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Statistical Broadband over Power Lines Channel Modeling —
Part 2: The Numerical Results of the Statistical Hybrid Model

Athanasios G. Lazaropoulos™

Abstract—This second paper presents the numerical evaluation of the statistical hybrid model for a
number of indicative overhead medium-voltage (OV MV) and underground medium-voltage (UN MV)
broadband over power lines (BPL) topologies. In essence, this paper assesses the effect of a number of
key factors already reported in [1], such as the distribution power grid type, BPL topology class, coupling
scheme, channel attenuation statistical distribution, and injected power spectral density (IPSD) limits,
on the computed capacity ranges of the statistical hybrid model. For the assessment of the different
channel attenuation statistical distributions, the graphical analysis and the proposed metrics of capacity
percentage change and average absolute capacity percentage change are demonstrated while two rules
of thumb estimating the fidelity results are also proposed.

1. INTRODUCTION

The theoretical framework and flowchart of the statistical hybrid model have already been presented
in [1] while the inputs, outputs, and required processes of the statistical hybrid model have been detailed
there. In brief, the statistical hybrid model is first based on the formality and validity of the well-known
deterministic hybrid model which is simply denoted as hybrid model [2-10]. In fact, hybrid model
exploits its two interconnected modules, say the bottom-up approach module and top-down approach
module, so that channel attenuation results can be computed for given multi-transmission line (MTL)
distribution configurations, overhead medium-voltage (OV MV) and underground medium-voltage (UN
MV) broadband over power lines (BPL) topologies, and applied coupling schemes. A number of
indicative OV MV and UN MV BPL topologies are assumed so that these distribution BPL topologies
act as the representative ones of respective BPL topology classes. The inputs of the statistical hybrid
model coincide with those of the hybrid model that are the distribution power grid type (either OV MV
or UN MV), indicative distribution BPL topology of Tables 1 and 2 of [1], respective distribution MTL
configuration, and applied coupling scheme. Second, the statistical hybrid model exploits the Gaussian,
Lognormal, Wald, Weibull, and Gumbel channel attenuation distributions of [1], which are based on the
respective well-known statistical distributions and are widely used in the communications research fields.
By appropriately filtering the channel attenuation results of the hybrid model in terms of the maximum
likelihood estimators (MLEs) of the respective indicative BPL topologies, channel attenuation statistical
distributions enrich the assumed distribution BPL topology classes with statistically equivalent BPL
topologies. Third, statistical hybrid model computes the capacities of all the available BPL topologies
for given distribution BPL topology class, electromagnetic interference (EMI) limits, coupling schemes,
and noise levels, thus estimating the capacity range of each BPL topology class. All the aforementioned
processes are synopsized in the six phases of the statistical hybrid model that are detailed in [1].
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The rest of this paper is organized as follows. In Section 2, the numerical results of the statistical
hybrid model are demonstrated with focus on the impact assessment of the distribution power grid type,
t BPL topology class, coupling scheme, channel attenuation statistical distribution, and injected power
spectral density (IPSD) limits of EMI limits on the computed capacity ranges of the statistical hybrid
model.

2. NUMERICAL RESULTS AND DISCUSSION

In this Section, numerical results concerning the operation of the statistical hybrid model are
demonstrated. More specifically, the key factors, which are the distribution power grid type, BPL
topology class, coupling scheme, channel attenuation statistical distribution, and IPSD limits, that
mainly influence the operation of the statistical hybrid model have already been reported in [1] and
are here assessed. In order to execute the performance assessment of the statistical hybrid model, the
default operation settings of the statistical hybrid model need to be reported, namely:

e With reference to Tables 1 and 2 of [1], the indicative topologies of OV MV and UN MV BPL
networks, as well as their respective MTL configurations, are assumed with the purpose of enriching
the respective BPL topology classes. As the members of each BPL topology class are concerned,
100 member distribution BPL topologies (i.e., P = 100) are assumed to be added in each BPL
topology class per channel attenuation statistical distribution through the statistical hybrid model
flowchart described in [1].

e To compute coupling scheme channel attenuation differences of Eq. (5) of [1], the circuital
parameters of the hybrid model of Section 2.2 in [1] are first assumed in this paper. Second,
the BPL signals are injected into and extracted from the lines by applying the CS2 module as
detailed in [8,10]. Coupling scheme types 1, 2 and 3 are examined in this paper while WtG! and
StP! coupling schemes are assumed to be the default ones for the assessment of OV MV and UN
MYV BPL topology classes, respectively.

e During the computation of the coupling scheme channel attenuation differences in the Phase B
of [1], only positive values are expected while in the scarce cases of negative and zero coupling
scheme channel attenuation differences, the coupling scheme channel attenuation differences are
assumed to be equal to an arbitrarily low value, say 1 x 10711, Instead of zero, the value 1 x 10711
is assumed so that MLEs of Lognormal, Wald, and Weibull channel attenuation distributions, which
comprise natural logarithms and denominators, can be calculated.

e Since FCC Part 15 [11], German Reg TP NB30 [12], and BBC/NATO Proposal [13], which are the
IPSD limit proposals concerning EMI policies for BPL systems, are all well defined in the frequency
range 3-30 MHz, this frequency range is used in this paper. For the required capacity computations
of the statistical hybrid model, the flat-fading subchannel frequency spacing is assumed to be equal
to 0.1 MHz (i.e., fs = 0.1 MHz) that implies 270 subchannels in the frequency range of interest (i.e.,
Q = 270). FCC Part 15 is assumed to be the default EMI policy in this paper while —60 dBm/Hz
and —40dBm/Hz are the FCC Part 15 IPSD limits p (-) suitable for the operation of OV MV and
UN MV BPL topologies, respectively [4, 6, 14].

