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Abstract

This OMEGA deliverable presents a detailed studyefchannel characterization and modelling for Breawer
Line Communications (PLC) channel. The Channel $iemFunction (CTF) is first thoroughly investigdt
The channel time-frequency characteristics are istidrom a measurement campaign covering a frequ
band up to 100 MHz. Different approaches for thedeliing of the CTF are proposed. Statistical chdr
generators are derived from both experimental obstons and analytical representations, and an apggh
based on the transmission line theory is providestudy the effect of the network topology. Thea jrhpulsive
noise generated by different electrical appliance®xperimentally characterized at the source, asdd td
generate a model at the receiver. Stationary nasséinally investigated by both literature overvieand
experimental observations, and a simple modelavided. The models proposed in this deliverablélvelused
to support future studies on advanced signal preiogstechniques for PLC systems.
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Executive Summary

Within the OMEGA project, WP3 is devoted to thedstwof future indoor Power Line Communication (PLC)
systems, with a particular focus on high throughipahsmission systems. In order to develop efficiehC
systems, and propose improvements to the exisdolgnblogy, it is necessary to accurately charaetettie
electrical infrastructure.

This document presents the studies conducted witieifODMEGA project on the characterization and niodge
of the PLC channel. The main components of the Bh#&hnel, namely the transfer function, the statipmaise
and the impulsive noise, are fully characterizexdal on both experimental studies and theoretiedysis. For
each of these components, models are provided tigdxt for future system simulations.

The topic of PLC Channel Transfer Function (CTF)fiist covered in details. A measurement campaign
covering a frequency band up to 100 MHz is preskated the main time-frequency channel parameters ar
evaluated from this collection of experimental d&tatistical models are proposed for the PLC chhtmansfer
function, following two complementary approachesstfy, an empirical model of the CTF is given &flect the
experimentally observed channel characteristiceo®aly, a model is presented in an analytical foatimwing

for close form computation of the channel charastierparameters. Finally, a model of the PLC CHSdd on
transmission line theory is provided, and the efigic Surge Protection Devices (SPD) on the PLC okbhn
characteristics is investigated.

As a major impairment for PLC transmission, impedsinoise is then thoroughly investigated. Basedaon
measurement campaign of the noise generated begreliff electrical appliances, the impulsive noise is
characterized at the source and classified inteipeclasses of noise. A model is provided to estellthe
impulsive noise observed at the receiver.

Finally, a study of stationary noise linked to Ph€tworks is provided. After a state of the art, expental
measurements are presented, and a model is deglelapa composition of a coloured background narsk
specific interference carriers.

The models proposed in this deliverable will beduas a starting point for the future WP3 studiedmital
communications. In particular, the different proglssfor advanced signal processing for PLC comnaiigns
will be assessed through link level simulationse Titoposed models will ensure that the simulatiaflect
operation in a realistic PLC environment.
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1 Introduction

Within the OMEGA project, WP3 is devoted to thedstwof future indoor Power Line Communication (PLC)
systems, with a particular focus on high throughparismission systems. The PLC technology usesléssical
electrical network to perform data transmission.aA®sult it represents an effective way to buddhke network
connectivity without the need for additional cabidrastructure. The powerline medium, however, is a
challenging environment for high throughput datanomunication. First, transmission over tens of netsfr
copper lines lead to a strong attenuation, andptrécular network topology generates multiple f@ggtion
paths that yield to frequency selective fadingadidition, the different types of electrical noideserved on the
powerline medium lead to data corruption. Finalye channel characteristics may vary from one seguofehe
network to the other, and fluctuate in time depegdon the different domestic appliance connectethé&
medium.

In order to develop efficient PLC systems, and pegpimprovements to the existing technology, iidsessary
to accurately characterise the electrical infragtme. The characteristics of the Channel TranBfanction

(CTF) and of the stationary noise give an indigatidd the PLC channel capacity, and allow to evauhe PLC
systems performance in a realistic environmentkrwvledge of additional electromagnetic perturbaicsuch
as impulsive noise, allow to understand the inicinmpairments of the PLC channel and develop iffi

protection methods.

In this context, this OMEGA deliverable presentgamplete study of the indoor PLC channel. The main
components of the PLC channel, namely the trarigfestion, the stationary noise and the impulsives@oare
fully characterized, based on both experimentadisgiand theoretical analysis. For each of thesspooents,
models are provided to be used for future systemulsitions.

Section2 presents a statistical study of the CTF charstites, based on a large collection of experimedidd,

on a bandwidth extending to 100 MHz. The channehguezment campaign is first presented, and the-time
frequency characteristics of the PLC channel ardistl, with a particular emphasis on the delayagend the
coherence bandwidth.

In Section3, a statistical model of the PLC CTF is proposEde channel observations are classified into 9
classes with increasing channel capacity. A moael dach class is proposed in the frequency domain,
accounting for the average phase and magnitude/dand for the statistical behaviour due to freaquyefading.
Methods for generating tractable time domain Chhringulse Responses are also provided. A model
generation software has been developed for thefube proposed model in the OMEGA project (Sectipn

Section 5 presents an analytical model of the Ph@nnel, based on the theoretical description ofGHg.

Statistical parameters are introduced to renderffeet of different electrical network topologieEhe model
parameters can be optimized to fit the character$tannel parameters, such as delay spread, teumsaents
observations.

A model of the CTF based on transmission line thesrpresented in Section 6. From the propertiethef
powerline cables, the CTF of a complete electmedilvork is evaluated. The effect of Surge ProtecbBevices
(SPD) on the PLC channel characteristics is ingagtid.

Section 7 is devoted to the characterization andletiog of impulsive noise. Based on a measurement
campaign of the noise generated by different atadtappliances, the impulsive noise is charaoctekiat the
source and classified into specific classes ofexddsmodel is provided to emulate the impulsiveseadbserved

at the receiver.

