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The impact of different environmental policies on the broadband
performance of overhead multiple-input multiple-output
high-voltage/broadband over power lines (MIMO/HV/BPL) networks is
investigated in this paper. The examined environmental policies focus on
the carbon energy footprint reduction of overhead MIMO/HV/BPL
networks while respecting their broadband character.

The contribution of this paper is three-fold. First, the spectral and
environmental performance of various configurations and topologies of
overhead MIMO/HV/BPL networks is assessed with regard to respective
spectral efficient (SE) and newly presented environmental efficient (EE)
metrics. Second, further insights regarding the performance of overhead
MIMO/HV/BPL networks highlight the better spectral and environmental
performance of these networks against other today’s overhead HV/BPL
networks, such as single-input single-output (SISO), single-input
multiple-output (SIMO), or multiple-input single-output (MISO) ones.
Third, the definition of appropriate environmental policies that optimize
the coexistence of the three main sectors of concern, which are the
Quality of Service (QoS) requirements, protection of existing
radioservices and promotion of environmentally aware limits, is promoted.
Towards that direction, the proposed SE/EE trade-off relation of this
paper is expected to prove an extremely helpful SE/EE optimization
technique.

Keywords: Broadband over Power Lines (BPL) modeling; modal analysis;, Power Line Communications
(PLC), overhead High-Voltage (HV) power lines, capacity; green technology

l. Introduction

The deployment of broadband over power lines (BPL) networks across the entire
transmission and distribution grid —i.e., high-voltage (HV), medium-voltage (MV) and
low-voltage (LV) grids— may critically facilitate the role of sensing, communications and
control across the existing power grid [1]-[4]. On the basis of the modernization of
today’s power grid towards a smart power network with state-of-the-art communications
capabilities, a plethora of potential smart grid (SG) applications, such as grid monitoring,
protection and automatic optimization of operations related to network interconnected
elements, can be available [5]-[11].

Until now, significant efforts have been made to exploit the broadband potential
of HV/BPL, MV/BPL and LV/BPL networks [12]-[30]. Apart from the fervent interest
towards the adoption of BPL technology in future’s SG installations, new interest arises
due to the recent developments regarding multiple-input multiple-output (MIMO)
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transmission technology for BPL networks and the interoperability of the
BPL technology with other already established broadband technologies intended to be
installed in upcoming SG installations [31]-[33]. Since today's single-input single-output
(SISO) HV/BPL systems lack of providing adequate transmission rates so as to cover
future SG application requirements in a trustworthy way, the deployment of
MIMO configuration schemes in overhead HV/BPL networks, which is firstly presented
in [14], [32], [34]-[41], is imminent. Nevertheless, a major disadvantage of overhead
HV/BPL systems —either SISO or single-input multiple-output (SIMO) or multiple-input
single-output (MISO) or MIMO scheme configurations— is their high energy
consumption with regards to their spectral performance.

At the same time, carbon energy footprint reduction in information and
communications technology (ICT) becomes a growing concern for providers in order not
only to reduce their environmental effect [42] but also to enhance their profitability [7],
[43], [44]. Actually, the strong interest of telecom and energy regulatory authorities
towards the reduction of ICT carbon energy footprint —including carbon and energy use
embodied in the ICT infrastructure— encourages technological innovations so that
environmental efficient (EE) improvements can be achieved without significantly
affecting the quality of service (QoS) [7], [45]-[52]. In fact, a possible reduction of
energy consumption through appropriate techniques may also entail the carbon energy
footprint reduction. To define an environmental high-bitrate MIMO/HV/BPL network
design, the coexistence of injected power spectral density mask (IPSDM) limits, which
assure electromagnetic interference (EMI) protection to primary wireless services that
operate at the same frequency bands with BPL systems [17], [19], with environmental
policies, which regulate carbon energy footprint and the energy consumption of
MIMO/HV/BPL systems, needs to be examined in this paper. On the basis of [7],
a modification to the fixed IPSDM limits through the insertion of an appropriate “green
factor” is proposed so that the three main sectors of concern, which are the
Quality of Service (QoS) requirements, protection of the existing radioservices and
promotion of environmentally aware limits, can be compromised.

To assess the spectral and environmental performance of overhead HV/BPL
networks, the well-established hybrid method that is usually employed to examine the
behavior of BPL transmission channels installed on HV multiconductor transmission line
(MTL) structures is also used in this paper. The hybrid method is based on:
(1) a bottom-up approach consisting of an appropriate combination of the similarity
transformation and MTL theory [12], [16], [21]-[23], [31], [53]-[63]; and
(i1) a top-down approach consisting of the exact version of multidimensional chain
scattering matrix method [5]-[71, [16]-[23], [53], [58], [59].
Through the bottom-up approach, the modes that may be supported by an overhead
HV/BPL configuration are determined concerning their propagation constants and their
characteristic impedances whereas, through the top-down approach, the end-to-end
attenuation of overhead HV/BPL channels is defined.

With reference to the numerical results of the aforementioned hybrid method,
the performance of overhead MIMO/HV/BPL networks is assessed using appropriate
transmission, spectral efficient (SE) and EE metrics [5], [16]-[20], [41], [52], [64]-[68].
Extending the energy efficient metrics of [7] to the EE metrics of this paper, the proposed
trade-offs between spectral and environmental performance highlight a novel wiser
compromise among throughput performance, EMI regulations and environmental
awareness. Further insights, such as how to improve the occurred trade-off curves
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through proper environmental policies and how to tune the operation points of overhead
MIMO/HV/BPL networks at the trade-off curves to balance the aforementioned
compromise, are expected to influence the practical system design of future’s overhead
MIMO/HV/BPL networks [42], [45], [66]. Moreover, the strategic turn of countries
towards cleaner energy sources is studied through the lens of the proposed trade-off
curves. Consequently, this paper introduces a multidisciplinary approach towards a
greener sustainable development of overhead MIMO/HV/BPL networks by appropriately
combining a wide range of research areas, such as communications and electrical
engineering, economic management and environmental planning.

The rest of the paper is organized as follows: In Section II, the overhead HV
configuration adopted in this paper is demonstrated. Section III highlights the main
features of MIMO/HV/BPL transmission that are MTL theory, eigenvalue decomposition
(EVD), singular value decomposition (SVD) modal analyses and hybrid method.
Section IV emphasizes to the electromagnetic compatibility (EMC) of overhead HV/BPL
systems with other already licensed radioservices, the proposed green modification of
existing IPSDM limits, the HV/BPL system power consumption and carbon energy
footprint. Section V provides a description of the transmission, SE and EE metrics
applied in this paper for the MIMO/HV/BPL network analysis. In Section VI,
numerical results and conclusions are presented, aiming at marking out how the various
EMI regulations, EE policies and MIMO scheme configurations influence overhead
MIMO/HV/BPL transmission, SE and EE metrics. On the basis of the proposed
SE/EE trade-off curves, appropriate EE high-bitrate policies are proposed.
Section VII concludes the paper.

Il. Overhead HV Transmission Power Networks

The overhead HV power grid differs considerably from 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 transmission cables used
[5], [6], [16], [18], [22], [23], [25], [54], [69]-[75].

Overhead 400kV double-circuit overhead HV transmission phase lines with

. 400kV
radii r,

—i.e., conductors 1, 2, 3, 4, 5, and 6—. These six phase conductors are divided into three

bundles; the phase conductors of each bundle are connected by non-conducting spacers

At?lo " equal to 400mm, whereas bundles are spaced by At?ng

=15.3mm hang at typical heights h;OOkV equal to 20m above ground

and are separated by equal

to 10m. Moreover, two parallel neutral conductors with radii 7"

n

=9mm spaced by

4004V 4004V
A n hn

equal to 12m hang at heights equal to 23.7m —i.e., conductors 7 and 8.

This double-circuit eight-conductor ( n***” =8 ) overhead HV distribution line
configuration is considered in the present work consisting of ACSR conductors
—see Fig. 1-[5], [6], [23], [73]-[80].
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Figure 1. Typical overhead 400kV double-circuit HV multiconductor structures [1], [76]-[80].

The ground is considered as the reference conductor. The conductivity of the
ground is assumed o, =5mS/m and its relative permittivity ¢,=13, which is a realistic

scenario [5], [6], [16], [17], [23], [54], [72]. The impact of imperfect ground on signal
propagation via overhead power lines was analyzed in [16], [17], [54], [72], [81]-[84].
Contrary to other available models for overhead power lines [85]-[88], this formulation is
suitable for transmission at high frequencies [5], [6], [7], [16]-[20], [23].

lll. An Overview of the Modal Analysis of Overhead MIMO/HV/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
eight plus one conductors parallel to the z axis as depicted in Fig. 1 may support eight
pairs of forward- and backward-traveling waves with corresponding propagation
constants. These waves may be described by a coupled set of sixteen first-order partial
differential equations relating the line voltages V,(z,¢), i =1,...,8 to the line currents
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1 (z,t), i =1,...,8. Each pair of forward- and backward-traveling waves is referred to as

a mode [5]-[7], [16]-[23], [60], [61]. Consequently, in the case of overhead HV
transmission lines involving eight conductors over lossy plane ground, eight modes may
be supported, namely:
e Common mode of overhead BPL transmission (CM) with propagation constant
Yem =7, - 1ts spectral behavior is thoroughly investigated in [1], [5], [6].

e Differential modes of overhead BPL transmission ( DM, , i=1,...,7 ) with
corresponding propagation constants .=y, , i=1...,7 . Their spectral
behavior is thoroughly investigated in [1], [5], [6].

The EVD modal voltages Vm(z):[Vlm(Z) ng(z)]T and the EVD modal

currents 1™ (z)= [Ilm (z) - IF (z)]T may be related to the respective line quantities

\% (Z)z [V1 (z) R (Z)]T and 1 (Z): [11 (z) XN (Z)]T via the similarity
transformations
V(z)=T, - v"(z) (1)
1(z)="T, -1"(z) (2)
where []T denotes the transpose of a matrix, T, and T, are 8 x8 matrices depending on

the overhead power grid type, the frequency, the physical properties of the cables and the
geometry of the MTL configuration [1], [5], [6], [16], [18], [23], [53], [60], [61],
[76]-[95].

