐻+

𝑖𝑗
{⋅}, 𝑖, 𝑗 = 1, . . . , 𝑛, of MIMO

channels are known from (9), discrete extended impulse
responses ℎ+

𝑖𝑗,𝑝
= ℎ
+

𝑖𝑗
(𝑡 = 𝑝𝑇𝑠), 𝑝 = 0, . . . , 𝐽 − 1, 𝑖, 𝑗 = 1, . . . , 𝑛,

are obtained as the power of two J-point inverse discrete
Fourier transform (IDFT) of the discrete extended channel
transfer functions of MIMO channels:

𝐻
+

𝑖𝑗,𝑞
= {


𝐻
+

𝑖𝑗,𝑞


𝑒
𝑗𝜑
+

𝑞 , 𝑞 = 0, . . . , 𝐾 − 1

0, 𝑞 = 𝐾, . . . , 𝐽 − 1

}

= {
𝐻
+

𝑖𝑗
(𝑓 = 𝑞𝑓𝑠) , 𝑞 = 0, . . . , 𝐾 − 1

0, 𝑞 = 𝐾, . . . , 𝐽 − 1
} , 𝑖, 𝑗 = 1, . . . , 𝑛,

(12)

where 𝐹𝑠 = 1/𝑇𝑠 is the Nyquist sampling rate, 𝐾 ≤ 𝐽/2

is the number of subchannels in the BPL signal frequency
range of interest, 𝑓𝑠 = 𝐹𝑠/𝐽 is the flat-fading subchannel
frequency spacing, and |𝐻+

𝑖𝑗,𝑞
|, 𝑖, 𝑗 = 1, . . . , 𝑛, and 𝜙+

𝑖𝑗,𝑞
, 𝑖, 𝑗 =

1, . . . , 𝑛 are the amplitude responses and the phase responses
of the discrete extended channel transfer functions of MIMO
channels, respectively [71–73].

4.2. The ACG. Since the BPL channels are frequency selec-
tive, the ACGs of MIMO channels |𝐻+

𝑖𝑗
|
2, 𝑖, 𝑗 = 1, . . . , 𝑛, can

be calculated by averaging over frequency [71–73, 76–79]:


𝐻
+

𝑖𝑗



2

=

𝐽−1

∑

𝑝=0


ℎ
+

𝑖𝑗,𝑝



2

=
1

𝐽

𝐽−1

∑

𝑞=0


𝐻
+

𝑖𝑗,𝑞



2

, 𝑖, 𝑗 = 1, . . . , 𝑛. (13)

4.3.The RMS-DS. It is a measure of the multipath richness of
a BPL channel. The RMS-DS of MIMO channels 𝜎+

𝑖𝑗,𝜏
, 𝑖, 𝑗 =

1, . . . , 𝑛, is determined from the following, [71–73, 76–79]:

𝜎
+

𝑖𝑗,𝜏
= 𝑇𝑠

√𝜇
(2)

𝑖𝑗,0
− (𝜇𝑖𝑗,0)

2

, 𝑖, 𝑗 = 1, . . . , 𝑛, (14)
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where

𝜇𝑖𝑗,0 =

∑
𝐽−1

𝑝=0
𝑝

ℎ
+

𝑖𝑗,𝑝



2

∑
𝐽−1

𝑝=0


ℎ
+

𝑖𝑗,𝑝



2
, 𝑖, 𝑗 = 1, . . . , 𝑛, (15a)

𝜇
(2)

𝑖𝑗,0
=

∑
𝐽−1

𝑝=0
𝑝
2
ℎ
+

𝑖𝑗,𝑝



2

∑
𝐽−1

𝑝=0


ℎ
+

𝑖𝑗,𝑝



2
, 𝑖, 𝑗 = 1, . . . , 𝑛. (15b)

4.4. The CB. It is the range of frequencies over which the
normalized autocorrelation function of the channel transfer
function is over a certainCB correlation level𝑋 (usually set to
0.9, 0.7, or 0.5), that is, the maximum bandwidth in which the
subchannels can be approximately considered flat-fading. As
the phase response of the extended channel transfer function
may be assumed as uniformly distributed over [0, 2𝜋], the
CB ofMIMO channels can be determined from the following
[47, 80–82, 109]:

𝐵𝑖𝑗,𝑐 (Δ𝑓) =

𝐸 {𝐻
+

𝑖𝑗,𝑞
⋅ [𝐻
+

𝑖𝑗
(𝑓 = 𝑞𝑓𝑠 + Δ𝑓)]

∗

}

𝐸 {

𝐻
+

𝑖𝑗,𝑞



2

}

,

𝑞 = 0, 1, . . . , ⌊(𝐽 − 2) +
Δ𝑓

𝑓𝑠

⌋ , 𝑖, 𝑗 = 1, . . . , 𝑛,

(16)

where Δ𝑓 is the frequency shift, [⋅]∗ denotes the complex
conjugate of an element, and ⌊𝑥⌋ is the largest integer not
greater than 𝑥. From (16), CB𝑖𝑗,𝑋, 𝑖, 𝑗 = 1, . . . , 𝑛, is that value
of Δf such that 𝐵𝑖𝑗,𝑐(Δ𝑓) = 𝑋, 𝑖, 𝑗 = 1, . . . , 𝑛.

4.5. The Capacity. Capacity is the maximum achievable
transmission rate over a BPL channel. Note that, in the rest
of this review paper, the common case is examined where
the transmitting end does not have channel state information
(CSI) [13, 14]. In the general case of 𝑛𝑇 × 𝑛𝑅 MIMO/BPL
systems, the MIMO capacity is calculated by using the
following [13, 14, 33, 41, 42, 48, 50, 53–55]:

𝐶
MIMO

= 𝑓𝑠

𝐽−1

∑

𝑞=0

min{𝑛𝑇,𝑛𝑅}

∑

𝑖=1

log
2
{1 +

SNR (𝑞𝑓𝑠)
𝑛𝑇

⋅



⌣

𝐻

𝑚

𝑖
(𝑞𝑓𝑠)



2

} ,

(17)

where

SNR (𝑓) =
𝑝 (𝑓)

𝑁 (𝑓)
(18)

is the BPL signal-to-noise ratio (SNR), 𝑝(𝑓) is the selected
injected power spectral density mask (IPSDM)—that is rec-
ommended by the regulation authorities—and 𝑁(𝑓) is the
channel noise PSD [16, 37, 110].

As less transmit and receive ports are deployed, the capac-
ity results tend to present the capacity results of SISO/BPL
systems. More specifically, depending on the number of
transmit and receive ports, appropriate well-known capacity
expressions can be used—see also [13, 14, 41, 42].

(i) Single-Input Multiple-Output (SIMO) Capacity Ex-
pression. When one transmit and 𝑛𝑅, 1 < 𝑛𝑅 ≤ 𝑛,
receive ports occur.

(ii) Multiple-Input Single-Output (MISO) Capacity Ex-
pression. When 𝑛𝑇, 1 < 𝑛𝑇 ≤ 𝑛, transmit and one
receive ports occur.

(iii) SISO Capacity Expression. When one transmit and
one receive ports occur.

According to the aforementioned differentMIMO, SIMO,
MISO, and SISO scheme configurations, the resulting single-
and multiport diversities may be classified into two major
classes [13, 14].

(i) Pure Scheme Configurations. This class contains the
elementary single- and multiport implementations,
namely, 𝑛 × 𝑛 MIMO, 1 × 𝑛 SIMO, 𝑛 × 1 MISO, and
all SISO systems.