During the capacity computations, uniform additive white Gaussian noise (AWGN) PSD levels
are assumed in accordance with the FL noise model of [15,16]. As the noise properties of OV MV
and UN MV BPL networks are regarded in the 3-30 MHz frequency range [4,6,17-19], —105dBm/Hz
and —135dBm/Hz are the appropriate AWGN PSD limit levels N () for OV MV and UN MV BPL
networks, respectively.

2.1. OV MV and UN MV MTL Configurations

As the default operation settings have already been presented and assumed, in Table 1, MLEs of the
Gaussian, Lognormal, Wald, Weibull, and Gumbel channel attenuation distributions are reported for
the indicative OV MV BPL topologies of Table 1 of [1] while in Table 2, MLEs of the aforementioned
channel attenuation distributions are reported for the indicative UN MV BPL topologies of Table 2
of [1].
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From Tables 1 and 2, several initial observations can be made concerning the MLE computation of
the statistical hybrid model during the default operation settings, namely:
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characterized by a rich multipath environment that further implies high coupling scheme channel
attenuation differences AAlGl’C (f) in Phase B of [1]. Since MLE computation of Phase C of [1] is

based on the coupling scheme channel attenuation differences, which assess the channel attenuation
difference between the examined BPL topology and respective distribution “LOS” topology, the
aforementioned MLEs of urban BPL topologies present higher values than the ones of suburban,
rural, and “LOS” topologies in all the cases examined. Same results also occur for 6&%‘1153‘”,
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Table 1. MLEs of channel attenuation statistical distributions of indicative OV MV BPL topologies
for default operation settings (say, WtG!/StP! coupling scheme).

Topology | BPL Topology Gaussian MLEs Lognormal MLEs Wald MLEs Weibull MLEs Gumbel MLEs
Name Class ~ Gaussian | 2 Gaussian | 2 al 2 al 2 wa 2 Wa ~ Wei ~ Wei ~ ~
Descripﬁon Ml(\_‘v/;il};smn GI\GA(EJEsMn hoigormdl GIl\‘/loliggormdl Mxﬁléi xilg ax]ej]};u” xﬁl]};u“ afdinébel G](\}/[lﬁgbel
Urban case | Typical OV MV | 12.78 11.51 1.71 3.47 1278 | 6.78x10"° | 12.21 0.88 7.64 7.84
A BPL urban
topology class
Urban case | Aggravated OV | 17.83 13.31 2.53 0.970 17.83 10.54 19.40 1.34 9.73 11.92
B MYV BPL urban
topology class
Suburban OV MV BPL 7.49 9.64 1.06 2.67 7.49 1.36x10” 6.44 0.76 5.03 3.97
case suburban
topology class
Rural case | OV MV BPL 3.06 3.02 0.27 2.94 3.06 9.03x10™° 2.82 0.83 2.04 1.71
rural topology
class
“LOS” case | OVMV BPL | 1x10™" 0 -25.33 4x10™" Ix10™ | 2.62x10° | 1x10" S 1x10° | 1x10™""
“LOS”
transmission
class

Table 2. MLEs of channel attenuation statistical distributions of indicative UN MV BPL topologies.

Topology | BPL Topology Gaussian MLEs Lognormal MLEs Wald MLEs Weibull MLEs | Gumbel MLEs
N eseriogion | MSHE) S| Al S| AN | A | G| B g &g
Urban Typical UN 10.58 7.81 2.14 0.64 10.58 | 20.93 11.85 | 1.51 4.76 7.42
case A MYV BPL urban

topology class
Urban Aggravated UN 19.96 8.17 2.90 0.47 19.96 | 80.22 | 2248 | 2.63 7.20 16.02
case B MV BPL urban
topology class
Suburban UN MV BPL 7.04 2.73 1.85 0.49 7.04 24.70 790 | 2.80 2.64 5.67
case suburban
topology class
Rural UN MV BPL 3.54 1.23 1.21 0.35 3.54 27.14 395 | 2.84 1.02 3.00
case rural topology
class
“LOS” UN MV BPL 1x10™" 0 2533 | 4x10® | 1x10° {2.62x107 1x10™"" | oo | 1x107| 1x10™
case “LOS”
transmission
class
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e As already mentioned, the value of 1 x 107! is used instead of zero so that divisions by zero
during the MLE computation of Lognormal, Wald and Weibull channel attenuation distribution
are avoided. Due to this assumption, MLEs are observed in OV MV and UN MV “LOS” cases that
have rather a compromise character. Anyway, in accordance with the definition of the statistical
hybrid model, the OV MV and UN MV BPL topology classes of “LOS” case consist of only one
BPL topology each, say the indicative OV MV and UN MV “LOS” cases of the respective Tables 1
and 2 of [1]. Hence, “LOS” cases are not examined in the rest of the paper since the results of
the statistical hybrid model coincide with the ones of the hybrid model and do not offer useful
statistical findings except for their deterministic capacity output of the hybrid model.