On the basis of eqs (1) and (2), the line voltages and currents are expressed as
appropriate superpositions of the respective EVD modal quantities, namely:

V' ()=[r.]"-v(0) 3)
The TM2 method, which is module of the top-down approach of the
hybrid method, is based on the scattering matrix theory and is presented analytically in

[7], models the spectral relationship between Vf“(z), i=1,...8and V" (0), j=1....8
proposing operators H,’; {}, i,j=1,...,8 so that

VT (z)=H"{v"(0)} (4)
where H™{} is the 8x8 EVD modal transfer function matrix whose elements
H {}, i,j=1,...,8 with i = j are the EVD modal co-channel (CC) transfer functions,

while those H, {}, i,j=1,...,8 with i # j are the EVD modal cross-channel (XC)

transfer functions and H", denotes the element of matrix H™ {} in row i of column j
[5]-[7], [16]-[23], [55], [91]. Combining eqs. (1) and (4), the 8 x8 transfer function
matrix H{} of overhead HV/BPL transmission network relating V(z) with V(0)
through

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

is determined from
H{} =T, -H" {} [TV ]71 (6)
Since in overhead MIMO/HV/BPL networks, the number of active transmit ports
n, and receive ports 7, may vary from one to eight, through a similar matrix expression
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to eq. (6), min{nr,n R} parallel and independent SISO/HV/BPL channels may occur,
appropriately decomposing channel transfer function matrix H{} using the
SVD transformation [32], [35]-[37], [39], [96], [97]:

H"{}=T" H"{}- T, (7)
where
H;{}:{HU{} ,if (i e n, and‘jenR)} =18 )
0 ,otherwise

denotes the element of matrix H*{} in row [ of column ;. From egs. (7) and (8),
H"{} is the 8x8 extended channel transfer function matrix whose elements

H; {}, i,j=1,...,8 are the extended channel transfer functions, H"{} is a diagonal

matrix operator whose elements H"{}, i =1,...,min{n,,n, | are the singular values of
H' {} and, at the same time, the SVD modal transfer functions, min{x, y} returns the

smallest value between x and y, n, and n, are the active transmit port and the active
receive port sets, respectively, []H denotes the Hermitian conjugate of a matrix, and
T, and T, are 8x8 unitary matrices [36], [39], [98]. Combining eqs. (6)-(8),
SVD modal transfer function matrix H” {} may be determined given EVD modal transfer

function matrix H"” {}.

IV. Brief Description of Overhead MIMO/HV/BPL Channels
A. Power Constraints due to EMI and Environmental Constraints

A critical issue related to the operation of overhead MIMO/HV/BPL networks has
to do with the power constraints (i.e., IPSDM limits) that should be imposed in order to
ensure their successful coexistence with other already existing wireless and
telecommunication services at the same frequency band of operation [17], [19], [26], [99].
Among regulatory bodies that have established proposals concerning the safe EMI BPL
operation, the most important are those of FCC Part 15, German Reg TP NB30,
the Norwegian Proposal and the BBC/NATO Proposal [71], [100]-[102].

Especially, the IPSDM limits proposed by Ofcom for compliance with
FCC Part 15 that are presented in [71], [100]-[102] are the most cited due to their
proneness towards the deployment of high-bitrate BPL networks. More specifically,
for overhead HV/BPL networks, according to Ofcom, in the 1.705-30MHz frequency
range, maximum levels —60 dBm/Hz constitute appropriate IPSDM limits p( f )
providing presumption of compliance with the current FCC Part 15 limits [17], [19],
[103], [104]. To extend the capacity analysis in the 30-88MHz range, maximum IPSDM
limits p( f ) that are equal to —77dBm/Hz for overhead HV/BPL networks are assumed

to provide a presumption of compliance in this frequency range [17], [19], [103], [104].
Note that as it regards the above power constraints of overhead MIMO/HV/BPL scheme
configurations, to extend the analysis in the 1.705-88MHz range, common IPSDM limits

p( f ) between HV/BPL and MV/BPL systems have been assumed exploiting the
significant similarities regarding overhead HV/BPL and MV/BPL transmission without
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harming the generality of the following MIMO analysis [17], [19], [54], [72],
[103]-[105].

Different IPSDM limits may provide to the authorities the necessary alternative
options in protecting services and, at the same time, permitting energy efficient
high-bitrate MIMO/HV/BPL system operation. In accordance with [7], power spectral
regulation through the insertion of a suitable green multiplicative factor [1 + CI)( f )] to the
existing IPSDM limits (in dBm/Hz) may offer significant flexibility options; since
existing IPSDM  limits receive negative values, new IPSDM  limits

p*(f)=p(f)-[1+®(f)] can assure both BPL compatibility with other wireless services
and the required energy efficiency. Note that the green factor d)( f ) that may be defined

by both regulatory bodies and network operators can take only positive values in order to
maintain the necessary EMC of overhead HV/BPL networks. The factors that determine
the imposed green factor depend on the required degree of energy consumption (carbon
energy footprint saving), the local traffic, the type of services delivered and
QoS threshold criterion imposed. Since lower energy consumption implies higher carbon
energy footprint savings, the higher the value of the green factor CD( f ) ,

the higher the influence of EE policies is. In contrast, when the green factor is equal to 0,
no concern for EE policies is taken.

Without affecting the generality of the following analysis, only the class of
continuous EE policies will be taken into consideration; this class contains all the
EE policies where a constant value of green factor @ =®(f) across the entire

1.705-88MHz frequency range is assumed [7].

B. Noise Characteristics
According to [17], [19], [25], [54], [72], [106], [107], two types of noise are
dominant in overhead HV/BPL channels:

o (Colored background noise: This type of noise is dominant in BPL channels.
It is the environmental noise that depends on weather conditions, humidity,
geographical location, height of cables above the ground, etc. Corona discharge is
a major source of colored background noise, especially under humid and severe
weather conditions [54], [72], [82], [101], [108], [109].

e Narrowband noise: This type of noise is the result of the narrowband
interferences from other wireless services operating at the same frequency bands
with overhead HV/BPL networks. This kind of noise exhibits local variations and
is time-dependent [17], [19], [72], [108], [109].

As it regards the noise properties of overhead MIMO/HV/BPL scheme configurations,
to extend this analysis in the 1.705-88MHz range, uniform additive white Gaussian noise
(AWGN) PSD level N(f) will be assumed [17], [19], [54], [72], [103]-[105], [110].

In detail, to evaluate the capacity of overhead MIMO/HV/BPL systems,
a uniform AWGN/PSD level is assumed equal to —105dBm/Hz [17], [19], [54], [72].
The noise AWGN/PSD of each power grid type is assumed common to all
MIMO channels of the MTL configuration. Note that as it regards the above noise
features of overhead MIMO/HV/BPL scheme configurations, to extend the analysis in the
1.705-88MHz frequency range, common AWGN PSD level N ( f ) between HV/BPL and

MV/BPL systems has been assumed exploiting the significant similarities regarding
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overhead HV/BPL and MV/BPL transmission without harming the generality of
MIMO analysis.

C. Power Consumption
According to [66], [111]-[114], two types of power consumption occur in
overhead MIMO/HV/BPL systems, namely:

e Power Consumption due to Power Amplifiers. Power amplifiers are the main
power consumption blocks in any advanced communication system due to their
needed high RF power amplifier efficiency. This class of power consumption
depends mainly on the imposed EE policy [66], [112].

e Power Consumption due to all other Circuit Blocks. Apart from power amplifiers,
overhead MIMO/HV/BPL systems consist of the Digital-to-Analog Converter
(DAC), the mixer, the active filters at the transmitting end, the frequency
synthesizer, the low-noise amplifier (LNA), the intermediate frequency amplifier
(IFA), the active filters at the receiver side and the Analog-to-Digital Converter
(ADC). This type of power consumption is related to all these circuit blocks and
depends on the number of active transmit and receive ports of MIMO/HV/BPL
systems [66], [112].

The total average power consumption P, of overhead MIMO/HV/BPL systems is given

by the sum of the aforementioned two types of power consumption. Based on the related
circuit and system parameters, which are detailed in [66], [111]-[114],
an approximation of the actual MIMO/HV/BPL system power consumption is computed.

D. Carbon Emissions

The carbon energy footprint of an overhead MIMO/HV/BPL network depends on
its power consumption and on the origin of the electricity production [115].
A metric of carbon energy footprint, which is subject to each country’s energy sources, is
given by converting power consumption into gr of CO: per each kWh of energy
consumption. For anthracite electricity production and gas electricity production of this
paper, the carbon energy footprint of an overhead MIMO/HV/BPL system is computed
according to

K =8.64-10°-P_-X 9)

tot

where K% is expressed in tons of CO: per year and X is the conversion metric that is
equal to 870grCO2/kWh and 360grCO:/kWh for anthracite electricity production and
gas electricity production, respectively [115], [116].

V. SE and EE Metrics of Overhead MIMO/HV/BPL Networks
To assess the spectral and environmental performance of overhead
MIMO/HV/BPL networks, respective SE and EE metrics are used. SE metrics describe
how efficiently BPL networks exploit their allocated frequency band whereas EE metrics
correspond each bit per second (bps) to a carbon energy footprint. In this Section,
several useful SE and EE metrics are introduced in order to examine the properties of the
overhead MIMO/HV/BPL networks, namely:
a.  Capacity. Capacity is the maximum achievable transmission rate in bps over a
BPL channel and depends on the applied configuration of MIMO/HV/BPL
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network, the system features, the imposed EE policy and the noise characteristics.
In this paper, capacity is the considered QoS criterion.

More specifically, the capacity of the SISO/HV/BPL system from transmit port j
to receive port i is given by [7], [17], [19]

K-1
0 = fSngz{ 1+[SNR )-|H,
q=0

} },i,jzl,...,S (10)

where

SNR(f)=([1+@(f)lp" (1)), AN (1), (11)
is the BPL signal-to-noise ratio (SNR), <> , 1s an operator that converts dBm/Hz
into a linear power ratio (W/Hz), K is the number of subchannels in the BPL

signal frequency range of interest and Js is the flat-fading subchannel frequency
spacing [17], [19], [99]. As it concerns the characterization of overhead

SISO/HV/BPL systems, the elements C,flso, i,j=1,...8 with i=j and i #j
characterize SISO/CC HV/BPL and SISO/XC HV/BPL system capacities,
respectively.

Similarly, the capacity of the 1xn, SIMO HV/BPL systems from the transmit

port j with n, receive ports —ranging from two to eight— is given by

come zﬂzlogz{ L+ SNR(af,)- |1 af, | } 12

In the case of n, x1 MISO HV/BPL system, the capacity to the receiving port i
with 7, transmit ports —ranging from two to eight— is given by [7], [64], [117]

C[M[SO =fs1§10g2{ SNR Z‘H,, )‘ } (13)

Jjenr
Finally, in the general case of n, xn, MIMO/HV/BPL systems with n, and n,

ranging both from two to eight, the capacity is determined by [7], [32], [36], [37],
[39], [40], [64], [117]

-1 min{ngng} -
- ry Y logz{ 1+%W-\H?1(qﬂ)(z } (14)
q=0

i=1 T

Note that both eqgs. (13) and (14) are based on equal power uncorrelated sources

as the common case is adopted where the transmitting end does not have channel

state information (CSI).