(ii) Mixed Scheme Configurations. This class contains all
the other multiport implementations that may be
deployed.

On the basis of the previous capacity expressions, three
additional capacity measures are reported and are applied in
the following analysis.

(i) Cumulative Capacity. The cumulative capacity is the
cumulative upper limit of information which can be
reliably transmitted over the end-to-endBPL channel.
In fact, cumulative capacity describes the aggregate
capacity effect of all subchannels of the examined
frequency band [13, 14].

(ii) Capacity CCDF.The capacityCCDFdefines the statis-
tics of cumulative capacity of BPL channels, specify-
ing the cumulative capacity probability of exceeding a
specific cumulative capacity threshold [13, 14].

(iii) GC. The GC is introduced as the ratio of the MIMO
cumulative capacity of a BPL system over its respec-
tive SISO one (usually set to SISO/CC which is the
best today’s BPL system cumulative capacity).

5. Numerical Results and Discussion

The simulations of various types of overhead and under-
ground MIMO/LV/BPL and MIMO/MV/BPL transmission
channels and systems aim at investigating (a) their broad-
band MIMO transmission characteristics; (b) how their
spectral behavior is affected by several factors; (c) statistical
remarks obtained on the basis of simulated overhead and
undergroundLV/BPL andMV/BPLMTL configurations; and
(d) how the capacity measures are influenced by the imple-
mentation of various MIMO/BPL scheme configurations.

For the numerical computations, the overhead and
underground LV and MV distribution line configurations
depicted in Figures 1(a)–1(d) have been considered. As
mentioned in Section 3.1, since the modes supported by the
overhead and underground LV/BPL andMV/BPL configura-
tions may be examined separately, it is assumed for simplicity
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that the BPL signal is injected directly into the EVD modes
[15–18, 57–65, 67]; thus, the complicated EVD and SVD
modal analyses of [13, 14, 41, 42, 60, 61, 81], briefly outlined in
Section 3.2, are bypassed, and the practical implementation
of UVD modal analysis is further facilitated.

As it concerns the simulation model properties, the
Nyquist sampling rate 𝐹𝑠 and flat-fading subchannel fre-
quency spacing 𝑓𝑠 are assumed equal to 200MHz and
0.1MHz, respectively. Moreover, the number of subchannels
𝐾 in the BPL signal frequency range of interest and the
J-point IDFT are assumed equal to 991 and 2048, respectively
[71–73, 111, 112].

As it regards the overhead and underground LV/BPL and
MV/BPL MTL configurations, the simple BPL topology of
Figure 2 having 𝑁 branches is considered. Based on [15–18,
57, 58, 67, 87] and with reference to Figure 2, the transmitting
and the receiving ends are assumedmatched to the character-
istic impedance of the mode considered, whereas the branch
terminations 𝑍𝑏𝑘, 𝑘 = 1, . . . , 𝑁, connected at positions
𝐴


𝑘
, 𝑘 = 1, . . . , 𝑁, respectively, are assumed open circuits.

Path lengths ∑𝑁+1
𝑘=1

𝐿𝑘 of the order of 200m are encountered
in underground BPL transmission [83, 87, 92]. These path
lengths are quite shorter compared to the overhead BPL
case where path lengths up to 1000m may be encountered
[16, 18, 20, 21, 57, 58, 62, 67, 83, 85, 87, 92, 99, 113, 114].

With reference to Figure 2, five indicative overhead topol-
ogies, which are common for both overhead LV/BPL and
MV/BPL systems, concerning end-to-end connections of
average lengths equal to 1000m have been examined [13, 14,
16].

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

(2) An aggravated overhead urban topology (overhead
urban case B) with 𝑁 = 5 branches (L1 = 200m,
L2 = 50m, L3 = 100m, L4 = 200m, L5 = 300m, L6 =
150m, L𝑏1 = 12m, L𝑏2 = 5m, L𝑏3 = 28m, L𝑏4 = 41m,
and L𝑏5 = 17m).

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

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

(5) The overhead “LOS” transmission along the same
end-to-end distance L= L1 + ⋅ ⋅ ⋅ + L𝑁+1 = 1000m
when no branches are encountered. It corresponds to
the line-of-sight (LOS) path in wireless transmission.

The respective indicative underground BPL topologies,
which are common for both underground LV/BPL and MV/
BPL systems, concern 200m long end-to-end connections.
These topologies are [13, 14, 16, 18] as follows.

(1) A typical underground urban topology (underground
urban case A) with 𝑁 = 3 branches (L1 = 70m,

L2 = 55m, L3 = 45m, L4 = 30m, L𝑏1 = 12m, L𝑏2 = 7m,
and L𝑏3 = 21m).

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

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

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

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

Finally, as it concerns the properties of MIMO/BPL
scheme configurations, the proposed study of general 𝑛𝑇×𝑛𝑅
MIMO/BPL systems—outlined in Sections 3.1 and 3.2—via
UVD modal analysis is considered. To evaluate the capacity
performance of overhead and underground MIMO/LV/BPL
and MIMO/MV/BPL transmission channels and systems, in
the case of overhead BPL transmission, a uniform additive
white Gaussian noise (AWGN) PSD level is assumed equal to
−105 dBm/Hz [16, 18, 57, 67] that is higher compared to the
significantly lowerAWGN/PSD encountered in underground
BPL transmission assumed equal to −135 dBm/Hz [18, 97,
115–117]. As it is usually done [13, 14], the noise AWGN/PSD
of each power grid type is assumed common (i) between
corresponding LV andMV systems and (ii) among all MIMO
channels of the same MTL configuration. With regard to
power constraints in the 3–88MHz frequency range, the same
IPSDM limits between LV/BPL and MV/BPL are assumed
[13, 14, 16, 18, 118, 119]. In detail, at frequencies below 30MHz,
according to Ofcom, in the 1.705–30MHz frequency range
maximum levels of −60 dBm/Hz and −40 dBm/Hz consti-
tute appropriate IPSDMs for overhead and underground
MIMO/BPL systems, respectively, providing presumption of
compliance with the current FCC Part 15 limits [16, 18, 118,
119]. In the 30–88MHz frequency range, maximum IPSDM
levels equal to −77 dBm/Hz and −57 dBm/Hz for overhead
and underground MIMO/BPL systems, respectively, are
assumed to provide a presumption of compliance in this
frequency range [16, 18, 118, 119].

5.1. Channel Attenuation of Overhead and Underground
MIMO/LV/BPL and MIMO/MV/BPL Channels: Comparison
of UVD Modal Analysis—Results with Other Already Vali-
dated Ones. In Figures 3(a) and 3(b), the median values of
channel attenuation in the frequency band 1–100MHz for
CCs (solid lines) and for XCs (dashed lines) are plotted
with respect to frequency for the aforementioned indicative
overhead LV/BPL and MV/BPL topologies, respectively, in
the frequency range 1–100MHz. In Figures 3(c) and 3(d), the
same curves are plotted in the case of underground LV/BPL
and MV/BPL systems, respectively.
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Figure 2: End-to-end BPL connection with𝑁 branches [16, 18].
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Figure 3: Frequency spectra of attenuation coefficients of MIMO/BPL channels: CCs (solid lines) and XCs (dashed lines)—the subchannel
frequency spacing is equal to 1MHz. (a) Overhead LV. (b) Overhead MV. (c) Underground LV. (d) Underground MV.
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Table 1: Statistical values of ACG for various overhead and underground MIMO/LV/BPL and MIMO/MV/BPL channels.