Finally Section 8 gives a study of stationary ndisked to PLC networks. After a state of the asperimental
measurements are presented, and a model is deglelapa composition of a coloured background naisk
specific interference carriers.
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2 Channel Transfer Function Characterization

2.1 State of the Art

The PLC channel is characterized by several dififezse from other wired media, as its interferencs mmise
levels are much larger. An accurate understanditiggocomplete characteristics of the broadband Bha&hnel

is important[1] when developing PLC transmission chal@$ and simulating the performance of advanced
communication technologi¢3][4]. A PLC channel model is, in this case, very artpnt to set up.

Lo # $ noo
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Some deterministic models have also been propasedtiei literature. Deterministic model basically mea

finding the Channel Transfer Function (CTF) theicedly without taking actual measurements of the
transmission line. If11], authors use chain matrix theory to represhat complex multipath network. The

developed deterministic model is incomplete in soextent because of the unavailability of neithee th
impedances values of the ends of branches norttimarvariability information.

Extensive characterizations of powerline channegehbeen reported if¥][12][13][14]. These studies are
mainly focused on frequencies up to 30 MHz.

The coherence bandwidth is a key parameter forPh€ transmission channel. Its value, relativelythe
bandwidth of the transmitted signal, subsequentyemnines the need for employing channel protection
techniques, e.g. equalisation or coding, to overdhe dispersive effects of multipafhs][16]. The CIR of
transmission channels can be characterised byusaparameters. The average delay is derived frenfirtst
moment of the delay power spectrum and it is a omeasf the mean delay of signals. The delay spisad
derived from the second moment of the delay powectsum and describes the dispersion in the tinmeailo
due to multipath transmission.

For PLC channels, and for the 1-30 MHz frequenaydbahorough studies were undertakerfili][13]. It was
observed that 99% of the studied channels have MB Relay spread below 0.5. In [12], the coherence
bandwidthat 0.9 correlation leveB, g, was observed to have an average value of 1 MHz.

Furthemore, iff14], it was indicated that for signals in the 0%-MHz frequency band, the maximum excess
delay was below 3, and the minimum estimated valueBgf, was 25 KHz.

In [7] and for the frequency range up to 30 MHz, i tlheen found that, for 95 % of the measured charthel
mean-delay spread is between 160ns ands325 % of the channels exhibit a delay spread dmtvw240ns and
2.5 s.

2.2 Channel Measurement Campaign

The proposed PLC channel model is proposed oveeguéncy band ranging up to the 100 MHz. For this
purpose wideband propagation measurements weretakele in the 30 KHz — 100 MHz band in various iodo
channel environments (country and urban, new athdwildings, apartments and houses) as shown iteTlab
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Site number Site information gﬁg?oer:s of transfer
1 House - Urban 19
New house - Urban 13
3 Recently restored 12
apartment — Urban
4 Recent house — Urban 28
5 Recent house — Urban 34
6 Recent house — country 22
7 Old House - country 16

Table 1: Distribution of transfer functions by site

The PLC CTF study presented here relates to sewasumement sites and a total of 144 transfer fomstiFor
each site, the transfer functions are measureddeetva principal outlet (most probable to receivela
module) and all other outlets in the home (excepprobable outlets such as refrigerator ones...)reMo
information is given about measurements distributioAnnex11.1.

CTF measurements were carried out in the frequdoaoyain, by means of a Vector Network Analyser (VNA)
as shown in the block diagram of Figure 1.

AC Power

’—) Lines

-6 dB -10dB
Limiting N Coupler Coupler N Limiting
ﬁ Device DBX HPF HPF Device 11847A
Network — |------=----- :
Analyser Fitered |  Filtered | sector
GPIB 220V Extension 220V
COMPUIBT J- === =n == 2 mm e '

Figure 1: Power line channel measurement system.

The coupler box plugged in the AC wall outlet bedmlike a high-pass filter, with the 3 dB cutoff3ft KHz.
The probing signal passes through the coupler hedAC power line network and exits through a simila
coupler plugged in a different outlet. A direct péer to coupler connection is used to calibratetéisé setup.

Two over-voltage limiting devices with -10 dB ar@ldB losses, respectively, are used in front ofetiey port
of the VNA 8753ES and its exit port, which can geas an entry port, to protect it from over-volgeoduced
by the impulsive noises of the AC powerline.

A computer is connected to the VNA through a GPUB.brhis allows the computer to record data andrebn
the VNA using the INTUILINK softwarg21].

The VNA and the computer are isolated from the ptime network using a filtered extension. This edien is
systematically connected to an outlet not likelyb® connected to a PLC modem, such as washing nechi
outlet. These precautions are taken in order toimie the influence of the measurement deviceshmn t
measured transfer functions.
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2.3 Time-Frequency Channel Characteristics

The measurements obtained using a swept frequedmeynel sounder (Figure 1) yielded sufficient stitis
data from which frequency correlation functions eveerived. These results were used to obtain thereace
bandwidth of the PLC channels investigated. The @#Re obtained by applying the inverse Fourierdfam
to the estimated frequency respofisg].

Here, a comparison between coherence bandwidthimeedelay parameters estimated in both frequeacy®
30 KHz - 100 MHz and 2 MHz - 100 MHz is elaboratB@sults are intended for applications in high-céga
indoor powerline networks. The investigation is adrto show that the PLC channel studies in a btartirsy

from a frequency lower than 2 MHz distorts the neglles that an implementer should take, as the lb@em
only operates in the frequencies above 2 MHz.

2.3.1 Wideband Propagation Parameters

Characterisation of wideband channel performandgestito multipath can be usefully described using
coherence bandwidth and delay spread parameters.

2.3.1.1Coherence Bandwidth

The frequency-selective behaviour of the channeltmadescribed in terms of the auto-correlatiorction for a
Wide Sense Stationary Uncorrelated Scattering (WSStthannél Equation(1) gives R(Df), the Frequency
Correlation Function (FCF):

+¥
1) R(Df) = H(f)H (f +D)df
¥

whereH (f) is the CTF,Df is the frequency shift and denotes the complex conjugaf(Df) is a measure of

the magnitude of correlation between the chanrsgaese at two spaced frequencies. The coherencevistin
is a statistical measure of the range of frequencier which the FCF can be considered 'flat' 6.ehannel
passes all spectral components with approximatphalegain and linear phase).

