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Abstract—We investigate the statistical behavior of power-line
communication (PLC) channels. It is inferred from the results ob-
tained with a statistical bottom-up channel simulator (described
in Part I of this paper) that uses an in-home topology model de-
rived from the observation of wiring practices and norms. It com-
putes channel transfer functions via the application of transmis-
sion-line theory. The comprehensive study includes the analysis
of the statistics of the path-loss profile, the average channel gain,
the root-mean-square delay spread, and the channel capacity. We
highlight the dependency on topological information as the net-
work layout area, the intensity of outlets, the backbone length, etc.
We furthermore propose a channel classification based either on
average capacity or topological information (e.g., the belonging of
outlets to rooms served by the same derivation box). We show that
the developed channel simulator constitutes a powerful theoret-
ical framework for the generation and analysis of statistically rep-
resentative channels with a strong connection to physical reality
and close match to the results obtained in the measurements cam-
paigns.

Index Terms—Channel modeling, power-line communications
(PLC).

I. INTRODUCTION

P OWER-LINE communications (PLC) are gaining great
interest from a research/development and a standardiza-

tion perspective. The development of reliable communication
techniques and protocols require the knowledge of the channel
statistics and the development of statistically representative
channel simulators. Although a lot of literature exists on deter-
ministic channel modeling, statistical modeling has attracted
attention only recently [1]–[10]. In [2], an analysis of the
channel statistics has been carried out from the results of a
measurement campaign of in-home networks presented in
[3]. From this set of results, two different top-down statistical
phenomenological channel simulators have been proposed in
[4] and [5]. More recently, a statistical analysis and a channel
simulator have been proposed in [6] starting from the database
of measurements collected in [7] according to the methodology
explained in [8]. These channel simulators are simple but miss
the connection with topological information. An early attempt
to include this information has been described in [9] where a
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bottom-up approach is followed and it focuses on the American
indoor scenario. From the observation of wiring practices and
norms in Europe, we have presented a statistical topology
model for in-home power-line networks in Part I of this work
[1]. Then, we have proposed an efficient method to compute the
channel transfer function using transmission-line (TL) theory
among pair of outlets of a given topology realization. The result
is a statistical bottom-up channel simulator that enables fast
generation of channel responses and, importantly, it maintains
connection with physical reality and topological information.

This paper presents an in-depth analysis of the statistics of
the power-line communications (PLC) in-home channel using
the simulator in [1] which is a powerful tool that allows infer-
ring the channel statistical behavior. Some preliminary studies
have been reported in [10]. The comprehensive analysis of this
paper includes the investigation of the statistics of the path-loss
profile, the average channel gain, the root-mean-square (rms)
delay spread, and the channel capacity. We highlight the depen-
dency on topological information as the network layout area,
the intensity of outlets, the backbone length, etc. We further-
more propose a channel classification based either on average
capacity or topological information (e.g., outlets served by the
same derivation box) or to different clusters.

We also carry out a comparison and show the consistency
with the results provided by the analysis of experimental data
reported in [3], [7], and [11]. Furthermore, the simulator is ca-
pable of representing the overall channel variability which may
be overshadowed by the relatively small number of channel re-
alizations (in the order of 200) collected via measurements [3],
[6]. Moreover, the analysis of measurements reported in the lit-
erature considers the ensemble of collected channels and does
not discriminate channels if they belong to networks with a dif-
ferent area, type of wiring, number of outlets, and so on. In this
respect, the analysis reported in this paper brings new light to
the understanding of the fundamental characteristics of in-home
PLC channels and their relation to common wiring practices and
topological information.

This paper is organized as follows. In Section II, we briefly
recall the aforementioned bottom-up random channel simulator.
Section III deals with the analysis of delay spread, average
channel gain, and path loss and the dependency of these metrics
to the topological features. The channel capacity is studied in
Section IV. The conclusions are then reported in Section V.