ACG (dB)
Min Max Mean Standard deviation

OV UN OV UN OV UN OV UN
CC

LV −12.70 −19.18 −4.63 −9.46 −8.36 −14.13 3.03 3.63
MV −13.01 −27.64 −4.92 −18.44 −8.67 −23.40 3.04 3.62

XC
LV −29.54 −31.30 −23.17 −23.23 −26.04 −26.94 2.67 3.05
MV −24.64 −61.19 −17.99 −54.14 −20.99 −57.71 2.74 2.83

All
LV −29.54 −31.30 −4.63 −9.46 −17.20 −20.54 9.70 7.45
MV −24.64 −61.19 −4.92 −18.44 −14.83 −40.55 7.04 18.34

OV: overhead, UN: underground.

Observations based on Figures 3(a)–3(d) were made as
follows.

(i) Comparing Figures 3(a) and 3(c) with the respective
Figures 3(a) and 3(b) of [14], it is evident that UVD
modal analysis combined with TM1 method gives
almost identical channel attenuation results with the
corresponding ones of SVD modal analysis when
it is combined with the accurate TM2 method for
overhead and underground MIMO/LV/BPL chan-
nels, respectively. The same high channel attenuation
precision is also achieved when Figures 3(b) and
3(d) are compared with the respective Figures 3(a)
and 3(c) of [13]. Again, UVD modal analysis com-
bined with TM1 method gives the same attenuation
results with those derived from the combination of
SVD modal analysis with TM1 method for over-
head and underground MIMO/MV/BPL channels,
respectively. Therefore, UVD modal analysis offers
excellent accuracy for all overhead and underground
MIMO/LV and MIMO/MV BPL channels that are
examined across this review paper.

(ii) Due to the common bus-bar system topology [13,
14, 54, 78], in overhead and underground LV/BPL
andMV/BPL systems, the channel attenuation curves
between CCs andXCs present similarities concerning
their curve slopes and the position and extent of
spectral notches. This indicates the strong coupling
between the individual MIMO channels. Actually,
the attenuation of MIMO channels depends dras-
tically on the frequency, the power grid type, the
MIMO channel type, the MTL configuration, the
physical properties of the cables used, the end-to-
end—“LOS”—distance, and the number, the elec-
trical length, and the terminations of the branches
encountered along the end-to-end BPL signal trans-
mission path [15, 16, 18, 24, 66, 92, 99, 113, 120].

(iii) Regardless of the power grid type and power grid
topology, XCs present higher channel attenuations in
comparison with CCs ones [48, 53, 55]. The channel

attenuation difference between CCs and XCs for the
same topology exceeds 15 dB in most of the cases
[13, 14].

(iv) In accordance with [15–18, 37] and based on the
picture of the spectral behavior observed from
Figures 3(a)–3(d), the overhead and underground
MIMO/LV/BPL and MIMO/MV/BPL channels may
be classified into three channel classes: “LOS,” good,
and bad channels.

(v) Due to the favorable low-loss transmission char-
acteristics of overhead MIMO/LV/BPL, overhead
MIMO/MV/BPL, and underground MIMO/LV/BPL
channels, these power grid types can define an
excellent cooperative communications platform that
is suitable for last mile broadband communications
services [15–18, 83, 87, 91, 92, 94, 121].

5.2. ACG. Hereafter, it is assumed for simplicity that only
the median values of ACG over CCs and XCs for each of
the aforementioned indicative overhead and underground
LV/BPL and MV/BPL topologies will be studied in the
frequency band 1–100MHz.

In Table 1, the minimum value, the maximum value, the
mean, and the standard deviation of the ACG for the over-
head and underground MIMO/LV/BPL and MIMO/MV/
BPL channels (CC, XC, and all together) are reported.

In Figure 4(a), the quantile-quantile plots of the ACG
of MIMO channels for the indicative overhead LV/BPL and
MV/BPL topologies are depicted in order to examine the nor-
mality of the ACG distribution functions [78]. In these plots,
the sample quantiles of ACGs are displayed versus theoretical
quantiles from normal distributions. In Figure 4(b), the ACG
CDF curves of MIMO channels (dashed lines) for the same
overhead LV/BPL and MV/BPL topologies are also plotted.
Four CDF curves of four random variables normally dis-
tributedwithmean and standard deviation reported inTable 1
(overhead LV/CC, overhead LV/XC, overhead MV/CC, and
overhead MV/XC) are also drawn (bold lines). Finally, a
unified ACGCDF curve, which is normally distributed and is
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Figure 4: (a) Quantile-quantile ACG plots of overhead MIMO/LV/BPL (+) and MIMO/MV/BPL (+) channels compared to theoretical
normal distribution lines of overhead LV/BPL and MV/BPL cases. (b) ACG CDF curves of overhead MIMO/LV/BPL and MIMO/MV/BPL
channels compared to theoretical normal distribution lines of overhead LV/BPL, overheadMV/BPL, andUN1ACGCDF cases. (c), (d) Similar
plots in underground BPL cases.

common for all overhead and underground MIMO/LV/BPL
and MIMO/MV/BPL channels—detailed in the following
analysis—is also given. In Figures 4(c) and 4(d), similar
plots are displayed in the case of underground LV/BPL and
MV/BPL MIMO channels.

From Figures 4(a)–4(d), the following are clearly demon-
strated.

(i) Despite the power grid type, ACG curves of MIMO
channels follow normal distributions. This is
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explained observing the simulation plots that are
close to linear ones (bold lines). The lognormality
(normality) of the ACG may be justified by the
multipath nature of BPL signal propagation and the
TL modeling based on cascaded two-port network
modules [4, 71–73].

(ii) The ACG curves can be fitted by appropriate lognor-
mal distributions for each overhead and underground
LV/BPL andMV/BPL topology. Small deviationsmay
occur for BPL topologies with small electrical length.
Recently, suitable lognormal distributions have been
proposed in the analysis of various SISO/BPL chan-
nels [4, 31, 56, 71–73, 78, 79].

(iii) As expected, the spectral behavior of overhead and
underground MIMO/LV/BPL and MIMO/MV/BPL
channels depicted in Figures 3(a)–3(d) is reflected
on respective ACG distributions. Indeed, the ACG
distributions of underground MV/BPL transmission
are significantly worse than those of other power grid
types.

(iv) Examining ACG metric, it is verified that CCs
demonstrate better transmission characteristics in
comparison with XCs regardless of the power grid
type and power grid topology. Due to these favorable
characteristics of CCs, their exploitation is mainly
promoted during the implementation of SISO/BPL
systems. Actually, this is the typical SISO/BPL imple-
mentation scheme in today’s BPL networks.

(v) From Table 1 and Figures 4(b) and 4(d), in order
to promote the common ACG CDF curve analysis
of overhead and underground MIMO/LV/BPL and
MIMO/MV/BPL channels, a unified ACGCDF curve
is considered.This ACGCDF curve, which is denoted
as UN1 ACG CDF, is normally distributed with
mean (mean of the eight abovementioned ACG CDF
means) and standard deviation (mean of the eight
abovementioned ACG CDF standard deviations)
equal to 23.28𝜇s and 3.08 𝜇s, respectively. The UN1
ACG CDF curve allows the introduction of common
ACG CDF curve analysis regardless of the overhead
and underground LV/BPL and MV/BPL topologies
delivering a first statistical analysis intuition towards
the existing deterministic analysis [71].

