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Abstract— Despite different powerline channel modeling techniques, developed so far, there are still specific dynamic, varying
parameters (viz. the random load variation and inconsistent electrical wiring) to be studied for a valid and reliable power line
communication (PLC) model. Statistical characterization of PLC channel may provide the required background for refinement of
these existent models. In this paper, the Indian residential networks are statistically analyzed in the frequency range of 1-100 MHz.
This also includes the comprehensive analysis of line impedance, stationary noise, channel capacity and average channel gain. From
the measurements, the noise spectrum density is found to be less than -90 dBm at a frequency less than 1 MHz and is almost constant
after 70 MHz. The minimum and maximum channel capacity of the network is 71.5 Mbps and 97.7 Mbps respectively. The Average
channel gain is estimated at -30 dB. The paper also reviews the channel transfer function developed by top-down and bottom-top
approaches. Finally, some additional factors influencing the PLC channel are also discussed.

Keywords— average channel gain; channel capacity; channel transfer function; line impedance.

regarding the electrical network and thus rated as an
I. INTRODUCTION effective but complicated model [4]. The two-port network
model developed on this approach considers a few practical
aspects like grounding and coupling effects [5], [6].
In this paper, the channel transfer function (CTF) of an
Indian residential electrical network is measured using the
vector Network analyzer and is statistically modeled. The

towards attaining this is to understand the characteristics ofPaper also presents the channel statistics regarding average

power line measured regarding noise, attenuation, andchann_el gain, line impedance, stationary r!oise ano! channel
impedance, which, unfortunately, vary with time capacity. The CTF for the same network is also simulated

geographical position and topology of the network. These using th? conventional tOp'dO.W” and.bottom-top approaches.
parameters can only be understood by undertaking anit also discusses the factors influencing the channel transfer
exhaustive study of the electrical network function. This includes the impedance due to appliances,

Though various channel-modeling techniques, as attenuation due to loads and cross talk between the
discussed in [2], are developed to characterize and model thgogmu_mcatlon ports. 410 be | din th C
power lines, there is still a need to develop a more accurate ne important aspect need to be incorporated in the PL
model considering the real-time scenarios. The top-downChannel mod_ellng is the dynar_nlc nature of _attenuatlon_and
approach of channel modeling is a simple technique multipath fading. The non-continuous operation of electrical
developed on the multipath propagation model. This model‘mp“"%nCeS leads to extreme vanaplhty In attenuation and
is developed based on the data obtained from theload impedance. In addition to this, the impedance of a
measurements and hence can be modeled for a fixed networROWe liné also varies with the hour of the day [7]. Using

; these traditional approaches, it is laborious to model such a
only and cannot be generically used [3]. The bottom-top ;. o : .
approach of channel model is a widely preferred modeldwersn‘led channel behavior. This problem can be addressed

developed on the transmission line theory. This model can_?_i’] charaptc_erizling trlle power Ii(r;e channelr]s,tgtistic;lly [?]’ [kg]'f
be developed only by obtaining substantial information 'N€ statistical analysis provides a sophisticated outlook o