In other words, coherence bandwidth is the rangeegfuencies over which two frequency component s
strong potential for amplitude correlation. It iSraquency-domain parameter that is useful for ssing the
performances of various modulation techniq[24. No single definitive value of correlation hamerged for
the specification of coherence bandwidth. Hencéhemence bandwidths for generally accepted values of
correlations coefficient equal to 0.5, 0.7 andWede evaluated from each FCF, and these are rdfeyrasB s,

Bo.7 andBy g, respectively.

2.3.1.2Time-Delay Parameters

Random and complicated PLC propagation channeldearharacterized using the impulse response agiproa
Here, the channel is a linear filter with impulssponseh(t). The Power-Delay Profile (PDP) provides an
indication of the dispersion or distribution of nemitted power over various paths in a multipathdehdor
propagation. The PDP of the channel is calculatethking the spatial average|b{t)|2. It can be thought of as
a density function, of the form:

! As a first approximation, the PLC channel is cdased WSSUS here, as is also assumed for outdoBr PL
channels if17], [18]. For further study on this topic, a thoroughatdission about the validation of the WSSUS
assumption for experimental measurements is givefil9]. In particular, the RUN method is based on
assessments of the process variance over succesbimtervalg20].
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@ o)=L
Ih(e ) dr

The RMS delay spread is the square root of themsecentral moment of a power-delay profile. It et
standard deviation about the mean excess delayisangbressed as:

) 1/2
(3) lrus = (f -1 gt A) R( yd

where ¢ 5 is the first-arrival delay, a time delay corresgioig to the arrival of the first transmitted sigalthe
receiver; andf, is the mean excess delay, the first moment optheer-delay profile with respect to the first
arrival delay:

(4) te= (t -t A)P()d

The RMS delay spread is a good measure of thepathtispread. It gives an indication of the natdrne inter-
symbol interference (ISl). Strong echoes (relativéhe shortest path) with long delays contribugmisicantly
t0f qys -

A forth time-delay parameter is the maximum exadsigy (f,,,). This is measured with respect to a specific

power level, which is characterized as the threkshaifl the signal. When the signal level is lowerntitae
threshold, it is processed as noise. For exampdemaximum excess delay spread can be specifigek @&xcess

delay (¢,,,) for which P(¢) falls below -30 dB with respect to its peak valag shown in Figure 2.

A typical plot of the time delay parameters is praed in Figure 2.

OdB

TA

-30 dB

0 Te Tm Excess delay
time

Figure 2: An illustration of a typical power-delay profiled the definition of the delay parameters.

2.3.2 Analysis of Results

In this section, an analysis of the measured rgseltimation of coherence bandwidth, its varigbifind
interrelationship with RMS delay spread, and arialg$ time-delay spread parameters are outlinedherboth
frequency bands 30 KHz — 100 MHz and 2 MHz — 1002Méferred to as FBand FB, respectively.
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2.3.2.1Coherence Bandwidth Results

For the both frequency bands, Figure 3 shows tequincy FCF obtained for three transmitter receiver
scenarios: a good channel (curves (i)), which cam$sumed to have the least multipath contributiGusves
(i) and (iii) correspond to the FCF obtained frarmean-case and bad channels, respectively.

14 T T T T T T T T

: 3 ; P | w—Class 3 - 30KHZ-100MHz
———Class 6 - 30KHz-100MHz
Class 9 - 30KHz-100MHz
Class 3 - 2MH2-100MHz
———Class 6 - 2MHz-100MHz
Class 9 - 2MHz-100MHz

1.2

(=]
o
I

o
[=:]

correlation coefficient p

04

G s

frequency separation (Hz)

Figure 3: Frequency correlation functions of the measuredictls - (i) good channel; (ii) mean channeli) (ii
bad channel.

The degradation of the FCF corresponding to mear-ead bad channels with respect to the good chaane
be seen in Figure 3. Rapid decrease of the frequencrelation function with respect to the frequenc
separation and also as the channel is bad candsewvelll. The decrease in frequency correlation ifmds not
monotonic, and this is due to the presence of pathi echoes in the PLC channel.

Concerning frequency bands comparison, a firstiresan be already released: the FCF associatecid¢h e
frequency band are juxtaposed for the good and +oas@ channels (dotted lines and dashed lines gurve
respectively). Nevertheless, a significant diffeetags the bad-case channel (bold lines curves).

From the shape of the FCF, an estimation of themaite bandwidth corresponding to a correlatiotffictent
of 0.5 can be obtained. In Figure 3, this is alnmh&t MHz for curves (ii) and 18.8 MHz for curves)(iln
general, the smallest frequency separation valaerimally chosen to estimate the coherence bantwidtis is
in agreement with observations maddd8] that coherence bandwidth characterisationguspaced ton€22]
is not satisfactory unless measurements are takemaolarge number of points.

Coherence bandwidth values for 0.5, 0.7 and 0.Bekaiion levels for the curves of Figure 3 are give Table
2, and statistics of the coherence bandwidth foncfor 0.5, 0.7 and 0.9 correlation levels for etlannel
measurements are shown in

Table 3.