5.3. RMS-DS. In this subsection, it is assumed that only the
median values of RMS-DS over CCs and XCs for each of
the aforementioned indicative overhead and underground
LV/BPL topologies will be studied in the frequency band
1–100MHz.

In Table 2, the minimum value, the maximum value, the
mean, and the standard deviation of theRMS-DS for the over-
head and underground MIMO/LV/BPL and MIMO/MV/
BPL channels (CC, XC, and all together) are reported.

In Figure 5(a), the quantile-quantile plots of the RMS-DS
of MIMO channels for the overhead LV/BPL and MV/BPL
topologies are depicted in order to test the normality of
the RMS-DS distribution functions [78]. In these plots, the

sample quantiles of RMS-DS are displayed versus theoretical
quantiles from normal distributions. In Figure 5(b), the
RMS-DS CDF curves of MIMO channels (dashed lines)
for the overhead LV/BPL and MV/BPL topologies are plot-
ted. Four CDF curves of four random variables that are
normally distributed with mean and standard deviation
reported in Table 2 (overhead LV/CC, overhead LV/XC,
overhead MV/CC, and overhead MV/XC) are also plotted
(bold lines). Finally, a unified RMS-DSCDF curve that is nor-
mally distributed, which is common for both overhead and
undergroundMIMO/LV/BPL andMIMO/MV/BPL channels
and is detailed in the following analysis, is also given. In
Figures 5(c) and 5(d), similar plots are given in the case
of undergroundMIMO/LV/BPL andMIMO/MV/BPL chan-
nels.

From Figures 5(a)–5(d), the following are observed.

(i) RMS-DS is lognormally distributed with good
approximation in all overhead and underground
MIMO/LV/BPL and MIMO/MV/BPL channels for
all overhead and underground LV/BPL and MV/BPL
topologies [4, 31, 56, 71–73, 78, 79]. However, RMS-
DS is highly variable depending on power grid type
and power grid topology while RMS-DS increases as
the topology complexity rises. In fact, bad channel
class presents higher RMS-DS values than those of
“LOS” and good channel classes due to the existing
aggravated multipath environment [47, 122].

(ii) In general, overheadMIMO/LV/BPL, overheadMIMO/
MV/BPL, and underground MIMO/MV/BPL chan-
nels present comparable RMS-DS results. However,
undergroundMIMO/LV/BPL channels present lower
RMS-DS values than those of the aforementioned
threeMIMO/BPL systems.This renders underground
MIMO/LV/BPL transmission as more multipath
resistant and more appropriate for sensitive SG appli-
cations.

(iii) From Table 2 and Figures 5(b) and 5(d), in order
to bypass the RMS-DS CDF dependency on power
grid type and power grid topologies, a unified RMS-
DS CDF—denoted as UN1 RMS-DS CDF—normally
distributed with mean (mean of the eight aforemen-
tioned RMS-DS CDF means) and standard deviation
(mean of the eight aforementioned RMS-DS CDF
standard deviations) equal to 0.83 𝜇s and 0.40 𝜇s,
respectively, is considered. The UN1 RMS-DS CDF
curve allows the replication of the variability of
overhead and underground LV/BPL and MV/BPL
topologies conferring a stochastic aspect to the exist-
ing deterministic analysis [71].

Analyzing the statistical performance metrics of Tables 1
and 2, a fundamental property of several wireline channels
(e.g., DSL, coaxial, and phone links) may be also pointed
out in the overhead and underground MIMO/LV/BPL and
MIMO/MV/BPL channels: the correlation betweenACG and
RMS-DS. This correlation can be easily confirmed simply by
observing the scatter plot presented in Figures 6(a) and 6(b)
where the above set of numerical results of MIMO channels
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Figure 5: (a) Quantile-quantile plots of RMS-DS of overheadMIMO/LV/BPL (+) andMIMO/MV/BPL (+) channels compared to theoretical
normal distribution lines of overhead LV/BPL and MV/BPL cases. (b) RMS-DS CDFs of overhead MIMO/LV/BPL and MIMO/MV/BPL
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(c), (d) Similar plots in underground BPL cases.
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Table 2: Statistical values of RMS-DS for various overhead and underground MIMO/LV/BPL and MIMO/MV/BPL channels.

RMS-DS (𝜇s)
Min Max Mean Standard deviation

OV UN OV UN OV UN OV UN
CC

LV 0.09 0.26 1.12 0.83 0.68 0.53 0.42 0.20
MV 0.38 0.61 1.08 1.46 0.78 1.00 0.30 0.34

XC
LV 0.11 0.11 1.92 0.78 1.06 0.50 0.66 0.24
MV 0.11 0.56 1.84 1.59 1.04 1.06 0.63 0.37

All
LV 0.11 0.11 1.92 0.78 1.06 0.50 0.66 0.25
MV 0.28 0.56 1.81 1.59 1.11 1.06 0.55 0.37

OV: overhead, UN: underground.

for the aforementioned indicative overhead andunderground
BPL topologies, respectively, are plotted.

In Figures 6(a) and 6(b), except for the numerical results,
a set of regression trend lines is also presented, namely,

(i) regression line set of the form (𝜎𝜏)𝜇s = −V ⋅ (|𝐻|
2
)dB +

𝑤, where (|𝐻|2)dB is the ACG in dB and (𝜎𝜏)𝜇s is the
RMS-DS in 𝜇s of the MIMO/LV/BPL and MIMO/
MV/BPL channels, which are examined. Analytically,
the regression trend lines are as follows:

(1) ANT approach, as given by [78], with robust
regression parameters V and𝑤 assumed equal to
0.0197 𝜇s/dB and 0 𝜇s, respectively;

(2) GAL approach, as given by [71–73], with
robust regression parameters assumed V =

0.0075 𝜇s/dB and 𝑤 = 0.183 𝜇s;
(3) the proposed UN1OV, UN1UN, and UN1

approaches with regression parameters
[V, 𝑤] equal to [−0.0303 𝜇s/dB, 0.4066 𝜇s],
[−0.01265 𝜇s/dB, 0.3829 𝜇s], and
[−0.01029 𝜇s/dB, 0.591 𝜇s], respectively. The
least squares fitting method is applied to the
aforementioned overhead, underground, and
all together numerical results for the evaluation
of parameters [V, 𝑤] of UN1OV, UN1UN, and
UN1 approaches, respectively.

From Figures 6(a) and 6(b), the following should be
mentioned.

(i) In spite of the power grid type, power grid topol-
ogy, and MIMO/BPL channel type, the negative
slopes of all regression lines clearly confirm that the
ACG and RMS-DS of overhead and underground
MIMO/LV/BPL and MIMO/MV/BPL channels are
negatively correlated lognormal random variables.

(ii) The existing regression trend lines (ANT and GAL
approaches) in the literature [71–73, 78] better
describe the correlation between RMS-DS and ACG

in underground BPL systems rather than in overhead
ones. This is due to the fact that the 1000m long
overhead connections present high-multipath behav-
ior compared to the 200m long connections of the
underground case where “LOS” attenuation is the
primary attenuation mechanism.

(iii) On the basis of the correlation between ACG and
RMS-DS, three new approximations are proposed,
which are suitable for the BPL statistical channel
modeling where this correlation is imposed by design
[71–73]. The proposed UN1OV, UN1UN, and UN1
regression lines suggest a unified regression approach
that describes the ACG and RMS-DS correlation
between overhead, underground, and all together
MIMO channels, respectively, regardless of the power
grid type level (either LV or MV), power grid topol-
ogy, and MIMO/BPL channel type.