Achieving higher data rates using the power line as a
communication medium is almost a reality today, thanks to
the extensive research carried out till date [1]. However,
there is still a long way to go in commercially deploying an
efficient and reliable PLC system. The principal task
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the powerline channel behavior regarding impedance cross-section may be 2.5 sq.mm or 1.5 sq.mm. However, for
discontinuities and attenuation of loads. the ease of simulation, the entire cross-section of wire is
As per the literature available, statistical Characterization considered as 2.5 sq.mm placed in an unsheathed flexible
of power line channel, in the frequency range of 1-100 MHz, PVC cable.
has been undertaken in Europe. In [9], the measurement For the measurement campaign, a capacitive-transformer
campaign was carried out in Italian residences to obtain thecoupler is connected between the power line and the
relationship between the line impedance and Channelmeasuring instrument to avoid any direct contact of the high
frequency response. In [10], the statistical analysis is carriedvoltage supply. Since the power line is exposed to
out on France residences to compute the root-mean-squaranpredictable transients and surges, the coupler is provided
(RMS) delay spread and coherence bandwidth. The [11], thewith Metal Oxide Varistor. The overvoltage conditions and
statistical modeling of the average channel gain (ACG) andany other disturbances are avoided by adding a bidirectional
RMS delay spread is evaluated on the Brazilian homes. Intransient voltage suppressor (TVS) on the measuring
this paper, the procedure followed for statistical instrument side. The Electric Fast Transient/Burst Immunity
characterization is as recommended in [8]. However, due totest (IEC 61000-4-4) and Surge Test (IEC 61000-4-5) are
the difference in electrical network topologies between conducted on the coupling circuit to verify its immunity
European countries and India, the results from all the workslevels.
mentioned above may not be strictly analogous with the The measurements in this paper are carried out in the
results in this paper. frequency range of 1-100 MHz using R&S ZVL Vector
Though the work in this paper is confined to Phase- Network Analyzer. The start frequency is selected as 0.5
Neutral ports for analyzing the channel transfer function to MHz, and the stop frequency is selected as 100 MHz with
obtain larger benefit. The difference in attenuation is also 200 sweep points in between. The signal is transmitted from
verified when Phase-Earth and Neutral-Earth ports are usedthe tracking generator with a power level of 0 dBm. The
It is also observed that, due to the proximity of the cableschannel transfer function of the power line is analyzed
and the coupling effects, there is a chance of cross talkbetween the main distribution box and a distant socket of the
between the different wires of the cable. network. While analyzing the measurements, the effect of
The subsequent sections of this paper are organized athe coupling circuit is eliminated by using the ABCD matrix
follows. In Section Il of this paper, the experimental setup method.
and the methodology followed to characterize the channel is The impedance of the power line is also measured from
explained. The traditional channel modeling techniques arethe S parameters of the VNA and is explained in the
also compared in this section. In Section Ill, the power line subsequent section. The noise in the power line is measured
channel is statistically characterized, and the factorsusing R&S FSL Spectrum Analyzer. The noise is measured
influencing the power line channel modeling are examined. periodically, in the frequency range of 1-100 MHz, on the
network for every 15 min. The resolution band is kept at 10

[I. MATERIAL AND METHOD kHz and 8192 sweep points.
. The measurement campaign is undertaken throughout the
A. Experimental Setup day, with varied load configurations and different distances

An experimental setup is as shown in Fig. 1 is developedbetween the transmitter and receiver ports. The loads in
to measure the channel transfer function of Indian residentialthese flats are the typical household appliances such as
networks. television, personal computer, light sources, refrigerator,

washing machine, and printer.

... ... ... B. Power Line Channel Modelling
Distribution |- | | =TT To determine the CTF of a power line channel, various
Panel & A PLC channel generators, based on top-down or bottom-top
E o approach, are developed by researchers so far [12]-[14]. The
F effectiveness of this channel generator depends upon the
T _ variety of factors considered in estimating the distributed
oupling Coupling ; ;
Circuit Cirenit parameters (R, L, G, and C). The factors influencing the
distributed parameters are skin and proximity effect, cable
I I geometry, number of strands in the cable, and size of the
Tricking conduit.
Generator Amlysee In [15], the authors have estimated the distributed

parameters based on the various factors influencing the
Indian Residential Networks. However, there are yet certain

) ] dynamic aspects to be included in these PLC channel models.
120 responses are acquired from 5 different flats of an

apartment having single phase wiring. In a typical Indian 1) Top-down Approach: The commonly used top-down

residential building, single-phase wiring consists of Phase,approach is the Zimmerman & Dostert model. This model

Neutral, and Earth. The wiring structure in these houses istakes into account the multipath nature exhibited due to the

similar, but the appliances connected to the network maytime-varying loads and impedance mismatches in the

differ. Depending on the electrical appliance used, the wiring network. The channel transfer function using this approach
is expressed as follows:

Fig. 1 Experimental setup
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the other to 4 mt lengths. The average attenuation in this

o —{ag+a,F5)d; -1::;”'L case as increased from -10.6343 to — 13.6063. From the Fig.
H{f) = ZiZ, g™ toral e — e (1) 3, itcan also be noticed that the notch position has decreased