Curve

B 0.5 (FBllFBz), kHz

Bo_7 (FBllFBz), kHz

Bo_g (FBllFBz), kHz

(M)

18 819.5/ 18 760.5

3852.5/3725.5

1586.5/1587.5

(i)

2171.5/2138.5

586.5/602.5

249.5/267.5

(iii)

909.5/3 214.5

347.5/720.5

50.5/243.5

Table 2: Coherence bandwidth values in kHz for 0.5).7 and 0.9 correlation levels for the curves ofi§ure

3

Page 19 (122)



ICT-213311, OMEGA 15 February 2011

Min Max Mean Std 90% above 90% below
Bo.s (FB1) 230.5 33 850.5 4 539.3 6 544.7 423.5 13 376.5
Bos (FB2) 152.5 33 695.5 4801.6 6 058.7 387.5 13 286.5
Bo.7 (FB1) 98.5 8 054.5 833.9 1063.2 181.5 1774.5
Bo.7 (FB2) 97.5 7 948.5 876.94 1033 232.5 1820.5
Bo.o (FB1) 32.5 1859.5 291.97 334.36 65.5 691.5
Bo.s (FB2) 43.5 1899.5 310.1 330.03 89.5 714.5

Table 3: Statistics of the coherence bandwidth furion for 0.5, 0.7, and 0.9 correlation levels in ki

For the 0.9 coherence level and the frequency B@idthe coherence bandwidth was observed to haveaa me
of 291.97 kHz, minimum coherence bandwidth of 3&8&, and 334.36 KHz standard deviation (Std). Fa%9

of the time, the value d,¢ obtained was below 691.5 kHz and above 65.5 kHwelfocus on the frequency
band FB values, we see that they are greater than thev&Bes. The minimum coherence bandwidth becomes
43.5 kHz, and 90% of the PLC channels hBygvalues greater than 89.5 kHz.

For the 0.7 coherence level and the frequency @B a mean coherence bandwidth of 833.9 kHz was
obtained. Here, the minimum value emerged as 985 dnd the standard deviation as 1.063 MHz. The FB
values are very close to the fF@&nes.

In the 0.5 coherence level, 80% of the channel oreasents have B, s values below 13.376 MHz and above
423.5 kHz. Like the 0.9 and 0.7 coherence levhbs RB mean value oB, 5 (4.801 MHz) is greater than the FB
one (4.539 MHz). But, the min and max values awehin the FB case.

To investigate the reasons for the fluctuationghef coherence bandwidth values, magnitude curvetheof
complex frequency responses are shown. Figurerégepts the channel frequency response for thevdaeses
the coherence bandwidth was estimated at 1.859 MHzB; (max value). Figure 4 clearly shows that the
channel frequency response presents few notchege lpeaks, and is relatively flat over the 100 MHz
bandwidth. Not surprisingly therefore, the coheeshandwidth assumed a relatively high value.

Magnitude (dB)

25 N S S SN SN SN R S
0 1 2 3 4 5 6 7 8 9 10
Frequency (Hz) <107

Figure 4: Measured transfer function envelope of the maxinBgvalue.

Next, the least value of the coherence bandwidth5(XHz) in FB was investigated. Figure 5 shows the
magnitude response in this case which shows sigmififrequency selective fading of the channeljltieg in
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deep fades at several frequencies and narrow p&hkspresence of this significant frequency selectading
explains the relatively small value of coherencadvadth observed. Both of these cases demonstiatethie
PLC indoor channel is considerably affected by ipath, and that the coherence bandwidth value deese

with frequency selective fading.

Figure 5: Measured transfer function envelope of the mininByavalue.

2.3.2.2Time-Delay Parameters Results

By means of an inverse Fourier transform the irmipealsesponseh(t) can be derived from the absolute value

and the phase of a measured transfer functiontheofrequency bands 30 KHz — 100 MHz ¢fFBnd 2 MHz —
100 MHz (FB), the amplitudes of the impulse responses of tiameels of Figure 4 and Figure 5 are depicted in

Figure 6 and Figure 7, respectively.

Figure 6: Impulse response &ligure 4 channel.
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Figure 7: Impulse response &ligure 5 channel.

As the maximum excess delay () is specified as the excess delay for whiet) falls below -30 dB with
respect to its peak value, the lower signal lewets processed as noise. Consequently, it is matabk to
calculate the mean excess deléy) and the RMS delay spreafl,s) on the basis of channel time coefficients

lower than? .

The CIR of Figure 6 and Figure 7 show some peak&hwhonfirm the multipath characteristics of PLC
channels. For the frequency band FB1, the CIR giifei 6 exhibits a maximum peak at a délgy 0.0, a

mean excess delag, =0.01871s, an RMS delay spreafi,,g =0.03687s, and a maximum excess delay
t,, =0.28ms for which P(¢) falls below -30 dB with respect to its peak value.

The same parameters of the CIR of Figure 7far0.321s,f,=0.952bs, fg,s=1.3674s,
andf , =9.41ms. This is quite foreseeable as the CIR of Figuiie &ssociated to a shorter PLC channel and
much less affected by multipath.

More interesting are the reduced delays of the @fiRigure 6 and Figure 7 when the frequency bang iEB
considered. Mean excess delay, RMS delay spread] amaximum excess delay parameters

becomd , =0.014%, 4y =0.03b1s, and £, =0.227s for the CIR in Figure 6. For the CIR in Figure 7,
the effect is more undeniable. In fact, time deglayameters fall spectacularly urtj| =0.177s,7,=0.137s,
tous =0.228ns, andt,, =1.67S.

Statistics of time-delay spread parameters fomathsured PLC channels are given in Table 4.
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Min Max Mean Std 90% above 90% below
tp(FB), s 0.01 0.55 0.1751 0.1134 0.05 0.31
tp (FBy), s 0.01 0.41 0.1523 0.0967 0.05 0.30
te (FB), s 0.001 0.9521 0.2584 0.2364 0.0339 0.6352
te (FBy), s 0.0003 0.8822 0.1821 0.1567 0.0253 0.3559
trvs (FB), s 0.027 1.367 0.413 0.294 0.066 0.784
trvs (FBy), s 0.026 1.039 0.309 0.212 0.067 0.601
tm (FB), s 0.26 10.93 3.18 2.21 0.6 6.45
tm (FBy), s 0.18 6.26 2.228 1.327 0.55 3.81

Table 4: Statistics of time delay parameters ins.