5.4. CB. In the rest of this subsection, it is assumed that
only the median values of CB over CCs and XCs for each
of the aforementioned indicative overhead and underground
LV/BPL and MV/BPL topologies will be studied in the
frequency band 1–100MHz.

In Table 3, the minimum value, the maximum value, the
mean, and the standard deviation of the CB0.5 for the over-
head and underground MIMO/LV/BPL and MIMO/MV/
BPL channels (CC, XC, and all together) are presented.

Observing statistical performance metrics of Tables 2
and 3, a second fundamental property of several wireline
systems is also validated in the overhead and underground
MIMO/LV/BPL and MIMO/MV/BPL channel cases: the
correlation between CB and RMS-DS. In Figures 7(a) and
7(b), the scatter plots of the RMS-DS versus the CB0.5 for
the numerical results of overhead and underground channels,
respectively, are presented. Apart from the numerical results,
a set of proposed regression trend lines is also given:

(i) hyperbolic trend lines set of the form (𝜎𝜏)𝜇s =

𝑦 ⋅ (CB0.5)MHz, where (CB0.5)MHz is the CB0.5 in
MHz: (i) the proposed UN2OV, UN2UN, and UN2



ISRN Power Engineering 15

0

0.5

1.5

2

1

RM
S-

D
S 

(𝜇
s)

0−60 −50 −40 −30 −20 −10

ACG (dB)

Overhead LV/CC
Overhead LV/XC
Overhead MV/CC
Overhead MV/XC

UN1 approach
UN1OV approach

ANT approach
GAL approach

(a)

0

0.5

1.5

2

1

RM
S-

D
S 

(𝜇
s)

Underground LV/CC
Underground LV/XC
Underground MV/CC
Underground MV/XC

UN1 approach
UN1UN approach

ANT approach
GAL approach

0−60 −50 −40 −30 −20 −10

ACG (dB)

(b)

Figure 6: Scatter plot of RMS-DS versus ACG for simulated MIMO/LV/BPL and MIMO/MV/BPL channels and various regression
approaches. (a) Overhead. (b) Underground.
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Figure 7: Scatter plot of RMS-DS versus CB
0.5

for simulated MIMO/LV/BPL and MIMO/MV/BPL channels and various regression
approaches. (a) Overhead. (b) Underground.

approaches with parameter 𝑦 assumed equal to
0.3921𝜇s⋅MHz, 0.4555 𝜇s⋅MHz, and 0.4155𝜇s⋅MHz,
respectively, obtained using robust linear least square
error fitting between the trend line and the observed
overhead, underground, and all together numerical
results, respectively.

On the basis of the second fundamental property, which
is confirmed for overhead and underground MIMO/LV/BPL
and MIMO/MV/BPL channels, additional observations are
added [100, 123–125].

(i) CB and RMS-DS are inversely related and their rela-
tion can be approximated by appropriate hyperbolic
functions. UN2OV, UN2UN, and UN2 approaches are
in very good agreement with the overhead, under-
ground, and all together simulation results, respec-
tively, proposing a unified consideration of the CB/
RMS-DS correlation.

(ii) The variability of the pair values of CB0.5 andRMS-DS
primarily depends on the power grid type, the over-
head and underground MIMO/LV/BPL and MIMO/
MV/BPL channel types, and the power grid topology
characteristics.

(iii) UN2OV, UN2UN, and UN2 approaches quantify
the effects of frequency selective behavior. Despite
the CB and RMS-DS differences between overhead

and underground LV/BPL and MV/BPL channels
due to multipath environment and “LOS” attenu-
ation, UN2OV and UN2UN approaches accurately
fit the numerical results of overhead and under-
ground MIMO/BPL channels, respectively. Taking
under consideration the almost identical UN2OV

and UN2UN behaviors, UN2 approach promotes an
elementary step towards a common transmission
handling between overhead and underground LV/
BPL and MV/BPL systems. More specifically, UN2
approach fits very well either numerical results or
UN2OV and UN2UN approaches regardless of the
power grid type, power grid topology, and MIMO
channel type.

(iv) Except for UN1OV, UN1UN, and UN1 regression lines
that have been proposed for the wireline statistical
channel modeling by design, UN2OV, UN2UN, and
UN2 approachesmay operate as evaluationmetrics of
the applied statistical channel models [71–79].

5.5. Capacity. The potential transmission performance in
terms of capacity in the frequency range 3–88MHz is
evaluated under the assumption of Ofcom/IPSDMs and
AWGN/PSDs that have been presented in the introduction
of Section 4. Moreover, in this subsection, it is assumed that
only the median values of SISO capacities over CCs and
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Table 3: Statistical values of CB0.5 for various overhead and underground MIMO/LV/BPL and MIMO/MV/BPL channels.

CB0.5 (MHz)
Min Max Mean Standard deviation

OV UN OV UN OV UN OV UN
CC

LV 0.70 0.80 49.50 37 11.82 12.32 21.14 16.31
MV 0.80 0.50 47.60 5.60 11.78 2.32 20.16 2.28

XC
LV 0.20 0.40 31.50 48 7.00 10.20 13.72 21.13
MV 0.20 0.30 32.20 8.80 7.16 2.06 14.02 3.77

All
LV 0.20 0.40 32.50 48 7.20 10.20 14.16 21.13
MV 0.20 0.30 27 8.80 5.76 2.06 11.88 3.77

OV: overhead, UN: underground.

XCs for each of the aforementioned indicative overhead
and underground LV/BPL and MV/BPL topologies will be
investigated (see details in [13, 14]).

In Figures 8(a) and 8(b), the respective SISO cumulative
capacities of the LV/BPL and MV/BPL systems for the
aforementioned indicative overhead topologies are plotted
with respect to frequency. In Figure 8(c), the SISO capacity
CCDF curves for the overhead LV/BPL andMV/BPL systems
are drawn. In Figures 8(d)–8(f), similar plots are given in the
case of underground LV/BPL and MV/BPL systems.

From Figures 8(a)–8(f), the following are observed.

(i) As it has already been mentioned, the analysis con-
cerning general 𝑛𝑇 × 𝑛𝑅MIMO/BPL systems is based
onUVDmodal analysis concerningMIMO channels.
Only in the case of SISO/BPL systems, their behavior
is defined directly by the corresponding SISO/BPL—
either SISO/CC or SISO/XC—channel characteriza-
tion.

(ii) The extremely strong attenuation exhibited by under-
ground MV/BPL systems is counterbalanced by the
significantly higher IPSDM limits imposed on under-
ground MV/BPL transmission, lower AWGN/PSD,
and shorter average end-to-end transmission dis-
tances. Thus, the transmission efficiency of under-
ground MIMO/MV/BPL systems becomes compara-
ble to that of overhead LV/BPL and MV/BPL systems
[13, 14, 16, 18].

(iii) The significantly higher IPSDM limits combined with
shorter average end-to-end transmission distances,
low channel attenuation, and low noise characteristics
make the transmission efficiency of underground
SISO/LV/BPL systems incomparable to the rest of
BPL systems [16, 18]. In detail, the capacities of
underground SISO/LV/BPL systems are multiple of
an approximate factor of 3 in comparison with the
capacities of the respective overhead SISO/LV/ BPL,
overhead SISO/MV/BPL, and underground SISO/
MV/BPL systems. This feature renders underground

LV/BPL systems as a BPL backbone network enhanc-
ing the necessary intraoperability between overhead
and underground LV/BPL and MV/BPL networks.