) ) ) _ with increase in the branch length. With the increase in
Here, N is the paths taken by the signalisgthe signal  pranch length, the notch positions have decreased, thereby
gain obtained from the transmission and reflection jncreasing the attenuation of the signal. The notch positions
coefficients of each path; & the distance of each path taken, jn the CTF measured are due to the reflections from the
and ; is the signal velocity. The parametegs @ and Kk pranch nodes [12]. Since the electrical loads connected to the

determine the attenuation of the signal. Since thesepower line are dynamic, the reflections from the branch
parameters are obtained from measurements, the complexityodes may vary and hence the notch positions.

in obtaining the channel model increases with the increase in  This problem is addressed in [16] by considering the

the number of branches. unmatched loads as line terminations and extending the
equation as

-
e o

H() = ATV (g +effle~Goranf ) ()

Here, A is the constant coefficient for adjusting the
attenuation. @s also a signal gain similar to and K; is the
attenuation constant.

2) Bottom-top Approach: In this approach, the CTF can
: : ; be obtained either by transmission line model or S-parameter
0 20 0 60 80 100 model. The advantage of this approach is the ease in dealing
Bt with complex electrical networks.

In the transmission matrix model, a network with a large
] . ) number of branches can be divided into multiple sections,

Using the multipath propagation model of top-down and a matrix is obtained for each section [17]. The obtained
approach, the CTF has been obtained for the network withmatrices can be cascaded together to form a chain matrix as
different branch length and loads connected to it. From Fig.

2, it can be noticed that, if an electrical appliance, saf 85

is replaced with another appliance, say X30the signal
attenuation is increased. The average attenuation in case of
85Q load is -13.6063 dB but in case of 4Ghe attenuation With the relation between transmission line theory and
is increased to -13.6473. This explains the impact of the loadchain matrix, the CTF can be obtained as [17]

on the signal attenuation and the complexity involved in

Fig. 2 CTF using top-down approach for different loads connected

TLL TL:

T=IILT= [Tn T.. ©)

modeling the network with dynamic loads. H) = 2L (4)
In addition to the load impedance, the branch to which the TiZi+T 24T L+ Taalg

load is connected also affects the signal attenuation. Since

the residential network configurations will have different ° | Load Condition 1 ——mmv Load Condition 2 |

branch lengths with different types of loads connected; the
CTF will also vary accordingly.

Freq in MHz
Fig. 4 CTF using a bottom-top approach for different load conditions

The CTF of the network is obtained using the
Freq in MHz transmission line model. Taking advantage of this approach,
two complex networks with five branches and wiring cross-
section of 1.5sg.mm is considered. In the first load condition,
five loads with an impedance of 6D, 80Q, 90Q, 110Q

Fig. 3 CTF using top-down approach for different branch length

The complexity of this method is evaluated by
considering two similar loads connected to two different and 140Q are connected to branches of length 1.5 mt, 2.2

branch lengths of the network. The CTF is estimated bymt’ ; .mt, f3 m}[' adnd 4:“ re_spec(;ively. I? the second load
connecting one of the loads to a branch of 2.2 mt lengths andondition, five loads with an impedance of 580, 100
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Q, 110Q and 140Q are connected to branches of length 1.5 A= (14540 (1~ S} +51050y ®)

mt, 3 mt, 3.5 mt, 3 mt, and 4 mt respectively. 255
The CTF estimated for these two different load conditions ) )
are shown in Fig. 4. The average attenuation for the first g = 00045, (145,,)-5,, 55, ] )
load condition is -42.3368, and for the second load condition, 25
it is -42.7955. The increase in attenuation for the second load ) )
condition can be attributed to the increase in the average € = BT5eadlim5e0) 751052 (10)
load impedance and branch length. The variation in the 1005z,
peaks and valleys of the CTF can be observed in Fig. 4, and (15, V16 -GS
this is due to the difference in the electrical appliances used D=—— > — (12)

in each of the load condition.
Though the bottom-top approach can deal with complex

networks, the difficulty will remain in dealing with dynamic step procedure. In the first step, the coupling circuit and

networks. o o power line are considered as two networks cascaded together.
The S-parameter model is similar to transmission model Here ABCD parameters of the coupling circuit are estimated
except that the former model can also be used for a networlgJSIng VNA and the power line is considered as an infinite
with different cross-sections in branch cables. ... line with ABCD matrix of [1 0 Y 1]. In the second step, the
The. Sparamgter model can be interrelated with ABCD parameters of the coupling circuit are eliminated
transmission matrix model as from (8) to (11), and the impedance of the power line is

obtained as
[Su sL:] _
SZL S::