II. BOTTOM-UP RANDOM CHANNEL GENERATOR

We consider the statistical PLC channel simulator for
in-home networks that we have thoroughly described in the
first part of this paper [1]. For the sake of clarity, we herein
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summarize the main features. It has been implemented fol-
lowing a bottom-up approach starting from a statistical model
of in-home topologies. Then, for each topology realization, we
compute the channel transfer function among pairs of outlets
using an efficient method approach based on transmission-line
theory.

The topology model has been derived by the observation of
European norms and common wiring practices which shows that
the overall layout can be divided in clusters. Each cluster con-
tains a derivation box that gathers the wire connections with the
outlets. The derivation boxes are connected among them to dis-
tribute the energy from the main panel. Thus, to statistically rep-
resent reality, we have proposed partitioning a given topology
area in a number of clusters of identical area . The cluster
area is assumed to be uniformly distributed in a certain interval

. A derivation box (also referred to as root) is allo-
cated to each cluster and it is positioned in the top-left corner
with a random shift. The distance of the root from the top-left
corner is denoted with . Then, the outlets of a given cluster
are located on the perimeter and are assumed to be drawn from
a Poisson arrival process with intensity . The wire con-
nection between the root and the outlets is completed according
to a minimum distance criterion and follows with equal proba-
bility a bus structure along the perimeter (BP), a star topology
with minimum distance (SD), and a star topology with conduc-
tors placed along the perimeter (SP). The cable length of the
outlet-root connection is denoted by . The roots are directly
fed by the main panel or by the nearest root in the direction of the
main panel. A set of loads is used. They have been obtained
from measurements and are representative of typical lamps and
appliances. The probability that an outlet does not have any load
is . Finally, different size cables with certain electrical char-
acteristics are used for the root-root and root-outlet connections
to take into account that roots need to carry higher currents. The
specific set of parameters used is reported in the next section.

The channel transfer function (CTF) among two outlets (i.e.,
the insertion loss assuming a 50- receiver node impedance)
is computed in the frequency domain. The algorithm can be
considered as a scalar version of the ABCD matrix method as
shown in the Appendix of [1]. It appears to be particularly effi-
cient since it reduces complex networks to a backbone (shortest
path among the two considered nodes) with a certain number of
equivalent admittances connected in parallel to the backbone.
Each admittance is associated to a branch that departs from the
backbone. The backbone is divided in units, one per branch
or portion of the backbone with homogenous electrical prop-
erties. Then, the overall CTF is calculated via the product of the
input–output voltage ratio of the units.

III. CHANNEL STATISTICS

We study the statistics of the channel and, in particular, those
of the average channel gain, the path-loss profile, the delay
spread, and the channel capacity, taking into account their
dependency on the topology parameters.

TABLE I
SIMULATION SETUP OF THE BOTTOM-UP GENERATOR

FOR CHANNEL BAND 1–30 MHZ

A. Average Channel Gain

The average channel gain (ACG) for a given CTF realization
is defined as

(1)

where is the sampling frequency resolution and is the
ACG in decibels. We choose 100 kHz, 10, and

300 (therefore, the 1–30 MHz channel band). The ACG
is an important metric since the signal-to-noise ratio (SNR) at
the receiver input is a function of it. In fact, assuming a uniform
transmit power distribution with spectral density , and white
noise with power spectral density , we obtain for a given
channel realization .

We carry out a statistical analysis to understand the relations
between the ACG and the topology features. In particular, we
examine how the ACG is related to the topology area to the
intensity per-unit area of the outlets , to the probability that
no outlets are connected to a plug , and to the minimum length
of the backbone (i.e., considering the subset of channel re-
sponses associated with outlets whose backbone length is larger
than ).

We focus our attention on each individual parameter. The
default configuration of parameters is shown in bold (second
column) in Table I. When we study the impact of a specific pa-
rameter, we set the others to their correspondent bold values.
The cluster area is always considered as a uniformly dis-
tributed random variable between 15 and 45 m (as encoun-
tered in practice), while the number of considered topology re-
alizations is 1000. As an example, to exploit the impact of the
topology area on the ACG, we collect simulations from topolo-
gies of area 80, 160, and 240 m , generated with a default con-
figuration for the remaining parameters.