(iv) In both overhead and underground LV/BPL and
MV/BPL topologies, CCs are those that statistically
convey higher SISO capacities than XCs. For the
overhead LV/BPL and MV/BPL topologies, the 80th
percentile of the SISO capacity CCDF curves for
CCs is equal to 608Mbps and 596Mbps, respectively,
while the respective CCDF curves for XCs are equal
to 206Mbps and 293Mbps, respectively. For the
underground LV/BPL and MV/BPL topologies, the
80th percentile of the SISO capacity CCDF curves for
CCs is equal to 1849Mbps and 790Mbps, respectively,
while the respective CCDF curves for XCs are equal
to 1514Mbps and 334Mbps, respectively. Even if CCs
andXCs present similarities as they concern the chan-
nel attenuation curves due to the common bus-bar
system topologies, their significant difference affects
critically the achievable SISO capacities. This yields
a disadvantage in practical applications where the
coupling scheme applied at transmitting end needs to
be the same at the receiving end [78, 126].

Continuing MIMO/BPL capacity analysis, different
MIMO/BPL scheme configurations, which are diversified by
their number of transmit and receive ports, are investigated
for both overhead and underground MIMO/LV/BPL and
MIMO/MV/BPL systems [41, 42, 48, 53, 55, 127, 128]. As
already described in [13, 14], it is assumed that only the
median values of all possible SIMO, MISO, and MIMO
system capacities for each of the aforementioned indicative
overhead and underground LV/BPL andMV/BPL topologies
will be studied.

To investigate the capacity potential of various single- and
multiport BPL implementations, pure scheme configurations
are first studied and compared by means of their cumulative
capacity and capacity CCDF curves. In Figures 9(a), 9(c), and
9(e), the 1 × 4 SIMO cumulative capacity, the 4 × 1MISO
capacity, and the 4 × 4MIMO capacity, respectively, for the
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Figure 8: SISO capacity characteristics of the MIMO systems for the aforementioned indicative overhead and underground LV/BPL and
MV/BPL topologies. (a), (b) SISO cumulative capacity of overhead LV/BPL and MV/BPL systems, respectively. (c) SISO capacity CCDF
of overhead LV/BPL and MV/BPL systems. (d), (e) SISO cumulative capacity of underground LV/BPL and MV/BPL systems, respectively.
(f) SISO capacity CCDF of underground LV/BPL and MV/BPL systems.

aforementioned indicative overhead LV/BPL topologies are
plotted with respect to frequency. In Figures 9(b), 9(d), and
9(f), the 1 × 3 SIMO cumulative capacity, the 3 × 1MISO
capacity, and the 3 × 3 MIMO capacity, respectively, for

the aforementioned indicative overhead MV/BPL topologies
are displayed with respect to frequency. In Figure 9(g), the
SISO/CC capacity CCDF, the SISO/XC capacity CCDF, the
1 × 4 SIMO capacity CCDF, the 4 × 1MISO capacity CCDF,
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Figure 9: Capacity characteristics of various pure scheme configurations for the aforementioned indicative overhead LV/BPL and MV/BPL
topologies. (a) 1 × 4 SIMO/LV cumulative capacity. (b) 1 × 3 SIMO/MV cumulative capacity. (c) 4 × 1 MISO/LV cumulative capacity.
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MIMO/MV capacity CCDF of overhead BPL systems [13, 14].
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and the 4 × 4MIMO capacity CCDF in the case of overhead
LV/BPL systems for the aforementioned indicative topologies
are also given. Finally, in Figure 9(g), the SISO/CC capacity
CCDF, the SISO/XC capacity CCDF, the 1 × 3 SIMOcapacity
CCDF, the 3 × 1 MISO capacity CCDF, and the 3 × 3

MIMO capacity CCDF in the case of overhead MV/BPL
systems for the aforementioned indicative topologies are also
plotted. In Figures 10(a)–10(g), the respective plots in the case
of underground LV/BPL and MV/BPL systems are drawn.

From the previous figures, several interesting conclusions
may be drawn concerning the pure scheme configurations.

(i) As it concerns SIMO and MISO systems—1 × 4
SIMO/LV, 4 × 1 MISO/LV, 1 × 3 SIMO/MV, and
3 × 1MISO/MV BPL systems—increasing the num-
ber of receive and transmit ports only results in a
logarithmic increase in average capacity validating
the above capacity analysis. In the case of full 𝑛 × 𝑛
MIMO/BPL systems—that is, 4 × 4MIMO/LV and
3 × 3MIMO/MVBPL systems—there is the capacity
multiplication effect due to the log

2
{⋅} presence in

the sum of SVD modal capacities confirming the
results of MIMO capacity analysis—see (17) [41, 42,
56]. Thus, the MIMO/BPL systems offer a linear (in
min{𝑛𝑅, 𝑛𝑇}) increase in channel capacity for no addi-
tional power or bandwidth expenditure [39, 44–46].

(ii) The full 𝑛 × 𝑛 MIMO/MV/BPL systems notably
improve the average BPL system capacity. In all
the cases, there is a significant increase of 𝑛 × 𝑛

MIMO system capacities compared to the respec-
tive SISO/CC ones. Analytically, in overhead BPL
systems examined, the 4 × 4 MIMO/LV and 3 ×

3 MIMO/MV cumulative capacities are equal to
2943Mbps and 2288Mbps, respectively, when the
respective SISO/CC BPL system capacities are equal
to 905Mbps and 892Mbps, respectively. In under-
ground BPL systems, the maximum 4 × 4 MIMO/
LV and 3 × 3 MIMO/MV capacities are equal to
7926Mbps and 2736Mbps, respectively, when the
respective SISO/CC BPL system capacities are equal
to 2152Mbps and 939Mbps, respectively. Further-
more, observing Figures 9(g) and 10(g), the MIMO/
GC remains almost the same over the frequency
band 3–88MHz—denoted as GC inertia [48]. Conse-
quently, the capacities of the 4 × 4MIMO/LV and 3 ×
3 MIMO/MV BPL systems regardless of the power
grid type range by approximate GC of 3.5 and 2.7,
respectively, in comparison with respective SISO/CC
system capacities.TheMIMO/GC ismost effective for
low IPSDM levels aswell as for channels which exhibit
high “LOS” attenuation and frequency selectivity [53].

(iii) Analyzing the overhead and underground MIMO/
LV/BPL and MIMO/MV/BPL capacity results of Fig-
ures 9(g) and 10(g), in the case of the overhead and
underground full 4 × 4 MIMO/LV/BPL systems,
the use of three extra degrees of full phasial freedom
(simultaneous insertion of three active transmit and
three active receive ports) achieves a GC increase
in the approximate range from 2.12 to 2.65—in

comparison with the respective SISO/CC systems.
Similarly, in overhead and underground full 3 × 3
MIMO/MV/BPL capacity results, despite the differ-
ences in channel attenuations, IPSDM limits, and
AWGN/PSDs, the two extra degrees of full phasial
freedom offer a GC increase ranging approximately
from 1.48 to 1.67—in comparison with the respective
SISO/CC systems. Consequently, taking also into
account the GC inertia, each extra degree of full
phasial freedom offers an approximate frequency-
stable capacity increase factor of 0.8 regardless of the
power grid type and power grid topology.

(iv) If CSI is available at transmitting end, optimal power
allocation to the subchannels and transmit ports is
achieved by applying the water-filling (W-F) algo-
rithm [39, 129]. W-F algorithm permits the further
exploitation of MIMO/BPL capacity.