Since MLEs of each channel attenuation statistical distribution for all the indicative BPL topology
classes for given power grid type and coupling scheme are available in Tables 1 and 2, respectively,
each BPL topology class is enriched with 100 topology members per channel attenuation statistical
distribution through the random number generator of Phase D, whose operation has been described
in [1]. Then, Phase E determines the coupling scheme transfer function of the members of each
BPL topology class for given power grid type, coupling scheme, and channel attenuation statistical
distribution while Phase F computes the maximum, average, and minimum capacities of each BPL
topology class among its 100 BPL topology members for given power grid type, coupling scheme,
channel attenuation statistical distribution, and EMI policy. In Fig. 1(a), the maximum, average, and
minimum capacities of the typical OV MV urban topology class are plotted for the Gaussian, Lognormal,
Wald, Weibull, and Gumbel channel attenuation distributions when the default operation settings of
the statistical hybrid model are considered. Also, the capacity of the indicative BPL topology of the
BPL topology class, say, OV MV urban case A, which is computed by the hybrid model, is used as the
base value of the figure. In Figs. 1(b)-1(d), same bar graphs are demonstrated with Fig. 1(a) but for
the aggravated OV MV BPL urban topology class, OV MV BPL suburban topology class, and OV MV
BPL rural topology class, respectively. Figs. 2(a)-2(d) are the same as Figs. 1(a)-1(d), respectively but
for the UN MV BPL topology classes.

The behavior of channel attenuation statistical distribution MLEs of Tables 1 and 2 is reflected on
the respective Figs. 1 and 2, namely:

e Capacity ranges of the different channel attenuation statistical distributions mainly depend on the
examined distribution power grid type. Actually, capacity ranges of the UN MV BPL topology
classes are significantly narrower than those of the OV MV BPL topology classes regardless of the
applied channel attenuation statistical distribution. This is because distance rather than multipath
is identified as the dominant factor affecting signal transmission in most UN MV BPL topologies
while the opposite occurs in OV MV BPL topologies, where the effect of multipath is significantly
more severe [7]. With reference to Eq. (6) of [1], since the coupling scheme channel transfer function
of UN MV BPL topologies mainly depends on the coupling scheme channel transfer function of
the UN MV “LOS” case rather on the random number line vector, capacities of UN MV BPL
topologies tend to present small differences with respect to the capacity of the “LOS” case. Thus,
the capacity ranges of UN MV BPL topology classes are expected to be narrow. The opposite
occurs in the case of OV MV BPL topology classes where wider capacity ranges are observed due
to the significant role of random number line vector during the computation of the coupling scheme
channel transfer function of OV MV BPL topologies.

e Both the following criteria should be satisfied so that a channel attenuation statistical distribution
can be considered as acceptable for the statistical hybrid model, namely: (i) capacity range of each
distribution BPL topology class comprises the capacity of the respective indicative distribution
BPL topology, and (ii) the average capacity value remains very close to the respective one of the
indicative distribution BPL topology. On the basis of the previous two criteria:

— As OV MV BPL topology classes are concerned, only Weibull channel attenuation succeeds in
satisfying both the criteria in all the BPL topology classes examined. Gaussian, Lognormal,
Wald, and Gumbel fail in one, three, four, and three OV MV BPL topology classes, respectively.
More specifically, Lognormal and Gumbel channel attenuation statistical distributions perform
well only in the OV MV BPL topology classes of intense multipath environment (i.e.,
aggravated OV MV BPL urban topology class) while Gaussian channel attenuation statistical
distribution performs well in all the OV MV BPL topology classes except for the OV MV
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Figure 1. Maximum, average and minimum OV MV BPL topology class capacities for the five examined
channel attenuation statistical distributions. (a) Typical OV MV BPL urban topology. (b) Aggravated
OV MV BPL urban topology. (¢) OV MV BPL suburban topology. (d) OV MV BPL rural topology.

BPL suburban one. Wald channel attenuation statistical distribution fails in successfully
estimating capacity for OV MV BPL topology classes due to the combination of low OV
MV “LOS” coupling coupling scheme channel transfer function values and the existence of
spectral notches.

— As UN MV BPL topology classes are concerned, all the examined channel attenuation
statistical distributions succeed in satisfying both the criteria in all the cases examined. All
the channel attenuation statistical distributions operate very well regardless of the degree
of multipath intensity since high UN MV “LOS” coupling coupling scheme channel transfer
function values remain the key element to be fitted.

e Regardless of the examined channel attenuation statistical distribution, when the capacity ranges
of a BPL topology class comprise the capacity of the respective indicative topology, the average
value of the capacity remains close enough to the capacity of the respective indicative topology
in all the cases examined. The opposite occurs when the capacity ranges of a BPL topology class
do not comprise the capacity of the respective indicative topology. Hence, there is no need for
graphically checking the success degree of the channel attenuation statistical distribution through
the capacity ranges and capacity average value but simply setting a capacity percentage threshold
that is going to examine the proximity between the average value of the capacity of the examined
BPL topology class and the capacity of the respective indicative topology.

To numerically assess the performance of channel attenuation statistical distributions during the
operation of the hybrid statistical model and to set the threshold of a successful capacity estimation from
a channel attenuation statistical distribution, the percentage change between each average capacity of
the distribution BPL topology class and the capacity of the indicative topology of the respective class
for the Gaussian, Lognormal, Wald, Weibull, and Gumbel channel attenuation distributions is now
proposed and given in Table 3. Also, at the bottom of Table 3, the average absolute percentage change
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Figure 2. Same curves with Fig. 1 but for the UN MV BPL topology classes.