C. Satistical Characterization

The channel generator developed by traditional The impedance obtained from the measurement campaign
approaches reflects the behavior of the power line at ancan be modeled using a polynomial equation [8]
instant. However, by performing statistical analysis, the i
dynamic nature of the power line may also be estimated. Ifl=af +bfte (13)

The Impedance of the power line is estimated in a two-

) |IA 2 czp-s, (a+Becz+p }\'
7 \"Z 7 J (12)
(B(5,,—1)+DZ(85,,+1))

1) Channel Transfer Function: An alternate way of Here a, b and c are constant parameters representing the
characterizing the power line channel is to measure theyariation in impedance across the spectrum.

channel transfer function and then perform the statistical _ o _ _ _
analysis. As per the Fig. 2, the measured channel transfer 4) Noise Characterization: This stationary noise, also
function exhibits an exponentially decreasing nature, and thereferred to as background noise, is caused due to the

equation can model this approach as in the formula below. ~superimposition of various noise produced by equipment
such as PCs, TV, and light sources. The stationary noise

displays a decreasing nature concerning frequency and can
be modeled using the Esmailian model [19].

Hf) = aff +¢ (6)

Here, parameter ‘a’ represents the maximum attenuation

of the signal, parameter ‘b’ represents the attenuation of the 5(F) = a.f® +¢ (14)
signal at the initial frequency, and parameter ‘c’ represents
the variation in attenuation concerning frequency. Here a,b and c are the constant parameters derived from

: . the measurements.
2) Average Channel Gain: The average channel gain

can be expressed as the average attenuation and is expressed 5) Channel Capacity: The channel capacity determines
as the maximum possible transmission rate over a hostile
channel and is given as

ACGy5 = 10logy, (B ﬁ_l}‘: H(f) | df ) @)
P(FIIR(EII®
Here, H(f) is the transfer function measured at a C= 4f. Z log: [ N ':ﬁ-]
frequency f, f and § are the start and stop frequencies at 0.5
MHz and 100 MHz respectively.

hitsfs (14)

Here P(f) and N(f) is the signal power spectral density

3) Line Impedance: During the campaign, the line (PSD) and noise power spectral density (NSD) measured in
impedance of the electrical network is also measureddBm/Hz at transmitter and receiver ports respectively. H(f)
simultaneously. The impedance is deduced from the ABCDis the transfer function with carrier width a&ff and N
matrix, which in turn, is derived from the S parameters number of carriers.
obtained using VNA. However, these ABCD parameters
also include the coupling circuit. The ABCD matrix can be
obtained from the S parameters as [18],
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[Il. RESULTS ANDDISCUSSION 12
A. Channel Satistics !

1) Channel Transfer Function: From the measurements 08

obtained, the mean of the CTF with the corresponding fitting & ¢
curve is shown in Fig. 5. It can be observed that the curve
follows the pattern of the CTF largely. 0.4

0.z

| <eeseees Measured Madeled a

0 70 40 60 80 100 1.2

Freg in MHz
Fig. 5 Statistical model for the mean CTF 1

The statistics of model parameters for the measured CTF o

are summarized in Table 1. The normality of these én-s
parameters is verified using the Anderson-Darling (AD) test.
Since the AD test gives more weight to the value in the outer
tails and is more sensitive to a specific distribution, it ©2
considered slightly superior to other tests. If the significance

0.4

level of an AD test is less than 0.05, the data does not fit the 1

| -Measurement

Lognarmal Fit

[

!
E
{

0.001

0.01 01

1

Parameter '[b|

10

Fig. 7 CDF of absolute parameter b

100

.l With the mean value of -0.203 and standard deviation of

N 0.049, the CDF of the absolute value of the parameter ‘b’ is
as shown in Fig. 7. From the AD test, it is verified that the
data will approximately fit the normal distribution.

| = Measurement

Mormal Fit |

10

100

1000

normal distribution.