Apart from the pure scheme configurations, depending
on BPL system investment budget, technoeconomic and
socioeconomic characteristics, required system complex-
ity, power grid type, power grid topology, IPSDM limits
applied, frequency band assigned, and BPL intraoperabil-
ity/interoperability, differentmultiport implementationsmay
be applied exploiting unequal number of transmit and receive
ports.This case defines the mixed scheme configuration class
that is compared against pure scheme configuration class in
the following analysis [48, 50, 51].

In Table 4, the minimum value, the maximum value, the
mean, and the standard deviation of the cumulative capacities
for the aforementioned indicative overhead andunderground
LV/BPL and MV/BPL topologies for various single- and
multiport implementations—either pure or mixed scheme
configurations—are presented. Moreover, the possible num-
ber of different circuits (NuI) per each single- or multiport
implementation that has been thoroughly examined—that
is, all possible combinations among transmit and receive
ports for a given scheme configuration—for each overhead
and underground LV/BPL and MV/BPL topology are also
reported in Table 4.

In Figure 11(a), the quantile-quantile plots of the cumu-
lative capacities of the aforementioned overhead LV/BPL and
MV/BPL topologies for a representative set of pure andmixed
scheme configurations (SISO/CC/LV, 1 × 4 SIMO/LV, 4 × 3
MIMO/LV, 4 × 4 MIMO/LV, SISO/CC/MV, 1 × 3 SIMO/MV,
3× 2MIMO/MV, and 3× 3MIMO/MV) are depicted in order
to test the normality of the cumulative capacity distribution
functions. In these plots, the sample quantiles of cumulative
capacities are displayed versus theoretical quantiles from
normal distribution. In Figure 11(b), the cumulative capacity
CDF of the considered pure and mixed scheme configura-
tions (dashed lines) for the overhead LV/BPL and MV/BPL
topologies is plotted. Eight CDF curves of eight random
variables normally distributed with mean and standard devi-
ation reported in Table 4 (SISO/CC/LV, 1 × 4 SIMO/LV, 4 × 3
MIMO/LV, 4 × 4 MIMO/LV, SISO/CC/MV, 1 × 3 SIMO/MV,
3 × 2 MIMO/MV, and 3 × 3 MIMO/MV, resp.) are also
displayed (bold lines). In Figures 11(c) and 11(d), similar plots
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Table 4: Cumulative capacity and NuI for various overhead and undergroundMIMO/LV/BPL andMIMO/MV/BPL systems and single- and
multiport scheme configurations.

Cumulative capacity (Mbps)
NuIMin Max Mean Standard deviation

OV UN OV UN OV UN OV UN
SISO/CC

LV 471 1634 904 2152 700 1928 168 200 4
MV 459 664 892 1019 688 855 168 137 3

1 × 2 SIMO
LV 345 1497 693 1999 530 1785 140 194 24
MV 375 471 744 769 572 632 149 114 9

1 × 3 SIMO
LV 476 1646 907 2161 704 1938 168 198 16
MV 477 664 906 1019 705 855 168 137 3

1 × 4 SIMO
LV 479 1655 910 2168 707 1947 168 198 4
MV — — — — — — — — —

2 × 1 MISO
LV 286 1397 604 1896 453 1684 128 193 24
MV 399 613 813 951 616 794 161 1303 9

3 × 1 MISO
LV 370 1511 772 2026 579 1804 156 198 16
MV 370 583 770 912 579 760 156 127 3

4 × 1 MISO
LV 348 1485 739 1998 552 1777 152 198 4
MV — — — — — — — — —

2 × 2 MIMO
LV 537 2770 1114 3779 854 3349 241 390 36
MV 602 828 1261 1381 949 1129 264 212 9

2 × 3 MIMO
LV 536 2770 1137 3779 851 3349 240 390 24
MV 736 1166 1538 1825 1155 1520 312 253 3

2 × 4 MIMO
LV 694 2957 1479 3987 1102 3542 305 397 6
MV — — — — — — — — —

3 × 2 MIMO
LV 530 2770 1135 3779 847 3349 243 390 24
MV 732 1166 1535 1824 1151 1520 312 253 3

3 × 3 MIMO
LV 774 3058 1591 4092 1201 3645 317 398 16
MV 1082 1750 2288 2736 1710 2280 468 380 1

3 × 4 MIMO
LV 739 3013 1543 4047 1158 3601 312 3977 4
MV — — — — — — — — —
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Table 4: Continued.

Cumulative capacity (Mbps)
NuIMin Max Mean Standard deviation

OV UN OV UN OV UN OV UN
4 × 2 MIMO

LV 540 2770 1147 3779 859 3349 243 390 6
MV — — — — — — — — —

4 × 3 MIMO
LV 774 3058 1591 4092 1201 3645 317 398 4
MV — — — — — — — — —

4 × 4 MIMO
LV 1372 5853 2943 7926 2187 7030 609 798 1
MV — — — — — — — — —

OV: overhead, UN: underground

are drawn in the case of underground MIMO/LV/BPL and
MIMO/MV/BPL systems.

5.6. GC Analysis. To investigate further the GC potential of
various single- and multiport implementations, all possible
pure and mixed scheme configurations are studied and
compared by means of GC assuming the median value of
the aforementioned indicative topologies for each overhead
and undergroundMIMO/LV/BPL andMIMO/MV/BPL sys-
tem. In Figures 12(a) and 12(b), the GC is contour plotted
with respect to the active transmit and receive ports for
the overhead MIMO/LV/BPL and MIMO/MV/BPL systems,
respectively. This contour plot displays GC isolines of the
occurring pure and mixed scheme configurations. In Figures
12(c) and 12(d), similar plots are displayed in the case of
underground LV/BPL and MV/BPL systems, respectively.

From Table 4, Figures 11(a)–11(d), and Figures 12(a)–
12(d), several interesting conclusions may be deduced.

(i) The cumulative capacities of pure and mixed scheme
configurations of overhead and underground LV/BPL
and MV/BPL systems follow normal distributions,
since the simulation plots are close to linear ones—see
bold lines in Figures 11(a) and 11(c)—regardless of the
scheme configuration and the power grid topology
considered [4, 71–73, 78]. Meanwhile, similar to
the cases of ACG and RMS-DS, suitable lognormal
distributions for each overhead and underground
LV/BPL and MV/BPL pure and mixed scheme con-
figurations have been derived by appropriately fitting
the simulation results. In all the cases, the proposed
lognormal distributions are in excellent agreement
with simulation results providing an evaluation tool
of the imminent statistical channel models [71–79].

(ii) Compared to the respective SISO/CC capacities, GC
of pure and mixed scheme configurations is consid-
ered to be dependent on two components: the array
gain at the receiving end that corresponds to the gain
in the average power of the signal combination on
receive ports and the diversity gain that corresponds

to the gain from increasing the system dimensionality
(rank ofH+{⋅}). It should be noted that diversity gain
mainly depends on phasial correlation between sig-
nals which are expressed by the correlation between
𝐻
+

𝑖𝑗
, 𝑖 ∈ 𝑁𝑇, 𝑗 ∈ 𝑁𝑅 [130–133].