According to the different SISO, SIMO, MISO and MIMO scheme configurations,

the resulting single- and multi-port diversities may be classified into two major

classes:

e Pure Scheme Configuration Class. This class contains the elementary
single- and multi-port implementations, namely: 8x8 MIMO, 1x8 SIMO,
8x1 MISO, and all SISO systems —either SISO/CCs or SISO/XCs—.

o Mixed Scheme Configuration Class. This class contains all the other
multi-port  implementations that may be deployed, namely:
ny xn, MIMO systems with 1 <n,,n, <8.
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b.  The EE capacity. It denotes the maximum achievable transmission rate of Mbps
that the system can deliver per ugr of CO2 emitted from it. This EE capacity
metric is obtained as the ratio of the capacity to the carbon energy footprint for
given EE policy, circuit/system parameters and country’s energy sources for
electricity production. This EE capacity metric provides a macroscopic qualitative
estimate of the role of EE policies and system power consumption during
BPL system operation.

VI. Numerical Results and Discussion

The simulation results of various configurations of overhead MIMO/HV/BPL
networks aim  at  investigating: (@)  their  broadband  performance;
(b) how the applied SE and EE capacity metrics are influenced by the implementation of
various MIMO/HV/BPL scheme configurations; and (c) the occurred SE/EE dynamic
equilibria due to the different EE policies.

As mentioned in Section III, since the modes supported by the overhead HV/BPL
configurations may be examined separately, it is assumed for simplicity that the
BPL signal is injected directly into the EVD modes [5]-[7], [16]-[23], [53]-[56],
[58]-[62], [72], [117].

For the numerical computations, the 400kV double-circuit overhead HV
transmission line configuration, depicted in Fig. 1, has been considered.
The simple overhead topology of Fig. 2(a), having N branches, has been assumed.
In order to simplify the following analysis without affecting its generality, the branching
cables are assumed identical to the transmission cables and the interconnections between
the transmission and branch conductors are fully activated.
With reference to Fig. 2(b), the transmitting and the receiving ends are assumed matched
to the characteristic impedance of the modal channels supported, whereas the branch
terminations Z,, , k=12,...,N are assumed open circuit [5]-[8], [16]-[19], [54],
[76]-[79], [92].

With reference to Fig. 2(b), four indicative overhead HV topologies concerning
end-to-end connections of average lengths equal to 25km are examined. These topologies
are [5]-[8], [22]-[24], [69], [73], [74], [76]-[79], [92], [118]-[120]:

(1) A typical urban topology (urban case) with N=3 branches (Li=1.15km,

L>=12.125km, L3=8.425km, L4+=3.3km, Lv1=27.6km, Lv>=17.2km, Lp3=33.1km).

(2) A typical suburban topology (suburban case) with N=2 branches (L1=9.025km,

L>=12.75km, L3=3.225km, Lv1=46.8km, Lr>=13.4 km).

(3) A typical rural topology (rural case) with only N=1 branch (L1=3.75km,

L>=21.25km, Lp1=21.1km).

(4) The “LOS” transmission along the average end-to-end distance

L=Li+...+Ln+1=25km when no branches are encountered. This topology

corresponds to Line-of-Sight transmission in wireless channels.
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Figure 2. (a) End-to-end overhead HV/BPL connection with N branches. (b) An indicative
HV/BPL topology considered as a cascade of N+1 modules corresponding to N branches
[51-[71, [16], [17], [19]-[23].

As it concerns the MIMO transmission scheme assumptions, in the common case,
the transmitter does not have CSI —as it has already mentioned— whereas the channel is
perfectly known to the receiver (i.e., channel knowledge at the receiver can be maintained
via training and tracking). The flat-fading subchannel frequency spacing is assumed equal
to f, =10kHz. The proposed MIMO/HV/BPL system analysis, which is outlined in

Section 111, is used in the rest of this paper.

As it has already been mentioned in Section IV, to evaluate the capacity of
overhead MIMO/HV/BPL networks, a uniform AWGN PSD level is assumed equal to
—105dBm/Hz [17], [19], [54], [72]. As it concerns the power consumption of overhead
MIMO/HV/BPL systems, the related circuit and system parameters are detailed in [66],
[111]-[114] providing a satisfactory approximation towards the actual HV/BPL system
power consumption.

A. Effect of HV Grid Topology and MIMO Scheme Configuration on Overhead
MIMO/HV/BPL Capacity Performance

The spectral performance in terms of capacity in the 3-88MHz frequency band is
evaluated based on the application of FCC Part 15 under the assumption of
Ofcom/IPSDM limits when different overhead HV/BPL network configurations occur.
In this subsection, it is assumed that only the highest values (upper bound) of capacity of
each MIMO/HV/BPL configuration of the same class for each of the aforementioned
indicative overhead HV/BPL topologies are going to be presented.
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In Figs. 3(a)-(d), the capacity of the overhead MIMO networks for the
aforementioned indicative overhead topologies is plotted with respect to the active
transmit and receive ports of different MIMO scheme configurations.
Moreover, the relative capacity gain concerning each MIMO scheme configuration in
relation with the corresponding SISO one for the aforementioned indicative overhead
topologies is also demonstrated.

From Figs. 3(a)-(d), it is observed that:

e The high IPSDM Ilimits of FCC Part 15, combined with the relatively low
end-to-end channel attenuation and the low noise characteristics of overhead
MIMO/HV/BPL networks, reveal their significant broadband potential.
Regardless of the high average end-to-end transmission distances occurred in
overhead HV grids, capacity and relative capacity gain maintain sufficient high
values for all the future’s SG applications.

e Observing capacity and relative capacity gain results, SIMO/HV/BPL networks
present better results than the corresponding ones of MISO/HV/BPL networks
regardless of the topology and the MIMO configuration scheme. This is due to the
fact that, in the SIMO cases, all the transmitted power is concentrated at one
transmit port and collected from multiple receive ports whereas,
in the MISO cases without CSI, the transmitted power is equally allocated among
the available transmit ports and collected from one receive port [121].

e Due to the common bus-bar system topology [7], [40], [122],
in overhead BPL networks, end-to-end channel attenuation curves between CCs
and XCs present similarities indicating the strong coupling among the individual
MIMO channels. However, the XC channels present significantly higher
end-to-end channel attenuation than CC ones regardless of the network topology
[35], [37], [50].

e The increase of the available transmit ports in MISO systems entails higher
influence of XC channels in the occurred capacity results and, consequently,
lower capacity results in comparison with the upper bound of SISO systems.

e When the number of transmit n, and receive n, ports increases, the capacity

differences among n, xn, and n, xn, MIMO networks tend to be mitigated.

e MIMO configuration schemes provide dramatic improvement in the capacity
results rendering their installation preferable in comparison with the other
available SISO, SIMO and MISO alternatives.

Due to their similar capacity behavior, only one overhead HV topology, say “LOS” case,
will be examined hereafter.

B. Impact of EE Policies on SE and EE Metrics

Until now, MIMO/BPL research has mainly focused on determining the optimum
number of transmit and receive ports, which succeeds the best compromise among
system complexity, capacity and system availability [35], [123]-[125]. However, the
recent growing communications concern is not only to maximize the spectral efficiency
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Figure 3. Capacity and relative capacity gain of overhead MIMO/HV/BPL networks for the four
indicative topologies (IPSDM limits of the FCC Part 15 limits are applied and the subchannel
frequency spacing is equal to 10kHz). (a) Urban case. (b) Suburban case. (c) Rural case.
(d) “LOS” case.
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of networks and systems but also to increase profitability through energy consumption
savings while protecting the environment [42]. Towards that direction,
different MIMO/HV/BPL networks arrangements are investigated in this paper when
different EE policies are adopted. In the rest of this paper, it is assumed that only the
maximum values of all possible SIMO, MISO and MIMO system capacities will be
studied in the 3-88MHz frequency band.

As it has already been analyzed in Fig. 3(d), the capacity and relative capacity
gain of overhead MIMO/HV/BPL “LOS” case have been plotted for wvarious
MIMO scheme configurations when FCC Part 15 is applied. These results define the
optimum capacity case when no environmental concern is taken into account
(EE1 policy).

Apart from EEI policy, other five indicative EE policies given in Table 1 have
been applied in order to examine how their application affect the SE and EE metrics of
this paper (i.e., capacity, carbon energy footprint and EE capacity). Note that as the
number x of EEx policy increases so does the environmental awareness. In Table 1,
green factor ® of each EE policy is also reported.

To examine the impact of EE policies on spectral performance of overhead
MIMO/HV/BPL networks, in Figs. 4(a)-(g), the capacity and the relative capacity gain of
overhead MIMO/HV/BPL networks for the “LOS” case are plotted with respect to the
active transmit and receive ports of different MIMO scheme configurations when the six
indicative EE policies of Table 1 are applied, respectively. The influence of EE policies
on the EE performance of overhead MIMO/HV/BPL networks is examined in
Figs. 5(a)-(g) where the corresponding carbon energy footprint is plotted for the above
six indicative EE policies, respectively.

The interaction between SE and EE metrics can be examined through the use of
suitable combined SE/EE metrics such as EE capacity. In Figs. 6(a)-(g),
the corresponding EE capacity and relative EE capacity gain are given for the above six
indicative EE policies, respectively. Note that as it regards the carbon emissions of
overhead MIMO/HV/BPL scheme configurations, in Figs. 5(a)-(f) and 6(a)-(f),
only anthracite electricity production is assumed.