TABLE |

STATISTICAL PARAMETERS OFCTF

Parameter '|c|'

Fig. 8 CDF of absolute parameter ¢

With the mean value of -40.531 and standard deviation of

a b c 2.738, the CDF of absolute parameter c is as shown in Fig. 8.
Min 130.194 | 0.312 | -47.674 From the AD test, it is verified that the data will fit the
Max 3334.484| -0.093 | -34.654 normal distribution perfectly.
Mean 919.639 -0.203 -40.531
Standard Deviation 699.707  0.049 2.738 2) Average Channel Gain: For the measured CTF, the
Median 949.8845| -0.21724 -40.094 minimum and maximum values of ACA are 26.89 dB and
33.71 dB respectively. The mean and standard deviation
12 — p— values of ACA are 30 dB and 1.66 dB respectively. TH& 50
1 and 83" percentiles are 29.42 dB and 31.349 dB respectively.
ia The mean value of ACA in Indian residential networks is in
038 the same range of Brazilian in-home PLC Channels and 5 dB
B 06 / lesser than the PLC channels in Italy.
© / TABLE Il
0.4 j STATISTICAL PARAMETERS OFLINE IMPEDANCE
0.2 a b c
Min 0.0145 -0.1531 -102.212
% 100 1000 19000 Max 746.133] 0.4514 | -72.939
Parameter 'a' Mean 244.935| -0.0318 -85.68
Fig. 6 CDF of parameter a Standard Deviation 198.725 0.1219 6.5384
Median 241.36 -0.077 -84.652
With the mean value of 919.639 and standard deviation of Skew 0.646 1.933 -0.77
699.707 the cumulative distribution function (CDF) of the Kurtosis -0.084 | 3.964 0.340
parameter, ‘a’ is as shown in Fig. 6. From the AD test, it is 20th Percentile 15.526] -0.109% -89.919
verified that the data fits the log normal distribution. 50th Percentile 241.36) -0.077| -84.652
80th Percentile 493.95| 0.1055 -79.088
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3) Line Impedance: From the measurements using (12),
a diverse pattern in impedance spread across the frequency
spectrum is observed. This impedance can be statistically



characterized using the modeling parameters expressed 110

(13) and are shown in Table 2. T —

4) Noise Characterization: The noise spectral density of ‘.-5-L 30 |
the stationary noise measured in the apartment is as shown -
Fig. 9. The radio interference in the form of ingress noisei
can also be noticed in the figure. The noise spectrum densi &
is less than -90 dBm at a frequency less than 1 MHz and S ap |

almost constant after 70 MHz.
The statistical parameters of the modeled stationary nois

iy

80 |

70

Chann

50

are as shown in Table 3. AD test verifies the normality of ~ *° =9 _25 g e -
these a, b and ¢ parameters. The parameter a follows tl Average Channel Gain in dB
lognormal distribution, whereas b and c follow the normal Fig. 10 Channel capacity vs. average channel gain
distribution.
0 B. Factorsinfluencing the Channel Transfer Function

20 The various dynamic aspects of the power line channel

a0 influence the channel transfer function also called as
o attenuation. Understanding these aspects is also necessary
g 60 for refining the existent channel models.
9 4 During the campaign, the line impedance of the electrical
'S 100 | appliances is also documented. The impedance response of a
. 60 W Incandescent bulb, a regular size monitor and 1200 W

K
P
[=]

Vacuum cleaner is shown in Fig. 11. From the figure, it can
be noticed that there is a sudden rise in the impedance of the

K
e
=

a 20 40 60 80 100

Besty iR monitor and vacuum cleaner at a particular frequency. A
Fig. 9 Noise spectrum density similar variation is experienced in other electrical appliances.
3000 T
TABLE IlI | Bulb eeeeees Monitor: ====- Vaccum Cleaner|
STATISTICAL PARAMETERS OFSTATIONARY NOISE DEQ |t : :
a b c C 2000
Min 306946.023 -0.72 126.18 'E
Max 2197168.97 | -0.57 | 128.56 g 1500
Mean 957865.89 -0.66 126.92 E
Standard Deviation| 487652.99 0.03 0.5056 B A0
Median 77495538 | -0.65 | 126.89 <00
Skew 1.16 -0.21 1.025
Kurtosis 0.56 -0.30 2.126 0 = :
a 20 40 60 BO 100
- . . Freq in MHz
The statistical parameters of the modeled stationary noise Fig. 11 The impedance measured for electrical appliances