Table 3. Percentage change between the average capacity of the distribution BPL topology class and
the capacity of the indicative topology of the respective class for the five examined channel attenuation
statistical distributions and default operation settings (say, WtG! /StP! coupling scheme and FCC Part
15). (grey background: best results, black background: unsuccessful capacity estimation).

Indicative BPL Percentage Change
Topology Name (%)
(OV MV Capacity / UN BP]])‘ Topology Class Gaussian Lognormal Wald Weibull Gumbel
MYV Capacity escription ov UN oV UN oV UNMV | OV |UNMV | OVMV | UNMV
in Mbps) MV MV MV MV MV
Urban case A Typical BPL urban class [} -0.48 -12.53 0.19 0.01 1.32 -0.16
(266 / 604) ‘
Urban case B Aggravated BPL urban -3.77 -0.03 2.04 -0.41 0.02 0.12 -0.03
(225/519) -
Suburban case BPL suburban class -4.18 -0.006 -12.18 -0.21 0.003 -0.26 0.012
(313/636) - ‘
Rural case BPL rural class -0.001 -14.89 -0.01 0.0004 -0.16 0.03
Average Absolute Percentage Change ‘
(%) RXU 0.13 10.41 0.21 0.01 0.47 0.06

of each channel attenuation statistical distribution is given per power grid type.
The numerical findings presented at Table 3 validate the observations made in Figs. 1(a)-1(d)
and 2(a)-2(d), namely:

e High values of percentage change indicate that the capacity estimation is unsuccessful.

In

accordance with the findings of Figs. 1(a)-1(d) and 2(a)-2(d), all the unsuccessful estimations are
demonstrated in black background color in Table 3. Here, a threshold of 3% can be defined so that
capacity estimations of percentage change, which remain greater than this threshold in absolute
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value, can be considered as unsuccessful ones. The rule of thumb of 3% threshold, denoted as first
rule of thumb hereafter, is valid in all the cases examined except for the OV MV BPL rural class
when Gumbel channel attenuation distribution is applied. Anyway, Gumbel channel attenuation
statistical distribution capacity ranges in the OV MV BPL rural class can be marginally considered
as unsuccessful ones since the maximum, average, and minimum capacity values remain enough
near the respective indicative OV MV BPL topology.

e The metric of the average absolute percentage change indicates the overall capacity performance
of the examined channel attenuation statistical distribution. Based on the proposed first rule
of thumb, if the average percentage change remains lower than 3% for given power grid type, the
examined channel attenuation statistical distribution can provide successful capacity estimations for
the BPL topology classes of the examined power grid type. Conversely, average absolute percentage
changes that remain higher than 3% entail unsuccessful capacity estimations; the higher the average
absolute percentage change remains, the more unsuccessful the capacity estimations per power grid
type are made by the channel attenuation statistical distribution.

e Apart from the success of the capacity estimations, the average absolute percentage change assesses
the quality of the estimations. More specifically:

— The lowest average percentage change in absolute value, say 0.12%, of the Weibull channel
attenuation statistical distribution among the other distributions for the OV MV power
grid type validates the graphical findings and the analysis of Figs. 1(a)-1(d). Anyway,
all the average absolute percentage changes of the examined channel attenuation statistical
distributions except for the Weibull one remain well above 3%. At the same time, if the
percentage change is uniquely examined for each OV MV BPL topology class, Weibull channel
attenuation statistical distribution again presents the lowest percentage change among the
other channel attenuation statistical distributions. In Table 3, the best percentage change and
average percentage change results for the OV MV BPL topology classes of the Weibull channel
attenuation statistical distribution are presented in grey background color.

— The lowest average percentage change, say 0.0004%, of the Wald channel attenuation statistical
distribution among the other distributions for the UN MV power grid type validates the
graphical findings and the analysis of Figs. 2(a)-2(d). In UN MV power grid, all the examined
channel attenuation statistical distributions present average percentage changes significantly
lower than the threshold of 3% implying the very successful capacity estimations already
recognized from Figs. 2(a)—(d) and the higher competition among the distributions. At the
same time, since all the UN MV BPL topology class percentage changes of the examined
channel attenuation statistical distributions remain lower than 3%, the two criteria of a
successful capacity estimation revealed from Figs. 2(a)-2(d) are here verified. Similar to OV
MYV BPL topology classes, in Table 3, the best percentage change and average percentage
change results for the UN MV BPL topology classes of the Wald channel attenuation statistical
distribution are presented in grey background color.

In accordance with the graphical analysis and the percentage change analysis of this Subsection
for the default operation settings, UN MV capacity estimations remain more successful than OV MV
ones while Weibull and Wald channel attenuation statistical distributions perform the best capacity
estimations in OV MV and UN MV power grid types for all the examined BPL topology classes.

2.2. Statistical Hybrid Model, Channel Attenuation Statistical Distributions and EMI
Policies

Since OV MV and UN MV BPL networks may become both a source and a victim of EMI, a critical issue
related to BPL technology has to do with the EMI policies that should be imposed to ensure the right
EMI operation of BPL systems with the one of other already existing wireless and telecommunications
systems [4,6,17,20-23]. Among regulatory bodies that have established EMI policies concerning BPL
network operation and the corresponding emissions from BPL equipment, three typical EMI policies
from national bodies are examined in this paper, namely: FCC Part 15, German Reg TP NB30, and
BBC/NATO Proposal. Instead of the formal comprehensive compliance testing procedures that require
electromagnetic field measurements at each BPL system, a simpler regulatory approach is applied by
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limiting IPSD limits to a level that BPL systems do not produce EMI exceeding certain limits in
most circumstances. As the EMI policies from national bodies are concerned, the electromagnetic
field strength limits proposed by FCC Part 15, German Reg TP NB30, and BBC/NATO Proposal are
presented in [13, 20, 23, 24] while the respective IPSD limits p (-) are computed in [13].