From Figs. 4(a)-(f), 5(a)-(f) and 6(a)-(f), several interesting conclusions may be
drawn as follows.

e Capacity and carbon energy footprint of overhead MIMO/HV/BPL networks are
very sensitive to IPSDM limit changes as these are imposed by the applied EE
policy [17], [19]. However, the strategic choice of the countries to achieve
significant carbon emission reductions pushes towards the adoption of EE policies
that can diminish the broadband perspectives of overhead MIMO/HV/BPL
networks. On the other hand, EE policies that are not environmentally oriented
lead to waste of energy since the capacity improvement becomes marginal above
a capacity threshold. Therefore, ecologically aware EE policies should be
promoted that can lead to energy savings and reduction of carbon emissions while
their corresponding capacity results may be carefully adjusted so as to satisfy
certain capacity requirements. In fact, it can be seen that by reducing the
IPSDM limits by 5% —see EE2 in Table 1 and in Figs. 4(a) and 4(b)—, the capacity
reduction of overhead MIMO/HV/BPL networks
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Table 1. EE Policies Used

EE
Policy EE1 EE2 EE3 EE4 EE5 EE6
(type)
QGreen
0 0.05 0.10 0.20 0.50 1
factor @

is ranging from 14.05% to 21.45% while carbon emissions decrease and
EE capacity increase are ranging from 44.85%-48.99% and 42.44%-64.59%,
respectively. Similar results for the other EE policies reveal the importance of the
selection of proper IPSDM limits, capacity threshold and carbon emissions
reduction goal.

e Carbon emissions depend drastically on the IPSDM limits that are imposed by the
applied EE policy as well as the applied MIMO configuration scheme.

e The traditional belief that MIMO networks are always more energy-efficient and,
subsequently, more environmentally friendly in comparison with SISO, MISO
and SIMO ones may be misleading when the carbon emissions of overhead
MIMO/HV/BPL  networks are considered [64], [66], [111], [112].
More specifically, depending on the MIMO configuration scheme, applied EE
policy, and SE and EE thresholds imposed, various trade-offs among SE and EE
metrics may occur, namely: (i) in approximately 85% of the cases examined,
given the number of transmit n, and receive n, ports,
overhead n, xn, MIMO/HV/BPL networks with n, =n, present better EE
capacity values in comparison with other equivalent pure and mixed
configurations, i.e. ixj MIMO networks with 1<i<n,, 1<j<n,; and
(i) Similarly to capacity results, in all the cases examined,
overhead 1xn, SIMO/HV/BPL networks demonstrate a more environmentally
friendly behavior rather than equivalent 7n, x1 MISO/HV/BPL networks.

However, in general, by adopting suitable EE policies, the superiority of
MIMO systems in terms of EE metrics may be further enhanced [64], [66], [111],
[112].

e On the basis of capacity and EE capacity, the exact knowledge of the trade-off
relation among IPSDM limits, EE policies and MIMO scheme configurations is
essential for the overhead MIMO/HV/BPL network design.
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Figure 4. Capacity and relative capacity gain of overhead MIMO/HV/BPL “LOS” case networks
for the EE policies of Table 1 (the subchannel frequency spacing is equal to 10kHz).
(a) EE1. (b) EE2. (c) EES3. (d) EEA4. (e) EES. (f) EE6.
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e Carbon emissions savings in overhead MHMO/HV/BPL networks can be adjusted
by appropriately regulating the capacity threshold requirements.
Carbon emissions savings decrease as the capacity threshold increases.
Therefore, at lower capacity thresholds, MIMO configuration schemes of lower
cardinality can be used. As the capacity threshold increases, MIMO configuration
schemes of higher cardinality are encouraged to be deployed [67].

C. Capacity and EE Capacity Trade-Off Curves

The aforementioned analysis has focused on the behavior of SE and EE metrics as
well as their interaction through the lens of the carbon energy footprint. In fact,
the relation between capacity and EE capacity in overhead MIMO/HV/BPL networks has
been investigated for different MIMO configuration schemes and EE policies.
Their interaction is important for designing greener overhead MIMO/HV/BPL networks
since a better balance between spectral performance and environmental awareness can be
achieved. In the rest of this paper, it is assumed that only the maximum values of pure
scheme configurations (8x8 MIMO, 1x8 SIMO, 8x1 MISO, and SISO systems
—either SISO/CCs or SISO/XCs—) of overhead MIMO/HV/BPL “LOS” case networks are
going to be studied in the 3-88MHz frequency band.

Until now, the proposal of suitable IPSDM limits has derived from the
compromise between BPL technology promotion and the protection of existing
radioservices. Hence, during the proposal of today’s IPSDM limits, environmental issues
have not seriously been addressed. Nowadays, since the adoption of environmental
initiatives becomes urgent, the proposed green factor (I)( f ) aids towards that direction

during the proposal of future’s IPSDM limits in overhead MIMO/HV/BPL networks.
Actually, EE1 —see Figs. 4(a) and 6(a)— and EE6 —see Figs. 4(f) and 6(f)— policies define
two extreme state conditions of an interesting SE/EE trade-off.

To highlight this interesting SE/EE trade-off, in Fig. 7(a), the EE capacity of pure
scheme configurations of the overhead MIMO/HV/BPL “LOS” case network is plotted
versus the corresponding capacity for all continuous EE policies when anthracite
electricity production is used. The SE/EE trade-off behavior of the above EE policies is
compared against respective results of EE policies whose IPSDM limits range from
—100dBm/Hz to 0 dBm/Hz with step 0.1dBm/Hz (denoted as SISO/CC, SISO/XC,
I1x8 SIMO, 8x1 MISO, and 8x8 MIMO curves). Similarly to Fig. 7(a),
in Fig. 7(b), curves are drawn in the case of gas electricity production.

Combining Figs. 7(a) and 7(b) with the previous figures, several interesting
conclusions may be given:

e The type of the electricity production, say either anthracite or gas electricity
production of this paper, has strong effect on the carbon energy footprint.

e Similarly to the vintage trade-off between energy-efficient and SE metrics
presented in the literature [7], [68], [126], the trade-off between

EE capacity/capacity is also expected to be a quasiconcave function determining a

dynamic equilibrium that depends on the EE policy, MIMO configuration scheme

and the type of electricity production.
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Figure 7. EE capacity and capacity trade-off curves of various single- and multi-port system
implementations for the overhead HV/BPL “LOS” case when different EE policies are applied.
(a) SISO, 1x8 SIMO, 8x1 MISO, and 8x8 MIMO trade-off curves when anthracite electricity
production occurs. (b) SISO/CC, SISO/XC, 1x8 SIMO, 8x1 MISO and 8x8 MIMO trade-off curves
when gas electricity production occurs.

e To achieve the best compromise among the different interests of SE- and
EE-oriented lobbies, the best proposal is the operation of overhead
MIMO/HV/BPL systems near the absolute maxima of trade-off curves presented
in Figs. 7(a) and 7(b). Since operation points of today’s overhead
MIMO/HV/BPL systems are far from the best compromise —see EE1 points of
Figs. 7(a) and 7(d)—, imminent IPSDM limits corrections through the proposed
greener EE policies are required. In contrast, although very strict IPSDM limits
—see EE5 and EE6 points of Figs. 7(a) and 7(d)- facilitate the EMC of BPL
networks, the corresponding IPSDM limits push overhead MIMO/HV/BPL
networks to operate with poor SE and EE performances. Therefore, observing all
the cases examined, regardless of the MIMO configuration scheme and the
electricity generation type, EE4 policy offers the best compromise results since its
operation points are located at absolute maxima of trade-off curves.

e The countries’ strategic frameworks towards cleaner energy sources further
improve the SE/EE trade-off curves of overhead MIMO/HV/BPL networks.
By interchanging from anthracite electricity production to gas one, EE capacity
values get improved by a factor of 2.5 for given EE policy. Moreover, the choice
of providers towards distributed energy sources, smart grid solutions and
renewable sources tailored to the needs of their countries may, at the same time,
skyrocket the EE performance of overhead MIMO/HV/BPL networks.
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e The application of well-tuned EE policies combined with the use of adaptive
green factor to regulate BPL operation in certain frequency segments according to
carbon emission and capacity requirements may provide flexibility in authorities
and providers so that the power consumption of overhead MIMO/HV/BPL
networks gets reduced with slight deterioration of their capacity. The spectral
selectivity is the main advantage of adaptive EE policies against continuous ones.

e Before overhead MIMO/HV/BPL systems interoperate with other broadband
technologies —wired, such as fiber and DSL, and wireless, such as WiFi and
WiMax—, the overhead HV/BPL systems need to intraoperate with other overhead
and underground MV/BPL and LV/BPL that already are installed [5]-[7], [17],
[19], [20], [22], [23]. Apart from compatible frequencies, equipment and
signaling, BPL standardization and adequate IPSDM limits [26], scalable capacity
must be assured taking into account the specific features of MIMO technology,
overhead and underground HV/BPL, MV/BPL and LV/BPL transmission and EE
issues. Emerging green technology considerations aid towards this direction by
introducing suitable EE policies that both respect capacity requirements and
ecological awareness.

e Sustainable development and growth is an important issue for countries that
historically have been dependent on the exploitation of their natural resources
(i.e., forestry, agriculture, mining and fishing) as their economic base [127].
Nowadays, through the prism of the green economy, countries can still
commercialize their natural resources in order to financially stimulate their
economies [128]. This modern resource harvest can be achieved through
microgrids that are owned by the local communities. Microgrids include energy
storage systems, distributed generation sources, like microturbines and fuel cell
units, renewable energy sources, such as wind turbines and photovoltaic systems
and controllable loads [9], [10]. Except for their environmental effect, the
operation of microgrids can also significantly improve the SE/EE trade-off curves
of overhead MIMO/HV/BPL networks at a local basis. Hence, the future research
is going to focus on: (i) the development of new ad-hoc SE/EE trade-off curves of
overhead MIMO/HV/BPL networks at a local and daily basis that can combine
electricity supply/demand models with the energy source mix of the power grid
and the microgrids [129], [130], [131]; and (ii) the stabilization of SE/EE
trade-off curves when fluctuations of the energy production in the energy source
mix occurs either in the power grid or in microgrids [11], [132]-[134].

VIl. Conclusions

This paper has focused on the assessment of the broadband performance of
overhead MIMO/HV/BPL networks when environmental policies are adopted.
Using suitable SE and EE metrics, major features of today’s BPL networks have been
reviewed for use in future’s greener overhead MIMO/HV/BPL networks. In the light of
the information theory, the capacity values of all the considered overhead
MIMO/HV/BPL networks revealed that these networks can operate both as a robust
broadband platform for SG applications across the transmission power grid and as a
green communications solution. In the meanwhile, exploiting the proposed
SE/EE trade-offs that determine dynamic equilibrium between capacity and EE capacity
of the different overhead MIMO/HV/BPL configurations, a wiser compromise among

Tr Ren Energy, 2015, Vol.1, No.2, 87-118. doi:10.17737/tre.2015.1.2.0011 107



Peer-Reviewed Article Trends in Renewable Energy, 1

transmission rates, EMI regulations and ecology awareness may occur; an important step
towards the design and operation of faster, more electromagnetic compatible and greener
overhead MIMO/HV/BPL networks in the oncoming SG network.