In Fig. 1, we plot the quantile-quantile (qq) plots of
versus the standard normal quantiles as a function of the param-
eters. The best normal fit is also shown for every case (dashed
lines). More in detail, in Fig. 1(a), we consider three area values,
while in Fig. 1(b), we vary the outlet intensity per-unit area, and
in Fig. 1(c), we vary the no-load probability. Finally, in Fig. 1(d),
we report the results for intracluster and intercluster channels.
This classification was introduced in [12]. The former class con-
siders channel realization associated with outlets belonging to
the same cluster, while the latter gathers channels between out-
lets in different clusters. We further recall that a cluster corre-
sponds to a small set of rooms served by the same derivation
box. When showing results for inter/intracluster channels, we
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Fig. 1. Average channel gain as a function of: (a) topology area, (b) per-unit
area outlet intensity, (c) probability of open outlets, and (d) inter/intracluster
channel classes.

modify the default configuration by setting to 0 m in order
to avoid any bias especially for intracluster channels that are as-
sociated with shorter backbone lengths.

The linear trends observed in almost every plot of Fig. 1,
allow us to speculate a log-normal behavior for the ACG. Devi-
ations from log-normality are found for high values (i.e., values
close to 0 dB). ACG values larger than 0 are possible since we
define the channel transfer function as the insertion loss between
the transmitter and receiver outlets.

We report the standard deviation, the minimum, mean, and
maximum values of as a function of different parameters
in Table II. The first row corresponds to the default set of pa-
rameters in Table I. In the other rows, we consider the influ-
ence of a parameter at the time, referring to the default con-
figuration for the remaining ones. The second row of Table II
shows that as the flat area increases, the minimum value and
the standard deviation of rapidly decrease. We justify this
behavior, observing that the average backbone length increases
in larger topologies. Hence, we expect to find worse average
channel gains.

A larger impact on the ACG is found due to an increase in
the outlet intensity per-unit area as row three of Table II
shows along with Fig. 1(b). On the contrary, we have found a
minor variation of the ACG as a consequence of a variation of
the probability of open outlets .

The analysis of the intra/interclster channels reveals, as intu-
ition suggests, that intercluster channels exhibit worse and more
spread ACG than intracluster channels.

B. Path Loss

We define the path loss (PL) as and its
version in decibels as where is
the frequency response (insertion loss) between the transmitter
and the receiver.

In Fig. 2(a), we show the quantile-quantile plot of the PL
in decibels at frequencies 1, 15, and 30 MHz, versus the stan-

TABLE II
STATISTICS OF AVERAGE CHANNEL GAIN

Fig. 2. (a) Quantile-quantile plots of path loss for different frequencies. (b)
Average path loss profiles for intercluster and intracluster channel classes.

TABLE III
NULL HYPOTHESIS TESTS FOR THE PATH LOSS �

dard normal quantiles. We also report the best normal fit (dashed
lines).

Interestingly, in all three cases, deviations from the standard
normal are manifested only for low values of since it has to
be lower than 0 dB. In Table III, we report the results of the Lil-
liefors and Jarque-Bera tests by randomly picking 200 channel
realizations. Within brackets, we show the corresponding test
probability value. We limit our investigation to 200 realizations
only, so that results can be easily compared to those presented
in [6]. Tests reveal that for 15 MHz, the PL in decibels
cannot be strictly considered as a normal variable different from
the other two cases. However, the best fit for the PL is to use a
log-normal distribution as suggested by the experimental evi-
dence [6].

In Fig. 2(b), we report the average PL for the intracluster and
intercluster channel classes. Once again as the intuition sug-
gests, the intercluster channels present a worse path-loss profile
with regards to the intracluster ones. Fig. 2(b) is helpful to un-
derstand how much better intracluster channels behave.