Until now, the different channel attenuation statistical distributions of the hybrid statistical model
have been assessed when the default operation settings, which comprise FCC Part 15 IPSD limits, are
assumed. Since no MTL configuration, BPL topology, and coupling scheme changes occur, the MLEs
of channel attenuation statistical distributions of indicative OV MV and UN MV BPL topologies that
are reported in the respective Tables 1 and 2 remain the same. With reference to Eqs. (3) and (6)
of [1], since the coupling scheme channel attenuation values, which are based on MLEs of Tables 1 and
2, also remain same during the capacity computations for given power grid type, BPL topology class
and channel attenuation statistical distribution, the capacity only depends on the applied IPSD limits
p ().

To numerically assess the performance of channel attenuation statistical distributions during the
operation of the hybrid statistical model when lower IPSD limits than those of FCC Part 15 are applied,
the percentage change between each average capacity of the distribution BPL topology class and the
capacity of the indicative topology of the respective class for the same channel attenuation distributions
with Table 2 when German Reg TP NB30 is applied is given in Table 4. Similar to Table 3, at the
bottom of the table, the average percentage change of each channel attenuation statistical distribution
is given per power grid type. In Table 5, same table as Table 4 is given but for the application of
BBC/NATO Proposal.

By comparing Tables 4 and 5 with Table 3, it is evident that the success and performance of
channel attenuation statistical distributions of the statistical hybrid model drastically depend on the

Table 4. Same with Table 3 but for German Reg TP NB30.

Indicative BPL Percentage Change
Topology Name (%)
(OV MV Capacity / BPL To;?olc.)gy Class Gaussian Lognormal Wald Weibull Gumbel
UN MV Capacity Description ov UN OV | UNMV| OV |UNMV| OVMV | UNMV
in Mbps) MV MV MV
Urban case A Typical BPL urban class 1.97 -1.29 286.8 0.56 -0.27 24.01 -2.64
(5.99/218)
Urban case B Aggravated BPL urban 29.77 1.40 -1.37 58.60 0.49
(3.93/ 144)
Suburban case BPL suburban class 115.7 0.08 0.06 -3.57 0.57
(10.75/ 248)
Rural case BPL rural class 55.79 0.0031 0.08 -9.01 0.62
(14.88 /280)
Average Absolute Percentage Change
(%) 0.44 1.08
Table 5. Same with Table 3 but for BBC/NATO proposal.
Indicative BPL Percentage Change
Topology Name (%)
(OV MV Capacity/UN | BPL Topology Class Gaussian Lognormal Wald Weibull Gumbel
MYV Capacity Description oV UN oV UN oV UNMV | OV UNMV | OVMV|UNMV
in Mbps)
Urban case A Typical BPL urban class
(0.0017/9.83) 14.28 87.67 ‘ 10.78 354.4
Urban case B Aggravated BPL urban
(0.0011/ 4.65) 5. -30.91 -36.18 65
Suburban case BPL suburban class
(0.0032/14.28) -2.22 14.01 ‘ b 136.8
Rural case BPL rural class
(0.0045 / 22.09) -7.97 . -2, I 67.80
Average Absolute Percentage Change
(%) 11.36 11.90 26.69 ‘ 11.83 146.2
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applied IPSD limits. Actually, the selection of the more EMI protective to other telecommunication
services IPSD limits (i.e., German Reg TP NB30 and BBC/NATO proposal) entail significant capacity
reductions either in OV MV or in UN MV BPL systems, which are already highlighted in Tables 4 and 5.
Practically, the broadband character of the BPL technology is eliminated when such low IPSD limits are
adopted. At the same time, the frequency selective character of German Reg TP NB30 and BBC/NATO
proposal should be reminded, which is described in Table 3 of [25], in contrast to FCC Part 15 limits in
the 3-30 MHz frequency range. Apart from the low capacities, the reduction of IPSD limits also entails
an increase of the number of unsuccessful capacity estimations from channel attenuation statistical
distributions that is anyway numerically verified by the increase of average absolute percentage changes
regardless of the examined power grid type and channel attenuation statistical distribution. The latter
is explained by the fact that the examined channel attenuation statistical distributions create a random
number line vector (see Phase D of [1]) across the 3-30 MHz frequency range that is directly subtracted
by the coupling scheme channel transfer function of the indicative “LOS” case for given power grid type
and coupling scheme. As the IPSD limits become lower and more frequency selective, the frequency
locations of the minima and maxima of the random number line vector become important in comparison
with the relatively higher IPSD limits of FCC Part 15.