In the frequency band RBthe first-arrival delay {,) was observed to have a mean of 0sl7minimum of

0.01 s, and 0.11s standard deviation. For 90% of the time, the eaff , obtained was below 0.3% and
above 0.05s. Comparing to the frequency band,Féase, there is not a great difference to notetha

parameter.

For the mean-excess delay parameter and thecBBe, a mean value of 0.25was obtained. Here, the
minimum value emerged as 1ns and the standardtievias 0.23s. Concerning the maximum-excess delay,

80% of the channel measurements have valugg tetween 0.6s and 6.45s. 80 % of the channels exhibit an
RMS delay spread between 0.86and 0.78s. The measured channels have a mean RMS delagdspfe

0.413 s.

The passage to BEBnduced an important reduction of the maximum esagelay, whose min, max, mean, and
standard deviation values were almost divided by 2.

2.3.2.3Coherence Bandwidth versus RMS Delay Spread

Figure 8 shows a scatter plot of the RMS delay apragainst the coherence bandwidth of the PLC &iann
measures for the two frequency bands BBd FB. The scatter plot shows a high concentration @ftpan the
range 0.1s - 0.9 s at which the coherence bandwidth is almost ub@8rkHz and over 50kHz. Higher values
of coherence bandwidth are observed for RMS depaigasl values less than 0sl In system design terms,

higher coherence bandwidth translates to fastebsytransmission ratg22].
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Figure 8: Scatter plot of coherence bandwidth against RM&ydgpread.

For both frequency bands, Figure 8 depicts a samlectear relation between the valuesBgfy and £ 4y,
estimated in the overall set of measured chanaetswhich can be approximated by:

55

) trms(ms) = m

On Figure 8, the relatiofd) is represented by the red-circles curve.
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3 Statistical Channel Transfer Function Modelling

As explained in SectioB.1, the unavailability of a model that fully dabess signal propagation along powerline
cables led the powerline community to often reachrly pessimistic conclusions: the PLC is impossitn
model a prior{24].

An a priori approach to the characterization of BieC channel based on CTF classification and thgitou
statistical study of their fading properties wasat#ed in[25] and[26] and further improved in this Section.

3.1 General Observations and Channel Classification

If we observe the measurement results of the PL&hidl transfer functions by site, we can distiniguiso
categories of channels:

- PLC CTF where the transmitter (Tx) and receiver)(Butlets pertain to the same electrical circud, i
are situated in series on the same branch corrdsmpto one fuse in the electrical box

- PLC CTF where the Tx and Rx outlets pertain to tlifferent electrical circuits, i.e. are situated on
different branches of the electrical box.

For each category and site, the PLC CTF are alidestical and are independent of their outletstioca(peaks
and notches almost at the same frequencies).

On Figure 9 are reported the CTF measurementssang site. The top curves are associated to the sam
electrical circuit case, and the bottom curvesodifferent electrical circuits case.

Figure 9: PLC channel measurements in a same site.

This observation leads to the idea to classify mesb PLC channels according to their potentialdnaission
performance. Because calculating distances sepgraéinsmitters from receivers was impossible, Bhé@nnels
were classified into several classes per asceratidgr of their capacities (according to the Shafmoapacity
formula and for a same reference noise and PSDs&misnask). The transfer functions of class 1 aosé
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which convey the lowest date rate, the transfectfons of class 2 are those which convey ratesemigan
those of class 1, etc.

To carry out this classification, we started bycatdting for each measured channel (with GI)Ats capacity in
the presence of a white noise. The calculationmatars are described in Table 5, and the capagjtyofmula
is described in Equatio(®).

2
N P xH(f. .
6) C=Df x log, 1 AL i)
i=1 R,
Frequency bands: 1MHz - 100 MHz
Carrier width ( f): 25 KHz
Number of Carriers (N): 3960
Transmitted PSD (P ¢): -50 dBm/Hz
White noise PSD (P p): -140 dBm/Hz

Table 5: Channel capacities calculation parameters

In the 1MHz - 100 MHz frequency band, the minimuapacity was about 1 Gbps and the maximum capacity
about 2.8 Ghps. Nine classes are thus definedanithnstant interval of 200 Mbps. The first classpdses the
channels with capacities ranging between 1 Gbpsladdsbps, and the ninth class consists of charwits
capacities between 2.6 Gbps and 2.8Gbps. WithriHehement of the channel data base, new transfetifins
with capacities lower than 1Gbits/s or higher tBaBGbits/s could constitute new classes.

The classification results, in terms of measurethdfer function percentage, capacity interval, amdrage
capacity distributions, are presented in Table @ &&n observe that, for the considered referenéte wbise
and the 1 MHz-100 MHz frequency band, the averagmcities vary between 1120 Mbps for class 1 arg® 26
Mbps for class 9. The transfer functions are digteéd over all of the 9 classes with an almost @otisiumber
of individuals for classes 4, 5, 6, and 7 (~11%in@e consequent number for classes 2 and 3 (~1aid)a
lower number for classes 1, 8, and 9 (~3 % and ~7%)

Class Percentage of channels Capacity interval Capacity (Mbits/s)

(Mbits/s) [LMHz-100MHz]
1 3.49 % 1000-1200 1120
2 16.78 % 1200-1400 1307
3 18.18 % 1400-1600 1486
4 11.88 % 1600-1800 1687
5 11.88 % 1800-2000 1899
6 12.58 % 2000-2200 2098
7 9.79 % 2200-2400 2298
8 7.69 % 2400-2600 2499
9 7.69 % 2600-2800 2699

Table 6: Channel percentages and average capacitiebclasses

The distribution of the sites by class is indicated able 7. Excepting the class 1, the other elms®nsist of
transfer functions from various sites (3 to 6 git@be sites are variable in terms of size (apants)éhouses) and
building construction date (recent and old elecinstallations), as the CTF measured on of eaah rey
correspond to low-capacity classes as well as baglacity classes.
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Class number Sites

=

6
1,5, and 6
1,3,4,5,6,and 7

1,3, 4,and 7
1,3,4,5 and 7
2,4,5,and 7
2,4,5 and 6
2,3,4,and 6

|| N |0 | M|l W|IN

1,2,3,5,6,and 7

Table 7: Distribution of sites by class

More interestingly, the CTF corresponding to thmea&lass present the same average attenuatiorr¢fEyu

3.2 Average Attenuation and Phase Modelling

3.2.1 Average Attenuation Modelling

As the channels of each class follow almost theesamerage frequency response, an average attemuadidel
is proposed by class.