Conflicts of Interest

The author declares that there is no conflict of interests regarding the publication

of this paper.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

A. G. Lazaropoulos, “Designing Broadband over Power Lines Networks Using
the Techno-Economic Pedagogical (TEP) Method — Part I: Overhead High
Voltage Networks and Their Capacity Characteristics,” Trends in Renewable
Energy, vol. 1, no. 1, pp. 16-42, Mar. 2015. DOI: 10.17737/tre.2015.1.1.002

A. G. Lazaropoulos, “Designing Broadband over Power Lines Networks Using
the Techno-Economic Pedagogical (TEP) Method — Part II: Overhead Low-
Voltage and Medium-Voltage Channels and Their Modal Transmission
Characteristics,” Trends in Renewable Energy, vol. 1, no. 2, pp. 59-86, Jun. 2015.
DOI: 10.17737/tre.2015.1.1.006

T. A. Papadopoulos, G.K. Papagiannis, and D.P. Labridis, “A generalized model
for the calculation of the impedances and admittances of overhead power lines
above stratified earth,” Electric Power Systems Research, vol. 80, no. 9, pp. 1160-
1170. DOI: 10.1016/j.epsr.2010.03.009

T. A. Papadopoulos, C. G. Kaloudas, and G. K. Papagiannis, “A multipath
channel model for PLC systems based on nodal method and modal analysis,” in
Proc. 2007 IEEE Int. Symp. Power Line Communications and Its Applications
(ISPLC’07), Pisa, Italy, Mar. 2007,  pp. 278-283. DOLI:
10.1109/ISPLC.2007.371137

A. G. Lazaropoulos, “Broadband Transmission Characteristics of Overhead High-
Voltage Power Line Communication Channels,” Progress in Electromagnetics
Research B, vol. 36, pp. 373-398, 2012. DOI:10.2528/PIERB11091408

A. G. Lazaropoulos, “Broadband Transmission and Statistical Performance
Properties of Overhead High-Voltage Transmission Networks,” Hindawi Journal
of Computer Networks and Commun., 2012, article ID 875632, 2012. DOI:
10.1155/2012/875632

A. G. Lazaropoulos, “Green Overhead and Underground Multiple-Input Multiple-
Output Medium Voltage Broadband over Power Lines Networks: Energy-
Efficient Power Control,” Springer Journal of Global Optimization, vol. 57, no. 3,
pp- 997-1024, Oct. 2012. DOI: 10.1007/s10898-012-9988-y

OPERAI, D44: Report presenting the architecture of plc system, the electricity
network topologies, the operating modes and the equipment over which PLC
access system will be installed, IST Integr. Project No 507667, Dec. 2005.

P. S. Georgilakis and N. D. Hatziargyriou, “A Review of Power Distribution
Planning in the Modern Power Systems Era: Models, Methods and Future

Tr Ren Energy, 2015, Vol.1, No.2, 87-118. doi:10.17737/tre.2015.1.2.0011 108



Peer-Reviewed Article Trends in Renewable Energy, 1

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Research,” Electric Power Systems Research, vol. 121, pp. 89-100, 2015. DOI:
10.1016/j.epsr.2014.12.010

L. Gkatzikis, G. losifidis, I. Koutsopoulos, and L. Tassiulas, “Collaborative
Placement and Sharing of Storage Resources in the Smart Grid,” In Proc. 2014
IEEE  International — Conference on  Smart  Grid  Communications
(SmartGridCommy), pp- 103-108, Nov. 2014. DOI:
10.1109/SmartGridComm.2014.7007630

D. I. Giokas and G. C. Pentzaropoulos, “Evaluating productive efficiency in
telecommunications: Evidence from Greece,” Telecommunications Policy, vol. 24,
no. &, pp. 781-794, 2000. DOI: 10.1016/S0308-5961(00)00053-7

L. Wang, G. Avolio, G. Deconinck, E. Van Lil, and L. L. Lai, “Estimation of
multi-conductor powerline cable parameters for the modelling of transfer
characteristics,” IET Science, Measurement & Technology, vol. 8, no. 1, pp. 39-45,
Jan. 2014. DOI: 10.1049/iet-smt.2012.0123

A. G. Lazaropoulos, “Deployment Concepts for Overhead High Voltage
Broadband over Power Lines Connections with Two-Hop Repeater System:
Capacity Countermeasures against Aggravated Topologies and High Noise
Environments,” Progress in Electromagnetics Research B, vol. 44,
pp. 283-307, 2012. DOI: 10.2528/PIERB12081104, [Online]. Available:
http://www.jpier.org/PIERB/pierb44/13.12081104.pdf

A. G. Lazaropoulos, “Overhead and Underground MIMO Low Voltage
Broadband over Power Lines Networks and EMI Regulations: Towards Greener
Capacity Performances,” Elsevier Computers and Electrical Engineering, vol. 39,
pp. 2214-2230, 2013. DOI: 10.1016/j.compeleceng.2013.02.003

A. G. Lazaropoulos, “Wireless Sensor Network Design for Transmission Line
Monitoring, Metering and Controlling Introducing Broadband over PowerLines-
enhanced Network Model (BPLeNM),” ISRN Power Engineering, vol. 2014,
Article ID 894628, 22 pages, 2014. DOI:10.1155/2014/894628. [Online].
Available:
http://www.hindawi.com/journals/isrn.power.engineering/2014/894628/

A. G. Lazaropoulos and P. G. Cottis, “Transmission characteristics of overhead
medium voltage power line communication channels,” /EEE Trans. Power Del.,
vol. 24, no. 3, pp. 1164-1173, Jul. 2009. DOI: 10.1109/TPWRD.2008.2008467

A. G. Lazaropoulos and P. G. Cottis, “Capacity of overhead medium voltage
power line communication channels,” IEEE Trans. Power Del., vol. 25, no. 2, pp.
723-733, Apr. 2010. DOI: 10.1109/TPWRD.2009.2034907

A. G. Lazaropoulos and P. G. Cottis, “Broadband transmission via underground
medium-voltage power lines-Part I: transmission characteristics,” /[EEE Trans.
Power Del., vol. 25, no. 4, pp. 2414-2424, Oct. 2010. DOLI:
10.1109/TPWRD.2010.2048929

A. G. Lazaropoulos and P. G. Cottis, “Broadband transmission via underground
medium-voltage power lines-Part II: capacity,” IEEE Trans. Power Del., vol. 25,
no. 4, pp. 2425-2434, Oct. 2010. DOI: 10.1109/TPWRD.2010.2052113

A. G. Lazaropoulos, “Towards Broadband over Power Lines Systems Integration:
Transmission Characteristics of Underground Low-Voltage Distribution Power
Lines,” Progress in Electromagnetics Research B, 39, pp. 89-114, 2012. DOI:
10.2528/PIERB12012409

Tr Ren Energy, 2015, Vol.1, No.2, 87-118. doi:10.17737/tre.2015.1.2.0011 109


http://www.jpier.org/PIERB/pierb44/13.12081104.pdf
http://www.hindawi.com/journals/isrn.power.engineering/2014/894628/

Peer-Reviewed Article Trends in Renewable Energy, 1

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

L. Stadelmeier, D. Schneider, D. Schill, A. Schwager, and J. Speidel, “MIMO for
Inhome Power Line Communications,” presented at the Int. Conf. on Source and
Channel Coding, Ulm, Germany, Jan. 2008.

A. G. Lazaropoulos, “Towards Modal Integration of Overhead and Underground
Low-Voltage and Medium-Voltage Power Line Communication Channels in the
Smart Grid Landscape: Model Expansion, Broadband Signal Transmission
Characteristics, and Statistical Performance Metrics (Invited Paper),”

ISRN Signal Processing, vol. 2012, Article ID 121628, pp. 1-17, 2012.

DOI: 10.5402/2012/121628 [Online]. Available:
http://www.hindawi.com/isrn/sp/2012/121628/

A. G. Lazaropoulos, “Review and Progress towards the Common Broadband
Management of High-Voltage Transmission Grids: Model Expansion and
Comparative Modal Analysis,” ISRN Electronics, vol. 2012, Article ID 935286,
pp. 1-18, 2012. DOI: 10.5402/2012/935286 [Online]. Available:
http://www.hindawi.com/isrn/electronics/2012/935286/

S. Galli, A. Scaglione, and K. Dostert, “Broadband is power: internet access
through the power line network (Guest Editorial),” IEEE Commun. Mag., vol. 41,
no. 5, pp. 82-83, May 2003. DOI: 10.1109/MCOM.2003.1200105

M. Gotz, M. Rapp, and K. Dostert, “Power line channel characteristics and their
effect on communication system design,” IEEE Commun. Mag., vol. 42, no. 4, pp.
78-86, Apr. 2004. DOI: 10.1109/MCOM.2004.1284933

S. Galli and O. Logvinov, “Recent developments in the standardization of power
line communications within the IEEE,” IEEE Commun. Mag., vol. 46, no. 7, pp.
64-71, Jul. 2008. DOI: 10.1109/MCOM.2008.4557044

A. G. Lazaropoulos, “Wireless Sensors and Broadband over PowerLines
Networks: The Performance of Broadband over PowerLines-enhanced Network
Model (BPLeNM) (Invited Paper),” ICAS Publishing Group Transaction on loT
and Cloud Computing, vol. 2, no. 3, pp. 1-35, 2014. [Online]. Available:
http://icas-pub.org/ojs/index.php/ticc/article/view/27/17

T. A. Papadopoulos, B. D. Batalas, A. Radis, and G. K. Papagiannis, “Medium
voltage network PLC modeling and signal propagation analysis,” in Proc. 2007
IEEE Int. Symp. Power Line Communications and its Applications (ISPLC’07),
Pisa, Italy, Mar. 2007, pp. 284-289. DOI: 10.1109/ISPLC.2007.371138

A. 1. Chrysochos, T. A. Papadopoulos, and G. K. Papagiannis, “Enhancing the
frequency-domain calculation of transients in multiconductor power transmission
lines,” Electric Power Systems Research, vol. 122, pp. 56-64, 2015. DOI:
10.1016/j.epsr.2014.12.024

T. A. Papadopoulos, A. I. Chrysochos, A. I. Nousdilis, and G. K. Papagiannis,
“Simplified measurement-based black-box modeling of distribution transformers
using transfer functions,” Electric Power Systems Research, vol. 121, pp. 77-88,
2015. DOI: 10.1016/j.epsr.2014.12.003

F. Versolatto and A. M. Tonello, “An MTL theory approach for the simulation of
MIMO power-line communication channels,” IEEE Trans. Power Del., vol. 26,
no. 3, pp. 1710-1717, Jul. 2011. DOI: 10.1109/TPWRD.2011.2126608