Apart from the general increase of the average absolute percentage change, lower IPSD limits
differently affect the capacity estimation in terms of the power grid type and the BPL topology class,
namely:

e As already mentioned, the capacity estimation of the channel attenuation statistical distributions
remains more successful for the OV MV BPL topology classes when IPSD limits remain high
enough. As IPSD limits become lower, the percentage change of all OV MV BPL topology classes
increases while capacity estimations of OV MV BPL topology classes that are more prone to
multipath transmission (i.e., typical OV MV BPL urban and aggravated OV MV BPL urban
classes) become unsuccessful. Actually, Gaussian and Lognormal channel attenuation statistical
distributions successfully estimate the capacity of the typical OV MV BPL urban class of German
Reg TP NB30 and aggravated OV MV BPL urban class, respectively. In contrast, Weibull channel
attenuation statistical distribution, which was the most suitable for estimating the capacity of OV
MYV BPL topology classes for FCC Part 15 regardless of the examined OV MV BPL topology class,
remains the most suitable in OV MV BPL rural class for the capacity estimations regardless of
the applied IPSD limits. However, with reference to average absolute percentage change, there is
no channel attenuation statistical distribution that can successfully cope with all the OV MV BPL
topology classes.

e As UN MV BPL topology classes are concerned when German Reg TP NB30 and BBC/NATO
proposal are applied, Wald channel attenuation stops to support the most successful capacity
estimations. When German Reg TP NB30 is assumed, Weibull and Lognormal channel attenuation
statistical distributions best estimate MLEs of typical and aggravated UN MV BPL urban classes,
respectively, while Gaussian channel attenuation statistical distribution best estimates the capacity
of UN MV BPL suburban and rural classes. During the application of German Reg TP NB30,
Lognormal channel attenuation statistical distribution is the only distribution that can successfully
cope with all the examined UN MV BPL classes with respect to its below 3% average absolute
percentage change. When BBC/NATO proposal is applied, capacities of typical and aggravated
UN MYV BPL urban classes cannot be successfully estimated by any channel attenuation statistical
distribution while capacities of UN MV BPL suburban and rural classes can be best estimated by
the Lognormal channel attenuation statistical distribution.

From the previous analysis, it is evident that the lower IPSD limits undermine capacity estimations
of the channel attenuation statistical distributions. The most affected distribution BPL topology classes
by the reduction of the IPSD limits are the OV MV BPL ones and the urban BPL topology classes
regardless of the power grid type. Apart from the different EMI policies, different coupling schemes,
which are supported by different coupling scheme modules, can be applied in distribution BPL networks.
The impact of the different coupling schemes on the performance of channel attenuation statistical
distributions of the statistical hybrid model is benchmarked in the following subsection.
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2.3. Statistical Hybrid Model, Channel Attenuation Statistical Distributions and
Coupling Schemes of CS2 Module

In accordance with [1,8,10], a coupling scheme module describes the injection of the input BPL signal
onto and the extraction of the output BPL signal from the power lines of BPL networks. The general
implementation of CS2 module, which is the most updated BPL coupling scheme module and applied
in this paper, is illustrated in Figs. 3(a) and 3(b) of [1] while its supported coupling schemes are
also reported in [8]. As already mentioned in [1], three different types of coupling schemes can be
supported namely: (1) Coupling Scheme Type 1: Wire-to-Ground (WtG) or Shield-to-Phase (StP)
coupling schemes for OV or UN BPL networks, respectively; (2) Coupling Scheme Type 2: Wire-to-
Wire (WtW) or Phase-to-Phase (PtP) coupling schemes for OV or UN BPL networks, respectively;
and (3) Coupling Scheme Type 3: MultiWire-to-Multi Wire (MtM) or MultiPhase-to-MultiPhase (MtM)
coupling schemes for OV or UN BPL networks, respectively. Among the available coupling schemes
of coupling scheme type 1, WtG! and StP' coupling schemes have been arbitrarily chosen among the
default operation settings due to their frequent and easy installation across OV and UN BPL networks,
respectively. In this subsection, one representative coupling scheme per coupling scheme type and power
grid type is examined, namely [10]: (i) as the coupling scheme type 2 is concerned, WtW'2 and PtP*2
coupling schemes are applied to OV MV and UN MV BPL topology classes, respectively; and (ii) as the
coupling scheme type 3 is concerned, MtM(l)fgﬁo_l__o.l coupling scheme is applied to MV BPL topology
classes.

Since different coupling schemes entail changes in coupling scheme channel attenuation values, the
MLEs of the five examined channel attenuation statistical distributions of indicative OV MV BPL
topologies of Table 1 of [1] are reported in Table 6 when the default operation settings are assumed
but for WtW'2 and MtM{§23,, _; coupling schemes of CS2 module. In Table 7, MLEs of the five
examined channel attenuation distributions are reported for the indicative UN MV BPL topologies of
Table 2 of [1] when the default operation settings are assumed but for PtP'? and MtM§22,, o1
coupling schemes of CS2 module.

By comparing Tables 6 and 7 with Tables 1 and 2, respectively, important observations can be
pointed out that describe the performance of channel attenuation statistical distributions during the
operation of the statistical hybrid model for the different coupling types of CS2 module. In accordance
with [10], by adopting CS2 module, WtW coupling schemes of OV MV BPL topologies and PtP coupling
schemes of UN MV BPL topologies become almost equivalent to respective WtG coupling schemes and
StP coupling schemes in terms of channel attenuation and capacity while MtM coupling schemes of OV
MYV BPL topologies and UN MV BPL topologies present slightly improved metrics in comparison with
the respective ones of WtG and StP coupling schemes. Hence, MLEs of Tables 6 and 7 present close
values either among them for given power grid type or to the ones of the respective Tables 1 and 2.