Table 8 shows for each class the equation of ksame attenuation model (in dB) as a function efftequency
f which varies between 1 MHz and 100 MHz with a Kb step.

Class number Channel model
1 f
-806- 30.cos——- 0.5
5.5.10
2
-43 25.exp- . Ef
31f 18
3 14
-38 25.exp- ——- —f
31f 16
4 f 15
-32 20.exp- ——- —5f
31f 16
5
- 2% 17.exp- _f Ef
3P 16
6 f
-38 17.cos——
7.100
7 f
-32 17.cos —
7.10
8
- 20+ 9.cos
7.1
9
-13 7.cos 0.5
45.10

Table 8: Average attenuation model by class
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Figure 10 and Figure 11 show, for the classes 2@rttie set of measured CTF (blue thin curves) thed
average attenuation models (red bold curves).

Figure 10: Channels and average attenuation model of class 6.

Figure 11: Channels and average attenuation model of class 2.

Figure 12 shows the gathered average attenuaticielsof the classes 1 to 9.
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Figure 12: Gathered average attenuation models.

3.2.2 Average Phase Modelling

In the preceding Sections, a PLC channel classificavas carried out, and an average attenuatioteinwas
suggested per class. In this section, an averaggephodel per class is proposed.

The blue curves of Figure 13 and Figure 14 reptetbenmeasured PLC channel phases of the clasaed 8,
respectively. Note that the figures represent amrapped phase in radians. The average phase mbdatch
class (red bold curves) is obtained by linearizatib the median of the blue curves. The phase rsoofethe

whole classes are gathered in Figure 15.

Figure 13: Phases and average phase model of class 6.
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Figure 14: Phases and average phase model of class 2.

Figure 15: Gathered average phase models.
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Obviously, the slopes of Figure 15 curves, whicfingethe group deldy are inversely proportional to the class
numbers. Class 9 admits the phase with least glodegroup delay as it contains the "shortest" saleetrical
circuit channels, therefore with least propagatietays.

We also note that although the channels of eacts di@ve very close attenuations, their phasesadherr
disparate with a difference exceeding sometimesR#&® at 100 MHz. This is explained by the fact ihathe

same class, weak-sloped phases are associatedativereclose Tx to Rx with a relative great numbudr
branches. On the other hand, the steeply-slopisggthare associated to more distant Tx and Rx fetier

branches. Although the two cases could have a sdétiereuation, the group delay of the first caserialker than
the second one.

The class 1 average phase model isn't representEdyjore 15, and falls down to -220 Rad at 100 MHz.

The phase models of Figure 15 are deferred in T&bléhich gives their first values (at 1 MHz), thiist values
(at 100 MHz), and their slopes. This table contails® the group delay mean values representingltpe of
the representative phase of each class.

Class Phase at 1MHz Phase at 100 MHz Group Delay ( s)
(Rad) (Rad)
9 -2.3543 -23.6383 0.03424
8 -1.9071 -43.8172 0.06739
7 -2.7401 -52.2321 0.07958
6 -2.7781 -69.5778 0.10742
5 -2.7968 -86.2458 0.13419
4 -3.2573 -112.5762 0.17579
3 -3.5007 -129.8406 0.20316
2 -3.0223 -168.5256 0.26613
1 -3 -220 0.34903

Table 9: Phase models and mean group delay valueg tlass.

At this stage, the built phase models are linea #we magnitude models are smooth and don't incthee
multipath characteristic of the PLC channels. la tiext Sections, the multipath effect is introdudeadr the
magnitude model, this is based on a statisticalystf the measured transfer functions fluctuatiarmind their
average attenuations, which is equivalent to s$izdity studying their fading characteristics.

3.3 Statistical Study of the Channel Frequency Fading

The characterization and the selection of the fgmt peaks and notches of the measured PLC &ansf
functions are done in two steps:

1) Smoothing of order w of the measured magnitudeves |H(f)|. This gives a smoothed transfer
function magnitude |Hsmoothed| defined by:

fo +wDF

(7) ‘ H smoothea( fOX = ‘ H (I )‘

I=f,

, Where is the phase in rad, and=2 f is the

% The group delay, (in seconds) is defined sy = - d—/
w

pulsation in rad/s.
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fis the frequency measurement step (L00KHz in ase)k

2) Specification of the extrema (maxima and minira&the smoothed transfer functions according to
the following criterion: an extrema is selectedyowhen it differs by at least 2 dB from its pregayli
extrema. That's why the third minimum of Figure i$6't selected. In case of several consecutive
maxima (respectively minima), only the greatest (nespectively the smallest one) is retained: the
second maximum of Figure 16 is thus rejected.

Figure 16: Specification of channel magnitude extrema.

In what follows, a statistical study is performeeparately for same electrical circuit channels difterent
electrical circuit ones. The parameters associtdethe selected peaks and notches are widths, theighd
numbers.

3.3.1 Peak and Notch Widths

In this Section, the width of a peak or notch IlC&F is analyzed. The width is defined as the fregye
separation (in Hz) between two maxima (in the natabe) or between two minima (in the peak casdhass
Figure 17).

M

Hz
min

Figure 17: Peak width definition.
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Figure 18 and Figure 19 represent (in blue) thethsidlistributions in the same electrical circuitl aifferent
electrical circuit cases, respectively.

Figure 18: Peak and notch widths distribution — same elegitdizcuit.

Figure 19: Peak and notch widths distribution — differentcéieal circuits.