D. Schneider, J. Speidel, L. Stadelmeier, and D. Schill, “Precoded spatial
multiplexing MIMO for inhome power line communications,” in Proc. IEEE
Global Telecommunications Conference, New Orleans, LA, USA, Nov./Dec.
2008, pp. 1-5. DOI: 10.1109/GLOCOM.2008.ECP.556

Tr Ren Energy, 2015, Vol.1, No.2, 87-118. doi:10.17737/tre.2015.1.2.0011 110


http://www.hindawi.com/isrn/sp/2012/121628/
http://www.hindawi.com/isrn/electronics/2012/935286/
http://icas-pub.org/ojs/index.php/ticc/article/view/27/17

Peer-Reviewed Article Trends in Renewable Energy, 1

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

V. Oksman and S. Galli, “G.hn: The new ITU-T home networking standard,”
IEEE Commun. Mag., vol. 47, no. 10, pp. 138-145, Oct. 2009. DOI:
10.1109/MCOM.2009.5273821

M. Tlich, A. Zeddam, F. Moulin, and F. Gauthier, “Indoor power-line
communications channel characterization up to 100 MHz—Part I: one parameter
deterministic model,” IEEE Trans. Power Del., vol. 23, no. 3, pp. 1392-1401,
July 2008. DOI: 10.1109/TPWRD.2008.919397

R. Hashmat, P. Pagani, A. Zeddam, and T. Chonavel, “MIMO communications
for inhome PLC networks: Measurements and results up to 100MHz,” in Proc.
IEEE Int. Symp. Power Line Communications and Its Applications, Rio de Janeiro,
Brazil, Mar. 2010, pp. 120-124. DOI: 10.1109/ISPLC.2010.5479897

A. Canova, N. Benvenuto, and P. Bisaglia, “Receivers for MIMO-PLC channels:
Throughput comparison,” in Proc. IEEE Int. Symp. Power Line Communications
and lIts Applications, Rio de Janeiro, Brazil, Mar. 2010, pp. 114-119. DOI:
10.1109/ISPLC.2010.5479904

D. Schneider, A. Schwager, J. Speidel and A. Dilly, “Implementation and Results
of a MIMO PLC Feasibility Study,” in Proc. IEEE Int. Symp. Power Line
Communications and Its Applications, Udine, Italy, Apr. 2011, pp. 54-59. DOI:
10.1109/ISPLC.2011.5764450

M. Biagi, “MIMO self-interference mitigation effects on PLC relay networks,” in
Proc. IEEE Int. Symp. Power Line Communications and Its Applications, Udine,
Italy, Apr. 2011, pp. 182—186. DOI: 10.1109/ISPLC.2011.5764387

M. Biagi, “MIMO self-interference mitigation effects on power line relay
networks,” IEEE Commun. Lett., vol. 15, no. 8, pp. 866—868, Aug. 2011. DOI:
10.1109/LCOMM.2011.062911.110230

A. Schwager, D. Schneider, W. Béschlin, A. Dilly, and J. Speidel, “MIMO PLC:
Theory, Measurements and System Setup,” in Proc. IEEE Int. Symp. Power Line
Communications and Its Applications, Udine, Italy, Apr. 2011, pp. 48-53. DOI:
10.1109/ISPLC.2011.5764447

F. Versolatto and A. M. Tonello, “A MIMO PLC random channel generator and
capacity analysis,” in Proc. IEEE Int. Symp. Power Line Communications and Its
Applications, Udine, Italy, pp- 66-71, Apr. 2011. DOI:
10.1109/ISPLC.2011.5764452

Z. Hasan, H. Boostanimehr, and V. K. Bhargava, “Green cellular networks: A
survey, some research issues and challenges,” IEEE Commun. Surveys Tuts., vol.
13, no. 4, pp. 524-540, Oct. 2011. DOI: 10.1109/SURV.2011.092311.00031
3GPP, “Telecommunication management; Study on Energy Savings Management
(ESM), (Release 10),” Tech. Rep. TR 32.826, Mar 2010. Available:
http://www.3 gpp.org/ftp/Specs/html-info/32826.htm

ITU-T Focus Group on Future Networks (FG FN), FG-FN OD-66, Draft
Deliverable on “Overview of Energy Saving of Networks”, Oct. 2010.

C. Yan, Z. Shunqging, X. Shugong, and G. Y. Li, “Fundamental trade-offs on
green wireless networks,” IEEE Commun. Mag., vol. 49, no. 6, pp. 30-37, Jun.
2011. DOI: 10.1109/MCOM.2011.5783982

J. Abouei, K. N. Plataniotis, and S. Pasupathy, “Green modulations in energy-
constrained wireless sensor networks,” /ET Commun., vol. 5, no. 2, pp. 240-251,
Jan. 2011. DOI: 10.1049/iet-com.2010.0472

Tr Ren Energy, 2015, Vol.1, No.2, 87-118. doi:10.17737/tre.2015.1.2.0011 111


http://www.3gpp.org/ftp/Specs/html-info/32826.htm

Peer-Reviewed Article Trends in Renewable Energy, 1

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

S. Ruth, “Green IT More Than a Three Percent Solution?,” IEEE Internet
Computing, vol. 13, no. 4, pp. 74-78, Jul.-Aug. 2009. DOI: 10.1109/MIC.2009.82
Y. G. Li, J. H. Winters, N. R. Sollenberger, “MIMO-OFDM for wireless
communications: signal detection with enhanced channel estimation,” /IEEE Trans.
Commun., vol. 50, no. 9, pp. 1471-1477, Sep. 2002. DOLI:
10.1109/TCOMM.2002.802566

A. Amanna, A. He, T. Tsou, X. Chen, D. Datla, T. R. Newman, J. H. Reed, and T.
Bose, “Green Communications: A New Paradigm for Creating Cost Effective
Wireless Systems,” Tech. Rep., 2009, [Online]. Available:
http://filebox.vt.edu/users/aamanna/web%?20page/Green%20Communications-
draft%?20journal%20paper.pdf

Y. Z. Ying and K. B. Letaief, “An efficient resource-allocation scheme for spatial
multiuser access in MIMO/OFDM systems,” IEEE Trans. Commun., vol. 53, no.
1, pp. 107-116, Jan. 2005. DOI: 10.1109/TCOMM.2004.840666

S. K. Jayaweera, “Virtual MIMO-based cooperative communication for energy-
constrained wireless sensor networks,” IEEE Trans. Wireless Commun., vol. 5, no.
5, pp. 984-989, May 2006. DOI: 10.1109/TWC.2006.1633350

R. Eickhoff, R. Kraemer, I. Santamaria, and L. Gonzalez, “Developing energy-
efficient MIMO radios,” IEEE Veh. Tech. Mag., vol. 4, no. 1, pp. 3441, Mar.
2009. DOI: 10.1109/MVT.2009.931994

T. Sartenaer, “Multiuser communications over frequency selective wired channels
and applications to the powerline access network” Ph.D. dissertation, Univ.
Catholique Louvain, Louvain-la-Neuve, Belgium, Sep. 2004.

P. Amirshahi and M. Kavehrad, “High-frequency characteristics of overhead
multiconductor power lines for broadband communications,” IEEE J. Sel. Areas
Commun., vol. 24, mno. 7, pp. 1292-1303, Jul. 2006. DOI:
10.1109/JSAC.2006.874399

T. Calliacoudas and F. Issa, ““Multiconductor transmission lines and cables
solver,” An efficient simulation tool for plc channel networks development,”
presented at the /IEEE Int. Conf. Power Line Communications and Its Applications,
Athens, Greece, Mar. 2002.

S. Galli and T. Banwell, “A deterministic frequency-domain model for the indoor
power line transfer function,” IEEE J. Sel. Areas Commun., vol. 24, no. 7, pp.
1304-1316, Jul. 2006. DOI: 10.1109/JSAC.2006.874428

S. Galli and T. Banwell, “A novel approach to accurate modeling of the indoor
power line channel-Part II: Transfer function and channel properties,” /EEE Trans.
Power Del., vol. 20, no. 3, pp. 1869-1878, Jul. 2005. DOI:
10.1109/TPWRD.2005.848732

T. Sartenaer and P. Delogne, “Deterministic modelling of the (Shielded) outdoor
powerline channel based on the multiconductor transmission line equations,”
IEEE J. Sel. Areas Commun., vol. 24, no. 7, pp. 1277-1291, Jul. 2006. DOI:
10.1109/JSAC.2006.874423

T. Sartenaer and P. Delogne, “Powerline cables modelling for broadband
communications,” in Proc. IEEE Int. Conf. Power Line Communications and Its
Applications, Malmo, Sweden, Apr. 2001, pp. 331-337.

C. R. Paul, 4nalysis of Multiconductor Transmission Lines. New York: Wiley,
1994.

Tr Ren Energy, 2015, Vol.1, No.2, 87-118. doi:10.17737/tre.2015.1.2.0011 112


http://filebox.vt.edu/users/aamanna/web%20page/Green%20Communications-draft%20journal%20paper.pdf
http://filebox.vt.edu/users/aamanna/web%20page/Green%20Communications-draft%20journal%20paper.pdf

Peer-Reviewed Article Trends in Renewable Energy, 1

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]
[70]

[71]

[72]

[73]
[74]
[75]

[76]

J. A. B. Faria, Multiconductor Transmission-Line Structures: Modal Analysis
Techniques. New York: Wiley, 1994.

A. Pérez, A. M. Sanchez, J. R. Regué, M. Ribd, R. Aquilué, P. Rodréguez-Cepeda,
and F. J. Pajares, “Circuital and modal characterization of the power-line network
in the PLC band,” IEEE Trans. Power Del., vol. 24, no. 3, pp. 1182-1189, Jul.
2009. DOI: 10.1109/TPWRD.2009.2014278

H. Meng, S. Chen, Y. L. Guan, C. L. Law, P. L. So, E. Gunawan, and T. T. Lie,
“Modeling of transfer characteristics for the broadband power line communication
channel,” IEEE Trans. Power Del., vol. 19, no. 3, pp. 1057-1064, Jul. 2004. DOI:
10.1109/TPWRD.2004.824430

A. Goldsmith, S. A. Jafar, N. Jindal, and S.Vishwanath, “Capacity limits of
MIMO channels,” IEEE J. Sel. Areas. Commun., vol. 21, no. 5, pp. 684-702, Jun.
2003. DOI: 10.1109/JSAC.2003.810294

K. Hooghe and M. Guenach, “Toward green copper broadband access networks,”
IEEE Commun. Mag., vol. 49, no. 8, pp. 87-93, Aug. 2011. DOL:
10.1109/MCOM.2011.5978420

S. Cui, A. J. Goldsmith, and A. Bahai, “Energy-Efficiency of MIMO and
Cooperative MIMO Techniques in Sensor Networks,” [EEE J. Sel. Areas
Commun., vol. 22, mno. 6, pp. 1089-1098, Aug. 2004. DOI:
10.1109/JSAC.2004.830916

A. He, S. Srikanteswara, K. K. Bae, T. R. Newman, J. H. Reed, W. H. Tranter, M.
Sajadieh, and M. Verhelst, “Power consumption minimization for MIMO systems
— A cognitive radio approach,” IEEE J. Sel. Areas Commun., vol. 29, no. 2, pp.
469-479, Feb. 2011. DOI: 10.1109/JSAC.2011.110218

C. Isheden and G. P. Fettweis, “Energy-efficient multi-carrier link adaptation with
sum rate-dependent circuit power,” in Proc. IEEE Global Telecommunications
Conference, =~ Miami, FL, USA, Dec. 2010, pp. 1-6. DOI:
10.1109/GLOCOM.2010.5683700

DLC+VIT4IP, D1.2: Overall system architecture design DLC system architecture.
FP7 Integrated Project No 247750, Jun. 2010.