(iii) In the majority of pure and mixed scheme config-
urations examined, there is a significant increase of
the capacity compared to SISO/CC configurations.
However, apart from the factors that have already
been mentioned, GC varies for different transmit
and receive port combinations when a scheme con-
figuration is given, depending on the path specific
attenuation—that is, the number of CCs and XCs
included in the givenMIMO scheme configuration—
and the correlation between the different paths. Con-
sequently, when NuI of a scheme configuration is
dominated by XCs—for example, 1 × 2 SIMO, 1 × 3
SIMO, 1 × 4 SIMO, and 2 × 1 MISO scheme con-
figurations for overhead and underground LV/BPL
systems and 1 × 2 SIMO, 1×3 SIMO, and 2×1MISO
scheme configurations for overhead and under-
ground MV/BPL systems—the cumulative capacity
and GC of these multiport implementations are lower
compared to the respective values of SISO/CC ones.
Contrary to the above, the remaining scheme config-
urations are less affected primarily due to the extra
degrees of—either full or partial—phasial freedom
and secondarily due to the vast presence of CCs
during their implementations.

(iv) The effect of transmit and receive port increase of
SIMO, MISO, and MIMO systems on the capacity
is concretely highlighted in Figures 11(a)–11(d) and
Figures 12(a)–12(d). As expected in the cases of equal
diversity order, due to the array gain, the increase of
receive ports with constant transmit ports is more
efficient regarding the resulting increase in capacity
than the increase in transmit ports with constant
receive ports. Anyway, for a given equal diversity
order, the full exploitation of MIMO technology
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Figure 11: (a) Quantile-quantile plots of cumulative capacities of overhead LV/BPL (+) and MV/BPL (+) systems compared to theoretical
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Figure 12: GC contour plot for various pure and mixed scheme configurations. (a) Overhead LV/BPL. (b) Overhead MV/BPL.
(c) Underground LV/BPL. (d) Underground MV/BPL.

potential is achieved when transmit and receive ports
are equal—that is, via the full MIMO scheme config-
uration deployment—validating the aforementioned
approximate GC increase by 0.8 per each extra degree
of full phasial freedom regardless of the power grid
type and power grid topology. However, there is a
significant trade-off that occurs between capacity and

system implementation complexity [28, 43, 46, 130,
134].

(v) If CSI is available at transmitting end, except for the
already mentioned optimal power allocation through
W-F algorithm [39, 129, 130], from the point of view
of fading reduction, 𝑛𝑇 × 𝑛𝑅 and 𝑛𝑅 × 𝑛𝑇 MIMO/
BPL configurations present similar spectral behavior.
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Therefore, the limit of MIMO capacity tends to be the
same for 𝑛𝑇 × 𝑛𝑅 and 𝑛𝑅 × 𝑛𝑇MIMO/BPL configura-
tions [130].

(vi) Through the aforementioned significant boost of
channel capacity viaMIMO technology, many broad-
band technologies may rely on, mainly, underground
MIMO/LV/BPL networked information systems so as
to deliver a variety of modern broadband services
such as high-speed internet, digital and HD televi-
sion, and digital phone. Consequently, the overarch-
ing theme of this backbone emersion is a creation
of an urban interconnected information network that
permits the further urban backbone convergence
between BPL and other well-established backbone
communications technologies (e.g., FTTB technol-
ogy) [28, 135].

(vii) Concluding this review paper ofMIMO/BPL technol-
ogy, it should be noted that, until now, due to different
interests regarding BPL technologies—either indoor
or overhead or underground, either LV or MV or
HV—the BPL system implementations and standard-
ization pursue parallel paths to their development.
The varying paces of BPL technology implementation
have resulted in a polyglot of capabilities that, while
different, must still coexist among them and with
other already established technologies [38, 128, 136].
This coexistence potential becomes requisite as immi-
nent SG will be supported by a heterogeneous set of
networking technologies. Since no single solution fits
all scenarios, overhead and underground LV/BPL and
MV/BPL systems need to work in a compatible way
(intraoperate) before BPL technology interoperates
with other broadband technologies, such as wired
(e.g., fiber and DSL) and wireless (e.g., Wi-Fi and
WiMAX). Compatible frequencies, equipment and
signaling, green technology aspects, adequate IPSDM
levels, area coverage, scalable capacity,MIMOscheme
configurations, and evolution of coexistence stan-
dards must be ensured, taking the specific features
of overhead and underground LV/BPL and MV/BPL
systems into account [13–19, 38, 137–140].

6. Conclusions

This reviewpaper has focused on the broadband transmission
characteristics, the statistical performance metrics, and the
capacity measures of overhead and underground MIMO/
LV/BPL and MIMO/MV/BPL distribution power grids.

As it concerns the broadband transmission characteristics
of overhead and underground LV/BPL and MV/BPL dis-
tribution networks, the well-known hybrid model has been
extended through UVD modal analysis expansion pack in
order to better cover the new MIMO features. The broad-
band transmission capabilities of such networks depend on
the frequency, the power grid type, the MIMO scheme
configuration, 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.

The investigation of the statistical performance met-
rics of overhead and underground MIMO/LV/BPL and
MIMO/MV/BPL channels has revealed several fundamen-
tal properties that characterize various wireline channels,
namely, (i) the lognormal distribution of ACG, RMS-DS,
and cumulative capacity; (ii) the negative correlation between
RMS-DS and ACG; and (iii) the hyperbolic correlation
between RMS-DS and CB.Moreover, the existing portfolio of
regression approaches has been enriched by the insertion of
many regression approaches suitable for overhead and under-
ground MIMO/LV/BPL and MIMO/MV/BPL channels in
the fields of (a) RMS-DS/ACG correlation; (b) RMS-DS/CB
correlation; and (c) cumulative capacity versus various single-
and multiport scheme configurations.

Finally, based on the capacity metrics, the incredi-
ble capacity characteristics of overhead and underground
MIMO/LV/BPL and MIMO/MV/BPL systems have been
underlined. More specifically, depending on BPL system
investment budget, technoeconomic and socioeconomic
characteristics, required system complexity, power grid type,
power grid topology, IPSDM limits applied, frequency band
assigned, and BPL intraoperability/interoperability potential,
different pure and mixed MIMO scheme configurations can
adaptively be applied improving the today’s best SISO/BPL
system capacities by a factor of up to 3.65. This permits
the deployment of BPL system capacities up to 8Gbps. This
capacity breakthrough transforms the existing overhead and
underground LV/BPL andMV/BPL distribution networks to
a quasi-fiber-optic backbone network, an alternative to the
FTTB technology. These capacity characteristics determine
the deployment of modern broadband applications, the
performance of various SG applications, and the BPL system
convergence in the oncoming SG network.
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“Scattering parameters-based channel characterization and
modeling for underground medium-voltage power-line com-
munications,” IEEE Transactions on Power Delivery, vol. 24, no.
3, pp. 1122–1131, 2009.

[117] H. Liu, J. Song, B. Zhao, and X. Li, “Channel study for medium-
voltage power network,” in Proceedings of the IEEE International
Symposium on Power Line Communications and Its Applications
(ISPLC ’06), pp. 245–250, Orlando, Fla, USA, March 2006.

[118] Ofcom, “DS2 PLT Measurements in Crieff,” Tech. Rep. 793
(Part 2), Ofcom, 2005, http://www.ofcom.org.uk/research/
technology/research/archive/cet/powerline/ds2.pdf.

[119] Ofcom, “Ascom PLT Measurements in Winchester,” Tech. Rep.
793 (Part 1), Ofcom, 2005.

[120] P. A. A. F. Wouters, P. C. J. M. van der Wielen, J. Veen, P. Wage-
naars, and E. F. Wagenaars, “Effect of cable load impedance on
coupling schemes for MV power line communication,” IEEE
Transactions onPowerDelivery, vol. 20, no. 2, pp. 638–645, 2005.

[121] A. Cataliotti, V. Cosentino, D.Di Cara, andG. Tiné, “Simulation
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