In order to highlight the connections between the path-loss
behavior and the wiring structures inside clusters, we show in
Fig. 3, the average PL profile in the presence of SD, SP, or
BP outlet-derivation box connections. More in detail, we simu-
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Fig. 3. Average path loss for different wiring connections between derivation
boxes and outlets.

late 1000 intracluster channel realizations for each of the three
wiring structures. At this scope, we fix 30 m and 1
(i.e., all outlets do not have loads) in order to limit every possible
variability not connected to the wiring structure. Fig. 3 shows
that when the connections are completed with a bus topology
and conductors are placed along the perimeter, namely, the BP
case, the PL is less significant. The low level of mean attenuation
observed in this case can be explained by the fact that the outlet
inter distances are exponentially distributed and this yields, on
average, short backbone lengths that introduce less attenuation
effects. For the other two cases (SD and SP), we have found
more attenuated profiles that are also affected by ripple effects.

C. Delay Spread

The rms delay spread (RMS-DS) is another important pa-
rameter for system design. The RMS-DS represents the energy
spread of the impulse response. It is defined as

(2)

where , , and are the sampling time resolution, the
channel impulse response at instant , and the number of
impulse response points, respectively.

Similar to the analysis of the ACG, in the following text, we
investigate the relation between the RMS-DS and the topology
parameters. We show the delay spread as function of the channel
class (intercluster and intracluster), and we study the relation
between the RMS-DS and the coherence bandwidth.

Fig. 4(a) shows the cumulative distribution function of the
RMS-DS varying the area , while in Table IV, we report
the standard deviation, the minimum, mean, and the maximum
values. In accordance with experimental results [6], the log-
normal distribution is the best fit for all of the CDF profiles,
although the RMS-DS is not strictly a log-normal distributed
variable as we discuss in more detail in the following text. We
also observe that the network area affects the average value
of the RMS-DS but does not significantly affect the standard de-
viation and the minimum/maximum values.

Fig. 4. Delay spread as a function of (a) topology area, (a) per-unit area outlet
intensity, (c) probability of open outlets, and (d) inter/intracluster channel
classes.
(b) Probability of open outlet. (c) and (d) Inter/intracluster channel class.

TABLE IV
STATISTICS OF THE RMS DELAY SPREAD

Now, in Fig. 4(b), we consider the effect of the outlet intensity
per-unit-area that is equal to 0.1, 0.5, and 1. The second
row of Table IV shows the mean, the standard deviation, and
the minimum and the maximum RMS-DS values observed for
these simulations. The results show that while for low intensity
values their variations affect the RMS-DS, for that goes to
one, the RMS-DS flattens out.

Fig. 4(c) and the third row of Table IV report the effect on
the RMS-DS as a variation of the probability of open outlets

equal to 0, 0.3, and 1. The outlet loads significantly affect
the RMS-DS. More in detail, when 1 (all of the outlets
are open), we find the worst case. Furthermore, for this case,
the RMS-DS is not log-normal any more, but rather it exhibits
normal behavior.

Finally, intracluster channels have an RMS-DS that is lower
(almost half) than that associated with intercluster channels, as
Fig. 4(d) and the last row of Table IV show.

We now investigate further the statistical behavior of the
RMS-DS. We consider a subset of the channel responses that
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Fig. 5. (a) Qq-plot of the logarithmic normalized delay spread as a function of
� , and (b) its magnification for lower tails (on the right).

are associated with a backbone length larger than a minimum
value . We have found that log-normality is a good statis-
tical fit for large values of . On the contrary, if we constraint
the backbone length to short values, then the RMS-DS statistics
diverge from log-normality. This is because when the backbone
is short, the channel is less affected by scattering effects. Hence,
the claimed log-normality due to the large number of random
reflections is no longer valid. The fifth row of Table I reports
the RMS-DS values for channels with a backbone longer than
5 or 10 m. In Fig. 5(a), we show the qq plot for the logarithmic
RMS-DS defined as

(3)

versus the normal distribution. The best normal fit is also shown.
The curves point out that is normal distributed (in agreement
with the experimental results [6]) for high values, while for low
values, a strong deviation from the normal distribution is en-
countered. To highlight this behavior, we zoom the qq plot in
Fig. 5(b). If the backbone length is not bounded, the RMS-DS
can reach very low values down to less than 20 ns. Conversely,
when the channel backbone is longer than 10 m, the smallest
delay spread is more than 70 ns.