K. Dostert, Powerline Communications. Upper Saddle River, NJ: Prentice-Hall,
2001.

M. Gebhardt, F. Weinmann, and K. Dostert, “Physical and regulatory constraints
for communication over the power supply grid,” IEEE Commun. Mag., vol. 41, no.
5, pp. 84-90, May 2003. DOI: 10.1109/MCOM.2003.1200106

P. Amirshahi, “Broadband access and home networking through powerline
networks” Ph.D. dissertation, Pennsylvania State Univ., University Park, PA, May
2006. [Online]. Available:
http://etda.libraries.psu.edu/theses/approved/WorldWidelndex/ETD-
1205/index.html

U. A. Bakshi and M. V. Bakshi, Generation, Transmission and Distribution. Pune,
India: Technical Publications Pune, 2001.

J. C. de Sosa, Analysis and Design of High-Voltage Transmission Lines.
Bloomington, IN, USA: iUniverse Incorporated, 2010.

J. Kuffel, E. Kuffel, and W. S. Zaengl, High-Voltage Engineering Fundamentals.
Woburn, MA, UK: Butterworth-Heinemann, 2001.

N. Suljanovi¢, A. Mujci¢, M. Zajc, and J. F. Tasic¢, “Approximate computation of
high-frequency characteristics for power line with horizontal disposition and

Tr Ren Energy, 2015, Vol.1, No.2, 87-118. doi:10.17737/tre.2015.1.2.0011 113


http://etda.libraries.psu.edu/theses/approved/WorldWideIndex/ETD-1205/index.html
http://etda.libraries.psu.edu/theses/approved/WorldWideIndex/ETD-1205/index.html

Peer-Reviewed Article Trends in Renewable Energy, 1

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

middle-phase to ground coupling,” Elsevier Electr. Power Syst. Res., vol. 69, pp.
17-24, Jan. 2004. DOI: 10.1016/j.epsr.2003.07.005

N. Suljanovi¢, A. Muj¢i¢, M. Zajc, and J. F. Tasi¢, “High-frequency
characteristics of high-voltage power line,” in Proc. IEEE Int. Conf. on Computer
as a Tool, Ljubljana, Slovenia, Sep. 2003, pp. 310-314. DOL:
10.1109/EURCON.2003.1248206

N. Suljanovi¢, A. Muj¢i¢, M. Zajc, and J. F. Tasi¢, “Power-line high-frequency
characteristics: analytical formulation,” in Proc. Joint 1st Workshop on Mobile
Future & Symposium on Trends in Communications, Bratislava, Slovakia, Oct.
2003, pp. 106-109. DOI: 10.1109/TIC.2003.1249100

W. Villiers, J. H. Cloete, and R. Herman, “The feasibility of ampacity control on
HV transmission lines using the PLC system,” in Proc. IEEE Conf. Africon,
George, South Africa, Oct. 2002, vol. 2, pp. 865-870. DOI:
10.1109/AFRCON.2002.1160027

M. Zajc, N. Suljanovi¢, A. Mujci¢, and J. F. Tasi¢, “Frequency characteristics
measurement of overhead high-voltage power-line in low radio-frequency range,”
IEEE Trans. Power Del., vol. 22, no. 4, pp. 2142-2149, Oct. 2007. DOI:
10.1109/TPWRD.2007.905369

M. D’Amore and M. S. Sarto, “A new formulation of lossy ground return
parameters for transient analysis of multiconductor dissipative lines,” IEEE Trans.
Power Del., vol. 12, no. 1, pp. 303-314, Jan. 1997. DOI: 10.1109/61.568254

P. Amirshahi and M. Kavehrad, “Medium voltage overhead power-line broadband
communications; Transmission capacity and electromagnetic interference,” in
Proc. IEEE Int. Symp. Power Line Commun. Appl., Vancouver, BC, Canada, Apr.
2005, pp. 2-6. DOI: 10.1109/ISPLC.2005.1430454

M. D’Amore and M. S. Sarto, “Simulation models of a dissipative transmission
line above a lossy ground for a wide-frequency range. I: Single conductor
configuration,” IEEE Trans. Electromagn. Compat., vol. 38, no. 2, pp. 127-138,
May 1996. DOI: 10.1109/15.494615

M. D’Amore and M. S. Sarto, “Simulation models of a dissipative transmission
line above a lossy ground for a wide-frequency range. II: Multi-conductor
configuration,” IEEE Trans. Electromagn. Compat., vol. 38, no. 2, pp. 139-149,
May 1996. DOI: 10.1109/15.494616

J. Anatory and N. Theethayi, “On the efficacy of using ground return in the
broadband power-line communications-A transmission-line analysis,” IEEE Trans.
Power Del., wvol. 23, no. 1, pp. 132-139, Jan. 2008. DOI:
10.1109/TPWRD.2007.910987

J. R. Carson, “Wave propagation in overhead wires with ground return,” Bell Syst.
Tech. J., vol. 5, pp. 539-554, 1926. DOI: 10.1002/1.1538-7305.1926.tb00122.x

H. Kikuchi, “Wave propagation along an infinite wire above ground at high
frequencies,” Proc. Electrotech. J., vol. 2, pp. 73-78, Dec. 1956.

H. Kikuchi, “On the transition form a ground return circuit to a surface
waveguide,” Proc. Int. Congr. Ultrahigh Frequency Circuits Antennas, Paris,
France, Oct. 1957, pp. 39-45.

R. Pighi and R. Raheli, “On Multicarrier Signal Transmission for High-Voltage
Power Lines," in Proc. IEEE Int. Symp. Power Line Commun. Appl., Vancouver,
BC, Canada, Apr. 2005, pp. 32-36. DOI: 10.1109/ISPLC.2005.1430460

Tr Ren Energy, 2015, Vol.1, No.2, 87-118. doi:10.17737/tre.2015.1.2.0011 114



Peer-Reviewed Article Trends in Renewable Energy, 1

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

N. Suljanovié, A. Mujci¢, M. Zajc, and J. F. Tasi¢, “Integrated communication
model of the HV power-line channel,” in Proc. IEEE Int. Symp. Power Line
Communications and Its Applications, Zaragoza, Spain, Mar/Apr. 2004, pp. 79-84.
F. Issa, D. Chaffanjon, E. P. de la Bathie, and A. Pacaud, “An efficient tool for
modal analysis transmission lines for PLC networks development,” presented at
the IEEE Int. Conf. Power Line Communications and Its Applications, Athens,
Greece, Mar. 2002.

W. Villiers, J. H. Cloete, L. M. Wedepohl, and A. Burger, “Real-time sag
monitoring system for high-voltage overhead transmission lines based on power-
line carrier signal behavior,” IEEE Trans. Power Del., vol. 23, no. 1, pp. 389-395,
Jan. 2008. DOI: 10.1109/TPWRD.2007.905550

S. G. Lodwig and C. C. Schuetz, “Coupling to control cables in HV substations,”
in Proc. IEEE Int. Symp. ElectroMagentic Compatibility, Montreal, Canada, Mar.
2001, pp. 249-253. DOI: 10.1109/ISEMC.2001.950621

D. Anastasiadou and T. Antonakopoulos, “Multipath characterization of indoor
power-line networks,” IEEE Trans. Power Del., vol. 20, no. 1, pp. 90-99, Jan.
2005. DOI: 10.1109/TPWRD.2004.832373

S. Barmada, A. Musolino, and M. Raugi, “Innovative model for time-varying
power line communication channel response evaluation,” [EEE J. Sel. Areas
Commun., vol. 24, mno. 7, pp. 1317-1326, Jul. 2006. DOI:
10.1109/JSAC.2006.874426

R. S. Prabhu and B. Daneshrad, “Energy-efficient power loading for a MIMO-
SVD system and its performance in flat fading,” in Proc. IEEE Global
Telecommunications Conference, Miami, FL, USA, Dec. 2010, pp. 1-5. DOI:
10.1109/GLOCOM.2010.5683485

A. G. Kanatas, D. Vouyioukas, G. Zheng, and L. Clavier, “Beamforming
Techniques for Wireless MIMO Relay Networks,” International Journal of
Antennas and Propagation, vol. 2014, Article ID 354714, 2 pages, 2014. DOI:
10.1155/2014/354714

E. Biglieri, J. Proakis, and S. Shamai (Shitz), “Fading channels: Information
theoretic and communications aspects,” IEEE Trans. Inform. Theory, vol. 44, pp.
2619-2692, Oct. 1998. DOI: 10.1109/18.720551

L. M. Kuhn, S. Berger, I. Hammerstrom, and A. Wittneben, “Power line enhanced
cooperative wireless communications,” IEEE J. Sel. Areas Commun., vol. 24, no.
7, pp. 1401-1410, Jul. 2006. DOI: 10.1109/JSAC.2006.874407

NATO, “HF Interference, Procedures and Tools (Interférences HF, procédures et
outils) Final Report of NATO RTO Information Systems Technology,” RTO-TR-
ISTR-050, Jun. 2007, [Online]. Available:

http://ftp.rta.nato.int/public/PubFull Text/RTO/TR/RTO-TR-IST-050/$$ TR-IST-
050-ALL.pdf

Ofcom, “Amperion PLT Measurements in Crieff,” Ofcom, Tech. Rep., Sept. 2005,
[Online]. Available:
http://www.ofcom.org.uk/research/technology/research/archive/cet/powerline/
NTIA, “Potential interference from broadband over power line (BPL) systems to
federal government radio communications at 1.7-80 MHz Phase 1 Study Vol. 1,”
NTIA Rep. 04-413, Apr. 2004, [Online]. Available:
http://www.ntia.doc.gov/ntiahome/fcctilings/2004/bpl/