Both Figure 18 and Figure 19 widths distributionsild be compared to the Rayleigh distribution dedidy the
formula:
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. 2s H 1
8) (x)= 5 where s 12N X

where N is the number of observations, ands the width of the peak or notch of the obseprati

In the same circuit case, the most representatisgeiyh distribution is defined by =7.168% €. In the
different circuits case, the more likely valueofis equal tal.6341et.

Measurements demonstrated that the channel freguesponses of the same electrical circuit caseepte
fewer notches and larger peaks than the differietrécal circuit case. Not surprisingly therefotke standard
deviation of their Rayleigh distribution assumertkatively high value.

The red curves of Figure 18 and Figure 19 represemtrandom drawings according to the selected é&tglyl
distributions. We note that there is a good agregetween measured widths and suggested distritsuti

3.3.2 Peak and Notch Heights

In this Section, the height of a peak or notch @T& is analyzed. The height is defined as theedifice in dB
between a minimum and the following maximum (in @@k case as shows Figure 20), or between a maximu
and the following minimum (in the notch case).

Figure 20: Peak height definition.

Figure 21 and Figure 22 represent (in blue) thghtsidistributions in the same electrical circmitian different
electrical circuit cases, respectively.
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Figure 21: Peak and notch heights distribution — same etadtcircuit.

Figure 22: Peak and notch heights distribution — differeleté#ical circuits.

Here, the suggested heights distribution is ttengular distribution defined by the formula:
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M,aEbe
© t(x)= (b- a)
0 , else

wherea andb are respectively the minimal peak-height valuegnmecurring one) and the maximal peak-height
value (least recurring one).

In the same circuit case, the most representati@egular distribution is defined bg = 2dB and b=30dE. In
the different circuits case, the values of a amdebrespectively equal tadB and 35dB.

The red curves of Figure 21 and Figure 22 reprasemtandom drawings according to the consideragdgular
distributions. We note, once more, a good agreelmetmieen height measurements and proposed digbrisut

3.3.3 Peak and Notch Numbers
In this Section, the number of peaks or notches@TF is analyzed.

Figure 23 and Figure 24 represent the distributiohghe number of peaks and notches in the sameirand
different electrical circuit cases, respectivelythAugh the number of observations was weak, weotmerve a
Gaussian distribution tendency defined by the fdamu

f(x)= 1 exp-(x_ ;
(10) Sx/ﬁ 252

where s2 and /M are respectively the variance and the mean ofliservations.

Figure 23: Number of peaks and notches distribution — sametridal circuit.
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Figure 24: Number of peaks and notches distribution—diffeedattrical circuits.

In the same circuit case, the most representataues§an distribution is defined by=11.4828 ands? = 11.€; and

in the different circuits case, the value mfand s2 are respectively equal t7.184€ and 6.811€. The number

of peaks and notches is higher in the differerduiis case, as there is more branches and then neftegions
and echoes.

For a fixed class number, the statistical resultsined above are used, in the next section, todnote the
multipath component to the average attenuatioh@fC channel to generate.

3.4 Channel Transfer Function Generator

3.4.1 PLC Magnitude Generator

After fixing the class number of the generated clednthe multipath channel magnitude generator iatbstwo
steps: generation of peaks and notches accordinfpetostatistical results and introduction of theerage
attenuation of the selected class.

We note that classes 9 and 8 contain only chanmbkye the Tx and Rx plugs are on the same elektrica
channel. Classes 6 to 1 are composed of diffedestrizal circuit channels only. Class 7 is commbsé an
equal mixture of same circuit and different cirswihannels.

3.4.1.1Peaks and Notches Generation

In this first step, the peaks and notches are géeéraccording to their widths and heights distidns. Here,
the transfer function attenuation is consideredl nul

The first-stage transfer function magnitude is gatel by consecutive pairs of increasing/decreasialf-lobes
generated up to the 100 MHz frequency. This lefidally, to a succession of lobes whose shapeslepicted
in Figure 25.
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Figure 25: Lobe structure.

In order to make the generated lobe similar to mmedk lobes, it is divided into four sections: knwide
increasing section of width, followed by two low-slope linear section (widths and ls), followed by a
decreasing section of width The construction of the lobe is performed acaaydo the following method.

Denotingh the height of the lobe, measured lobe observatiensonstrated that the widths of the increasing and
decreasing sections are inversely proportiondl. t6or largest values df (h;,,,=30dB in the same circuit case,
and h,,,=35dB in the case of different electrical circuit®);, which is the sum of increasing and decreasing
sections widths, represents only1/4 of the totalthvi of the lobe. While, for the smallest value ofhh,;(=2dB),

21 is equal to 3/4 of the lobe widthGenerally), is calculated according to the following formula:

I I
h-h. )+ —
2(hmax' hmin)( mln) 4

wherel, takes a random value between O land, , andi; =1 - 2- | ,.

In Figure 26 and Figure 27 are reported two gerdrast stage transfer functions related to the szroeit and
different circuits cases, respectively.
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Figure 26: 1* stage magnitude generation — same electricalitircu

Figure 27: 1* stage magnitude generation — different electGualits.

3.4.1.2Introduction of the Average Attenuation

In the second step of the magnitude generationesmave apply to the "flat'Istep magnitude the average
attenuation model of the selected class.

Figure 28 represents a class 9 generated magn#éuodesigure 29 a class 2 one.
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Figure 28: 2" stage magnitude generation — class 9.

Figure 29: 2" stage magnitude generation — class 2.

In order to validate the PLC transfer function magite generator, capacities are calculated for déerated
channels per class. The distribution of the sinmdatlass 2 channel capacities, presented on tteghasn of
Figure 30, is almost completely comprised betwe@nahd 1.4 Gbits/s, which corresponds to capaatigrval

of class 2.
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Figure 30: Histogram of the class 2 channel capacities istion.