Apart from the coupling channel attenuation, MLEs, and capacity values, it is well known that the
different coupling schemes present different EMIs for given IPSD limits. As already mentioned in [10],
MtM and WtW/PtP coupling schemes with a careful selection of conductors and respective conductor
participation percentages may present significantly lower EMI than the EMI of WtG/StP coupling
schemes. Therefore, a careful relaxation of FCC Part 15 for MtM and WtW /PtP coupling schemes
that do not create additional EMI may produce significant capacity increase and better performance of
channel attenuation statistical distributions during the operation of the statistical hybrid model.

To numerically assess the performance of channel attenuation statistical distributions during the
operation of the hybrid statistical model when different coupling schemes are applied, the percentage
change between each average capacity of the distribution BPL topology class and the capacity of the
indicative topology of the respective class for the channel attenuation distributions of Tables 6 and
7 is given in Table 8 when the default operation settings are applied but for the WtW!'=2 and PtP'-?
coupling schemes for OV MV and UN MV BPL topology classes, respectively. Similar to Table 3, at the
bottom of the table, the average percentage change of each channel attenuation statistical distribution
is given per power grid type. In Table 9, same table as Table 8 is given but for the application of
MtM{ 221 _o.1 coupling scheme for OV MV and UN MV BPL topology classes.

By comparing Tables 8 and 9 with Table 3, it is evident that the similar behavior of different
coupling schemes in terms of MLEs is reflected on a similar behavior of percentage changes for given
distribution BPL topology class and channel attenuation statistical distribution regardless of the selected
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Table 6. Same with Table 1 but for WtW'~2 and MtM3*"3, ,, coupling schemes of CS2 module.
(blue: WtW coupling scheme/red: MtM coupling scheme).

Topology | BPL Topology G ian MLEs Lognormal MLEs Wald MLEs Weibull MLEs Gumbel MLEs
Name | Chss - [Thge [agme | g | s | e | | opwe | ol [ &
escription
Urban case | Typical OVMV | 12.77 11.85 1.69 3.48 12.77 7x10™ 12.09 0.86 19.37 15.58
A BPL urban /1277 /11.64 /1.71 /347 /12.77 /7x10™" /12.17 /0.88 /1922 | /14.83
topology class
Urban case | Aggravated OV 17.82 13.80 2.49 1.03 17.82 8.20 19.18 1.27 25.40 18.01
B MV BPL urban | /17.84 /13.54 /251 /0.99 /17.84 /19.65 /19.32 /131 /2526 | 11735
topology class
Suburban OV MV BPL 7.47 9.91 0.97 2.73 7.47 1x10° 6.19 0.72 13.42 16.15
case suburban /748 19.76 /1.03 /2.68 /7.48 /1x10° /6.34 10.75 /1333 | /1579
topology class
Rural case | OV MV BPL 2.81 323 -0.03 2.64 2.81 1x10” 229 0.71 4.58 3.71
rural topology /2.96 /3.16 /021 /2.54 /2.96 /1x10” /2.64 /0.80 /4.67 /3.50
class
“LOS” case | OV MV BPL 1x10" 4x107° 22533 4x10™"° 1x10™" 2621.44 1x10™"" 00/ 0 1x10™"" 0
“LOS” [1x10"" | 7 4x107 /-25.33 /4x10™ / 1x10™ /2621.44 /1x10™ /1x10™" /0
transmission
class

Table 7. Same with Table 2 but for PtP'? and MtM{23,, o, coupling schemes of CS2 module.
(blue: PtP coupling scheme/red: MtM coupling scheme).

Topology | BPL Topology G ian MLEs Lognormal MLEs Wald MLEs Weibull MLEs Gumbel MLEs
Name | (w1 weee [ | ame | oer | i e | awe | | osm|
Urban case Typical UN 10.58 7.81 2.14 0.64 10.58 20.9 11.85 1.51 15.04 10.66
A MV BPL urban /10.58 /781 /2.14 /0.64 /10.58 /209 /11.85 /151 /15.04 | /10.66
topology class
Urban case Aggravated 19.96 8.17 2.90 0.47 19.96 80.22 22.48 2.63 24.18 8.55
B UN MV BPL /19.96 /8.17 /2.90 /0.47 /19.96 /80.22 /2248 /2.63 /24.18 / 8.55

urban topology
class

Suburban | UN MV BPL 7.04 273 1.85 0.49 7.04 247 7.90 2.80 8.41 2.90
case suburban /7.04 1273 /1.85 /0.49 /7.04 /247 /7.90 /2.80 /841 | /290
topology class
Rural case | UN MV BPL 3.54 1.23 121 0.35 3.54 27.1 3.95 2.84 4.24 1.88
rural topology /3.54 /123 /121 /035 /3.54 /27.1 /3.95 /2.84 /424 | /188
class
“LOS” UN MV BPL Ix10™" 4x107° 25.33 4x10™ 1x10™" 2621.44 Ix10™ w0/ | 1x10™ 0
case “LOS” /1x10™" / 4x107° /-25.33 / 4x10™ /1x10™ /2621.44 /1x10™" [1x10™ | 70

transmission
class

coupling scheme. However, taking into account the small percentage change differences for given
distribution BPL topology class and channel attenuation statistical distribution, it can be noticed that
the percentage change remains inversely proportional to the capacity.