Tr Ren Energy, 2015, Vol.1, No.2, 87-118. doi:10.17737/tre.2015.1.2.0011 115


http://ftp.rta.nato.int/public/PubFullText/RTO/TR/RTO-TR-IST-050/$$TR-IST-050-ALL.pdf
http://ftp.rta.nato.int/public/PubFullText/RTO/TR/RTO-TR-IST-050/$$TR-IST-050-ALL.pdf
http://www.ofcom.org.uk/research/technology/research/archive/cet/powerline/
http://www.ntia.doc.gov/ntiahome/fccfilings/2004/bpl/

Peer-Reviewed Article Trends in Renewable Energy, 1

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

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

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

J. Song, C. Pan, Q. Wu, Z. Yang, H. Liu, B. Zhao, and X. Li, “Field Trial of
Digital Video Transmission over Medium-Voltage Powerline with Time-Domain
Synchronous Orthogonal Frequency Division Multiplexing Technology,” in Proc.
2007 IEEE Int. Symp. on Power Line Communications and its Applications,
ISPLC’07, pp. 559-564, Pisa, Italy, Mar. 2007. DOI:
10.1109/ISPLC.2007.371077

S. Liu and L. J. Greenstein, “Emission characteristics and interference constraint
of overhead medium-voltage broadband power line (BPL) systems,” in Proc.
IEEE Global Telecommunications Conf., New Orleans, LA, USA, Nov./Dec.
2008, pp. 1-5. DOI: 10.1109/GLOCOM.2008.ECP.560

R. Aquilué, 1. Gutierrez, J. L. Pijoan, and G. Sanchez, “High-voltage multicarrier
spread-spectrum system field test,” IEEE Trans. Power Del., vol. 24, no. 3, pp.
1112-1121, Jul. 2009. DOI: 10.1109/TPWRD.2008.2002847

M. Zimmermann and K. Dostert, “Analysis and modeling of impulsive noise in
broad-band powerline communications,” IEEE Trans. Electromagn. Compat., vol.
44, no. 1, pp. 249-258, Feb. 2002. DOI: 10.1109/15.990732

M. Katayama, T. Yamazato, and H. Okada, “A mathematical model of noise in
narrowband power line communication systems,” /[EEE J. Sel. Areas Commun.,
vol. 24, no. 7, pp. 1267-1276, Jul. 2006. DOI: 10.1109/JSAC.2006.874408

R. Aquilué, M. Ribo, J. R. Regué, J. L. Pijoan, and G. Sanchez, “Scattering
Parameters-Based Channel Characterization and Modeling for Underground
Medium-Voltage Power-Line Communications,” [EEE Trans. Power Delivery,
vol. 24, no. 3, pp. 1122-1131, Jul. 2009. DOI: 10.1109/TPWRD.2008.2002963

S. Cui, A. J. Goldsmith, and A. Bahai, “Energy-constrained modulation
optimization for coded systems,” in Proc. IEEE Global Telecommunications
Conference, San Francisco, CA, USA, Dec. 2003, pp. 372-376. DOI:
10.1109/GLOCOM.2003.1258264

S. Cui, A. J. Goldsmith, and A. Bahai, “Energy-constrained modulation
optimization,” IEEE Trans.Wireless Commun., vol. 4, no. 5, pp. 2349-2360, Sep.
2005. DOI: 10.1109/TWC.2005.853882

M. Steyaert, B. De Muer, P. Leroux, M. Borremans, and K. Mertens, “Low-
voltage low-power CMOS-RF transceiver design,” [EEE Trans. Microwave
Theory Tech., vol. 50, pp. 281-287, Jan. 2002. DOI: 10.1109/22.981281

P. J. Sullivan, B. A. Xavier, and W. H. Ku, “Low voltage performance of a
microwave CMOS Gilbert cell mixer,” IEEE J. Solid-Sate Circuits, vol. 32, pp.
1151-1155, July 1997. DOI: 10.1109/4.597309

G. Koutitas, “Green network planning of single frequency networks,” IEEE Trans.
on Broadcasting, vol. 56, mno. 4, pp. 541-550, Dec. 2010. DOI:
10.1109/TBC.2010.2056252

International Energy Agency (IEA), “CO: emissions from fuel combustion —
Highlights,” IEA Statistics Rep., 2009.

Tr Ren Energy, 2015, Vol.1, No.2, 87-118. doi:10.17737/tre.2015.1.2.0011 116


http://www.ofcom.org.uk/research/technology/research/archive/cet/powerline/ds2.pdf
http://www.ofcom.org.uk/research/technology/research/archive/cet/powerline/ds2.pdf

Peer-Reviewed Article Trends in Renewable Energy, 1

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

D. Gesbert, M. Shafi, D. S. Shiu, P. Smith, and A. Naguib, “From theory to
practice: An overview of MIMO space-time coded wireless systems,” IEEE J. Sel.
Areas. Commun., vol. 21, no. 3, pp. 281-302, Apr. 2003. DOI:
10.1109/JSAC.2003.809458

H. Latchman and L. Yonge, “Power line local area networking (Guest Editorial),”
IEEE Commun. Mag., vol. 41, no. 4, pp. 32-33, Apr. 2003.

E. Fortunato, A. Garibbo, and L. Petrolino, “An experimental system for digital
power line communications over high voltage electric power lines—field trials and
obtained results,” in Proc. IEEE Int. Symp. Power Line Communications and Its
Applications, Kyoto, Japan, Mar. 2003, pp. 26-31.

J. Anatory, N. Theethayi, and R. Thottappillil, “Power-line communication
channel model for interconnected networks-Part II: Multiconductor system,”
IEEE Trans. Power Del., vol. 24, no. 1, pp. 124-128, Jan. 2009. DOI:
10.1109/TPWRD.2008.2005681

T. Yoo and A. Goldsmith, “Capacity and Power Allocation for Fading MIMO
Channels With Channel Estimation Error,” /IEEE Trans. Information Theory, vol.
52,no. 5, pp. 2203-2214, May 2006. DOI: 10.1109/TIT.2006.872984

M. Antoniali, A. M. Tonello, M. Lenardon, and A. Qualizza, “Measurements and
analysis of PLC channels in a cruise ship,” in Proc. IEEE Int. Symp. Power Line
Communications and Its Applications, Udine, Italy, Apr. 2011, pp. 102—-107. DOI:
10.1109/ISPLC.2011.5764372

N. Pine and C. Sangho, “Modified multipath model for broadband MIMO power
line communications,” in Proc. IEEE Int. Symp. Power Line Commun. Appl.,
Beijing, China, Mar. 2012, pp. 292-297. DOI: 10.1109/ISPLC.2012.6201312

A. Tomasoni, R. Riva, and S. Bellini, “Spatial correlation analysis and model for
in-home MIMO power line channels,” in Proc. IEEE Int. Symp. Power Line
Commun. Appl., Beijing, China, Mar. 2012, pp. 286-291. DOLI:
10.1109/ISPLC.2012.6201325

D. Schneider, A. Schwager, W. Baschlin, and P. Pagani, “European MIMO PLC
field measurements: Channel analysis,” in Proc. IEEE Int. Symp. Power Line
Commun. Appl., Beijing, China, Mar. 2012, pp. 304-309. DOLI:
10.1109/ISPLC.2012.6201316

C. Xiong, G. Y. Li, S. Zhang, Y. Chen, and S. Xu, “Energy- and spectral-
efficiency tradeoff in downlink OFDMA networks,” [EEE Trans. Wireless
Commun., vol. 10, no. 11, pp. 3874-3886, Nov. 2011. DOLI:
10.1109/TWC.2011.091411.110249

G. P. Green, “Amenities and community economic development: Strategies for
sustainability,” Journal of Regional Analysis and Policy, vol. 31, no. 2, pp. 61-76,
2001.

G. T. Heydt, R. Ayyanar, K. W. Hedman, and V. Vittal, “Electric Power and
Energy Engineering: The First Century,” Proceedings of the IEEE, vol. 100, pp.
1315-1328, May 2012. DOI: 10.1109/JPROC.2012.2187130

S. S. Pappas, L. Ekonomou, D. C. Karamousantas, G. E. Chatzarakis, S. K.
Katsikas, and P. Liatsis, “Electricity Demand Loads Modeling Using
AutoRegressive Moving Average (ARMA) Models,” Energy, vol. 33, no. 9, pp.
1353-1360, 2008. DOI: 10.1016/j.energy.2008.05.008

I. C. Demetriou, “An Application of Best L1 Piecewise Monotonic Data
Approximation to Signal Restoration,” IAENG International Journal of Applied

Tr Ren Energy, 2015, Vol.1, No.2, 87-118. doi:10.17737/tre.2015.1.2.0011 117



Peer-Reviewed Article Trends in Renewable Energy, 1

[131]

[132]

[133]

[134]

Mathematics, to appear. [Online]. Available:
http://www.iaeng.org/IJAM/issues_v43/issue 4/IJAM 43 4 09.pdf

I. C. Demetriou, “LIPMA: A Fortran 77 Package for Best L1 Piecewise
Monotonic Data Smoothing”, Computer Physics Communications, vol. 151, no. 1,
pp. 315-338, 2003. DOI: 10.1016/S0010-4655(02)00739-7

G. Athanasiou, I. Karafyllis, and S. Kotsios, “Price Stabilization Using Buffer
Stocks,” Journal of Economic Dynamics and Control, vol. 32, no. 4, pp. 1212-
1235, 2008. DOI: 10.1016/j.jedc.2007.05.004

S. Kotsios, “Stabilization of Certain Discrete Volterra Systems an Algorithmic
Approach,” in Proc. of IEEE 2014 11th International Conference on Informatics
in Control, Automation and Robotics (ICINCO), Vienna, Austria, vol. 1, pp. 629-
634, Sep. 2014.

I. C. Demetriou and E. E. Vassiliou, “An algorithm for distributed lag estimation
subject to piecewise monotonic coefficients,” IAENG Int. J. Appl. Math, vol. 39,
no. 1, pp. 82-91, 2009.

Article copyright: © 2015 Athanasios G. Lazaropoulos. This is an open access article
distributed under the terms of the Creative Commons Attribution 4.0 International
License, which permits unrestricted use and distribution provided the original author and
source are credited.

Tr Ren Energy, 2015, Vol.1, No.2, 87-118. doi:10.17737/tre.2015.1.2.0011 118


http://www.iaeng.org/IJAM/issues_v43/issue_4/IJAM_43_4_09.pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