are as shown in Table 3. AD test verifies the normality of

these a, b and ¢ parameters. The parameter a follows the |n a residential electrical network, the electrical length of
lognormal distribution whereas b and c follow the normal g cable does not match with the physical dimensions of the
distribution. room. Moreover, the length of each branch connected to the
network will vary. From the Fig. 12, it is evident that the

1) Channel Capacity ) ) attenuation increases with increase in the cable length.
For the measurements carried out in the frequency band of

1-100 MHz, the PSD and NSD of the signal are recorded as- o g
50 dBm/Hz and -124 dBm/Hz respectively. With this, the |5
minimum and maximum channel capacity is estimated at _ 2| |
71.5 Mbps and 97.7 Mbps respectively.

In the Fig. 10, the channel capacity is shown regarding"
ACG. It can be noticed that low average attenuation
characterizes the channels exhibiting higher capacity.

dB

efation

At

120 : : :
a 20 40 60 80 100

Fig. 12 Attenuation of different cable length
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The electrical loads connected to the power line alsowire in conjunction with either phase or neutral can also be
contribute to the attenuation of the signal, and since theseused as an alternate option for data communication. Fig. 15
loads do not operate continuously, the attenuation due theshows the signal attenuation when the data communication is
branch cables is not constant. The attenuation of a 40 Weither carried out between Phase-Neutral ports or between
CFL bulb, an HP printer and LCD Monitor connected to a 6- Phase-Earth ports or between Neutral-Earth ports.
meter length branch cable is verified as shown in Fig. 13.

PN-PN

; -
NoLoad - WHRTV  — — -TV_BuIb_Printer| :

5
o

£
[}

Attenuation in dB
o
(=]

20

40 60 80
Freq in MHz

100
40 60

Freq i MHz

80 100

Fig. 16 Crosstalk between ports
Fig. 13 Attenuation due to electrical loads

. In order to achieve higher data rates, researchers are also
exploring the option of MIMO power line communication,
/'—"—---__

in which all the three wires are used simultaneously for data
transmission [16]. However, it is observed in Fig. 16 that,
when a signal is transmitted through PN port, a

corresponding strong stray signal is also found in the PE and
NE receiving ports.

-12

Attenuation in dB

-16

IV. CONCLUSIONS

In this paper, CTF is analyzed and the best distribution fit
is studied using the AD normality test. The model
parameters of the CTF are detected with log normality
distribution, and this is similar to the campaign carried out
on Italian homes [8]. The stationary noise is almost constant

The coupling circuit consists of a capacitor connected in & -125 MHz and is -20 dBm/Hz more than the noise
series with a 1:1 transformer to isolate the measuringMeasure in European residential networks [1]. The normality

-20

40 60
Freq in MHz

&80 100

Fig. 14 Attenuation of the coupling transformer

instrument with the high voltage power supply. For
measuring the CTF, two coupling circuits, one for the

of the data is the same as the analysis made in Tunisia [20].
The minimum and maximum channel capacity estimated on

tracking generator to connect with the power line and otherth® network is at 71.5 Mbps and 97.7 Mbps respectively.
to connect the analyzer with the power line, are used asT his is less than the European channels, and the reason can

shown in Fig. 1. The attenuation of the coupling circuit is
shown in Fig. 14.

Attenuation in dB
o
(=}

-120

40 60
Freq in MHz

&0 100

Fig. 15 Attenuation in different ports

Though the usual way of transmitting and receiving data

be attributed to the decrease in the stationary noise [1]. The
mean average channel gain is estimated at -30 dB and is the
same as in Brazilian homes [11].

In this paper, the effect of the physical properties of the
cable on the power line channel is also discussed. As the
length of the cable is increased or the load impedance is
increased, the signal is more attenuated. With the
information provided in this paper, a power line channel
model can also be developed and can be used to refine the
traditional (top-down and bottom-top) approaches.
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