The aforementioned relation between percentage change and capacity implies that a second rule of
thumb in this paper, say, a rule of thumb between the spectral efficiency and the success of a channel
attenuation statistical distribution, can be proposed; for spectral efficiencies below 270 Mbps/27 MHz =
10 bps/Hz, the success of a channel attenuation statistical distribution becomes precarious. This second
rule of thumb is more evident in Tables 4 and 5 where low IPSD limits are adopted. However, even if high
IPSD limits of FCC Part 15 are applied, the second rule of thumb is evident in OV MV BPL topology
classes of Tables 3, 8, and 9 where only one channel attenuation statistical distribution (i.e., Weibull
channel attenuation statistical distribution) can successfully estimate capacities of all OV MV BPL
topology classes regardless of the applied coupling scheme. Anyway, the findings that occur in Table 3
are also valid in Tables 8 and 9, say: (i) UN MV capacity estimations remain more successful than
OV MYV ones regardless of the applied coupling scheme, and (ii) Weibull and Wald channel attenuation
statistical distributions perform the best capacity estimations in OV MV and UN MV power grid types
for all the examined BPL topology classes regardless of the applied coupling scheme. Note that the
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Table 8. Same with Table 3 but for WtW'2 and PtP? coupling schemes for OV MV and UN MV
BPL topology classes, respectively.

Indicative BPL Percentage Change
Topology Name (%)
(OV MYV Capacity / BPL Tol?ol(')gy Class Gaussian Lognormal Wald Weibull Gumbel
UN MV Capacity Description UN UN oV UN MV oV UNMV | OVMV | UNMV
in Mbps) MV MV MV MV
Urban case A Typical OV MV BPL
(232/550) urban class -0.52 0.22 0.01 1.72 -0.18
Urban case B Aggravated OV MV BPL
(193 /465) urban -0.04 -0.43 0.04 0.66 -0.04
Suburban case OV MV BPL suburban
(278 /582) class -0.01 -0.23 0.003 -0.27 0.02
Rural case OV MV BPL rural class
(317/613) -0.001 -0.01 0.0005 -0.20 0.03
Average Absolute Percentage Change
(%) 0.14 0.22 0.02 0.71 0.07

Table 9. Same with Table 3 but for MtM{ 33, _o; coupling scheme for OV MV and UN MV BPL
topology classes.

Indicative BPL Percentage Change
Topology Name (%)
(OV MV Capacity / UN Bplge::rli"i‘i’fl{ Class Lognormal Wald Weibull Gumbel
MYV Capacity P UN oV UN oV UN MV oV UN MV OV MV | UN MV
in Mbps) MV MV MV MV MV
Urban case A Typical OV MV BPL -
(243 /571) urban class -0.50 0.21 0.01 1.60 -0.17
Urban case B Aggravated OV MV BPL --
(203 /487) urban -0.04 3.00 . 0.03 0.34 -0.04
Suburban case OV MV BPL suburban -
(290/603) class -0.01 -11.74 -0.22 0.003 -0.27 0.02
Rural case OV MV BPL rural class -
(3277 635) -0.001 -11.43 -0.01 0.0004 -0.12 0.03
Average Absolute Percentage Change -
(%) 0.14 9.37 0.22 0.01 0.58 0.06

second rule of thumb is based on the metric of spectral efficiency in order to be able to be generalized
for future use in the 3-88 MHz frequency range of BPL operation.

Concluding this Section, there is no channel attenuation statistical distribution that can successfully
estimate the capacity for all the BPL topology classes, but the selection of the most suitable channel
attenuation statistical distribution depends on the power grid type, BPL topology class, IPSD limits,
and applied coupling scheme. In general terms, Weibull and Wald channel attenuation statistical
distributions perform the best capacity estimations in OV MV and UN MV power grid types when
relatively high IPSD limits occur.

3. CONCLUSIONS

In this second paper, the results of the statistical hybrid model have been presented while the
Gaussian, Lognormal, Wald, Weibull, and Gumbel channel attenuation statistical distributions have
been benchmarked for various power grid types, BPL topology classes, IPSD limits, and coupling
schemes.

Based on the theoretical framework of [1] and the findings of this paper, one of the most crucial
elements during the operation of the statistical hybrid model remains the estimation of MLEs for
given channel attenuation statistical distribution since it further influences the capacity estimations.
The success of a capacity estimation has been examined in terms of the proposed metrics of capacity
percentage change and average absolute capacity percentage change as well as the first rule of thumb. In
general terms, Weibull and Wald channel attenuation statistical distributions perform the best capacity
estimations in OV MV and UN MV power grids, respectively, regardless of the examined BPL topology
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class and the applied coupling scheme when IPSD limits remain relatively high (e.g., FCC Part 15).
EMI policies that are considered as more protective to the other telecommunications services already
coexisting with BPL systems are characterized by relatively lower IPSD limits (e.g., German Reg TP
NB30 and BBC/NATO proposal) that foment the success of a capacity estimation. With reference to
the values of capacity percentage change and average absolute capacity percentage change, as the IPSD
limits become lower, a successful capacity estimation becomes more difficult creating a mixed scenario
regarding the selection of the most suitable channel attenuation statistical distribution among the BPL
topology classes and power grid types. In fact, the success degree of a capacity estimation is relatively
proportional to the spectral efficiency of the representative indicative BPL topology of the examined
distribution BPL topology class. Converse to IPSD limits, different coupling scheme types do not
significantly affect the metrics of capacity percentage change and average absolute capacity percentage
change for given IPSD limits and, hence, the selection of the most suitable channel attenuation statistical
distribution. Concluding these two papers, the proposed statistical hybrid model can be considered as
a valuable simulation tool that can define and enrich BPL topology classes with realistic BPL topology
members.
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