D. Relation Between RMS-DS and Coherence Bandwidth

Now, we want to investigate the relation between the delay
spread and the coherence bandwidth. We define the determin-
istic autocorrelation function (ACF) of the CTF as

(4)

where is the CTF complex conjugate. The ACF allows
evaluating the frequency range over which the CTF can be con-
sidered flat. In particular, this range is usually referred to as co-
herence bandwidth and it is defined as twice the frequency
range so that , for a coefficient less than
1. We choose 0.9 and we report in Fig. 6(a) the RMS-DS
versus coherence bandwidth for 1000 channel realizations as-
suming the default parameters in Table I. For the sake of accu-
racy, we also use a frequency resolution of 10 kHz.

The figure shows a hyperbolic relation between the RMS-DS
and the coherence bandwidth. By fitting the simulation results,
we propose the following relation:

(5)

Fig. 6. (a) Delay spread as a function of (a) coherence bandwidth and (b) av-
erage channel gain. In both cases, best fits are also shown.

The result is in excellent agreement with the corresponding ones
from the measurements presented in the literature (e.g., [13]).

E. Relation Between RMS-DS and ACG

In Fig. 6(b), we plot the rms delay spread as a function of the
average channel gain for each simulated channel (circle marker)
assuming the default parameters. Following [6], we look for the
best linear fit of the resulting distribution. The slope of the line
is equal to s/dB which matches the results from the
analysis in [6] of the measurement campaign in [7]. Essentially,
we have found that the RMS-DS decreases when the ACG in-
creases; therefore, worse channels in terms of ACG are also
characterized by larger values of RMS-DS.

A comparison with the results in [6] shows that there is a
higher number of channels in Fig. 6(b) with lower ACG and
RMS-DS than [6, Fig. 4]. This is because the proposed simu-
lator generates all possible channels in a given topology (i.e.,
all outlet connections are considered comprising those that are
very short). On the contrary, the data base of measurements used
in [6] is limited and comprises, as described in [8], acquisitions
of channels for a pair of outlets that are deliberately chosen to
be a probable location where to connect PLC modems. This ap-
pears to be restrictive since practical applications may require
connection between nearby outlets. To substantiate further this
argument, we plot in Fig. 7(a) a sample topology obtained with
the default parameter configuration. Then, we choose 10 out-
lets similarly to what has been done in [8], and we report the
RMS-DS versus ACG in Fig. 7(b). The resulting set of chan-
nels now exhibits more channels with worse RMS-DS and ACG,
and the slope of the best linear fit is still close to s/dB,
matching the experimental data in [6] more closely. These re-
sults highlight how the arbitrary choice of the outlets in mea-
surement campaigns affects the statistics. Furthermore, the area
of the considered topologies has also an effect as discussed in
Section III-A. In fact, the experimental data in [7] have been
obtained in American houses of an area up to m . The cor-
responding channels have worse ACGs than those reported in
[11] for the European context where houses present approxi-
mately 80% of channels having an ACG of 50 dB and 50%
having ACGs smaller than 35 dB. Hence, exploiting the rela-
tion between the ACG behavior and the flat area highlighted in
Section III-A, we speculate the existence of a smaller value for
the European average topology area. A conclusion also justifies
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the area values considered herein for the statistical characteri-
zation of European power-line channels.

IV. CAPACITY

Although delay spread and average channel gain offer a quite
complete overview of the power-line channel properties, we also
carry out a statistical analysis of channel capacity. At this scope,
we recall the Shannon capacity definition that reads

(6)

where and are the power spectral density (PSD) of
the transmitted signal and the PSD of the considered addi-
tive white Gaussian noise. More in detail, we have chosen

50 dBm/Hz and 140 dBm/Hz. We consider
the same simulator configurations as in the previous sections.
The channel band is 1–30 MHz. The upper capacity bound is
approximately equal to 900 Mb/s. We have then divided the
capacity interval 0–900 Mb/s into four classes, each with a
225-Mb/s difference to obtain four average values according to
Table V.

This classification is similar to the one proposed in [2], but
in that case, nine classes are defined and the bandwidth is up to
100 MHz. In Table VI, we report the percentage of channels
that fall within a certain class as a function of the simulator
parameters.

Table VI shows that as the network area or the outlet in-
tensity increases, the capacity decreases so that higher ca-
pacity classes are more probable. The capacity is less affected
by and . Finally, while intracluster channels are confined
to the best capacity classes, namely, class 1 and 2, the inter-
cluster channels show a more spread behavior that falls within
classes 2 down to 4.

A. Average Path-Loss Profiles of Capacity Classes

We show in Fig. 8 the average path-loss profile for each ca-
pacity class of Table V. Channels have been generated with the
default configuration of the simulator. We refer to these pro-
files as “default.” Strong ripple effects are present, in particular,
for the worst classes, such as class 3 and 4. A deeper investi-
gation has pointed out that the ripples are strongly connected
to the derivation box position. To show this, in Fig. 8, we re-
port the path-loss profiles obtained with the default parameters
configuration but with the derivation boxes exactly placed in the
upper-left corner of each cluster (fixed roots), or with derivation
boxes placed anywhere inside the cluster (free roots). The two
solutions differ for the maximum value of , which is 0 and

for the fixed-roots and free-roots cases, respectively. The
curves show that for the free-root case, the ripple effects are of
lower intensity. However, we believe that regular structures with
limited variations of the location of the derivation boxes exist in
real layouts, as in office buildings or hotels. Therefore, in these
cases, ripple effects in the path-loss profile are exhibited as has
also been reported in [14].

Fig. 7. (a) Randomly generated topology layout where ten outlets highlighted
with circles have been selected, and (b) the plot of rms delay spread as a function
of the average channel gain for the evaluated channels (on the right). The best
linear fit is also shown.

TABLE V
CAPACITY INTERVALS

TABLE VI
STATISTICS OF CAPACITY

Fig. 8. Average path-loss profiles for each class of capacity.
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Fig. 9. Plots of the channel capacity in relation to (a) the backbone length and
(b) the number of junction nodes of the backbone.

B. Capacity Versus Backbone Features

In order to fully investigate the channel capacity behavior as
a function of the topology layout, we report in Fig. 9(a) the ca-
pacity achieved by 1000 channel realizations as a function of
the associated backbone length. We assume the default param-
eters configuration with set to 0 m. The plot shows that the
backbone length does not influence capacity.

On the contrary, we have found that the number of junction
nodes, where branches depart from the backbone, have a larger
influence on capacity. This is shown in Fig. 9(b). Interestingly,
we have found that the lower capacity bound has a linear trend
with the number of backbone junction nodes as follows:

(7)

where is the lower bound of capacity in megabits per
second.

V. CONCLUSION

We have presented a statistical analysis of the in-home
power-line communications channel using the bottom-up sim-
ulator presented in [1]. The simulator is intrinsically related to
physical reality and topology characteristics. It allows inferring
the statistics as a function of the topology parameters (e.g., the
network area, the backbone length, the outlet number, and the
loads). To this respect, the study provides new understandings
of the fundamental PLC channel characteristics and their con-
nection to the topology. The results are in good agreement with
those obtained from measurement campaigns. In particular,
we have shown that the average channel gain and the rms
delay spread can be approximately fitted with a log-normal
distribution. Deviations from it are found for extreme values
and if we constrain the backbone length to be small. It should

be noted that the results from measurement campaigns do not
discriminate among the topology features and do not consider
the whole set of outlets but rather acquisitions have been made
among nodes at large distance. To this respect, we have investi-
gated the behavior of channels belonging to the same cluster or
to different ones. Finally, we have classified channels according
to their capacity as a function of the backbone length and the
number of intermediate backbone nodes. While we have not
found any strong dependence of capacity from the backbone
length, we have found an interesting linearly decreasing de-
pendency between the lower capacity bound and the number of
junction nodes in the backbone.

In conclusion, the proposed channel simulator is capable of
generating statistically representative channels. It can be param-
eterized so that it models the behavior of a certain application
scenario (e.g., a small/large home or office), characterized by a
certain topology.
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