3.4.2 PLC Phase Generator

In Section3.2.2, linear phase models per class where dewldpehis Section, multipath is introduced. As the
fluctuations brought to the phase conditions thiaydspread of the resulting impulse response, step is
determinant for building PLC channels presentingufse responses as close as possible to the mdames.

Low numbered classes have impulse responses presdatger maximum delay spreads and RMS delay
spreads (sel27][28]). We observed that the low numbered classesant a linear phase with a larger slope than
high numbered classes. However, this does not gtesa larger delay spread: controlling the lirgzase only
does not accurately render the observed delay dfoe@ach class.

To refine the model characteristics in the time domsome global and local distortions are appiiethe linear
phases. Local distortions are applied around thehed frequencies of the built transfer functions.

3.4.2.1Global Distortions Applied to the Linear Phases
Intuitively, a linear phase privileges a uniquehpahose delay is proportional to the slope of thage line.

In order to create a diversity of paths, and consatly enlarge the RMS delay spread, a concaviappied to
the linear phase, as presented in Figure 31. Tmsavity is inversely proportional to the class fyem

Table 10 is reports the concavity defih(see Figure 31) as a function of the class number.

We note that this concavity phenomenon is well @mé$n the channel measures and particularly viighlow
numbered classes (see Figure 14).

The concavity distortion applied to the linear phas further followed by local distortions explathen the
following subsection.
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Figure 31: Concavity application to the linear phase.

Class number Concavity Depth (Cc)
1 30

30

30

10

10

|| N || bM|lWIDN

5
5
3
3

Table 10: Concavity depth Cc by class

3.4.2.2Local Distortions Applied to the Linear Phases
Local distortions concern the non-linear behavimfuthe phase at the notch frequencies. This isesgad by:
- phase shifts at the selected notch frequencies,
- phase fluctuations around these frequencies.

Phase shifts are generated so that the phaseediffeibetween frequencies just before the notcluémry and
frequencies just after it takes arbitrary valuetsvieen 0 and 2

Around notch frequencies phase fluctuations ammdhtced. As presented in Figure 32, increasing iaimolal
cosines are inserted in the left of each notchugegy, and decreasing amplitude ones are inserntedeoright
side. Between the two cosines an arbitrary pha$ereince is applied. Note that at this figure, piase shift is
almost equal to 2 rad.

D3.2 Page 42 (122)



ICT-213311, OMEGA 15 February 2011

Figure 32: Local distortions applied to the linear phase.

Observing the group delay of the measured PLC adanmwe distinguish peaks in the group delay measur
around notch frequencies. These peaks, characigritie phase non-linearity at theses frequenciesy m
correspond to either positive shifts or negatividtsiisee Figure 33 and Figure 34). Observatiormsveldl that
group delay peaks generally correspond to negatiifes in the high numbered class channels (seer&ig4),
and equitably take positive and negative shifthenlow numbered class channels case (see Figire 33

Figure 33: Class 2 channel measured group delay.
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Figure 34: Class 9 channel measured group delay.

As the sign of the phase shift, at a given notongdaions the direction of the associated groupgekak, phase
shift signs are generated according to Table 1bhairitities.

Class number Positive sign Negative sign
probability probability
1 0.5 0.5
2 0.5 0.5
3 0.4 0.6
4 0.3 0.7
5 0.2 0.8
6 0.1 0.9
7 0 1
8 0 1
9 0 1

Table 11: Phase shift signs probabilities

Classes 9, 8, and 7 group delays only presentinegagaks. Classes 1 and 2 group delays presemlosttive
and negative peaks with the same probability.

3.5 Channel Impulse Response Generator

We present in this Section different methods fe gleneration of a CIR, starting from the frequeresponse
provided by the CTF generator (see SecBof). The following question arises: is it possibdereduce the
number of coefficients of the channel response,thod obtain a simple method approaching the besCiR.

This Section is therefore related to the analyiselopment and comparison of different methods.

3.5.1 Regeneration of the Impulse Response
Figure 35 shows the CTF versus frequency. The sagfiequency is 200 MHz.
The x-axis ranges from 1 MHz to 100 MHz with a 23kdtep.
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Figure 35: Generated CTF.

The following figure represents the CIR generatgdhe IFFT. To retrieve the CIR, one have to congptae
beginning ofH(f) with zeros and then make a Hermitian symmetrecéinseH(f) has been provided for the
frequency band from 1 MHz to 100 MHz).

This can be done easily by typing in MATLAB thelfoling line of code:

%40=1000/25
debut=zeros(40,1);
Hf=[debut;Hf];
Hf=[Hf;0;flipud(conj(Hf(2:end)))];
IR_IFFT= ifft(Hf);

Figure 36: Generated real-valued CIR.

The generated CIR are very long (8002 points). Tdreynot applicable in the simulation. For thisserawe will
propose some methods to generate the best respithse sufficient number of points. Let’s note tlia¢ CIR
in Figure 36 is given as an example for the congparithat will be made in the next sections, ithisnt not

representative of all the impulse responses and doegive a statistical analysis of PLC CIR, whiglgiven in
Section2.3.2.2, Table 4.
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3.5.2 First Method: by Truncation
This method is to truncate the impulse responsegusithreshold.

The flowing algorithm describes this method:

1 - Find the indeXyay of the maximum magnitude of the CHR), i.e. \h(i max] = max \h(i]

2 - Select a thresholthdB
- ThdB

3 - Calculatew = max |n(i)

4 — Calculatg

trunc

=min {i, (i) <w}

5 — Select the truncated impulse response as: t€f), .iyunc

x 10 First method

ol v\ AV, L L LA
UVVWW TR A

Impulse response

0 0.2 0.4 0.6 0.8 1 1.2
Time (s) % 10°

Figure 37: lllustration of the truncation method.

3.5.3 Second Method: Truncation by Windowing

This method consists in finding the maximum eneofithe CIR in a rectangular sequence of size M. The
maximum energy concentration within a frequencydbmplies minimum total energy spill outside thesided
band.

The simple truncated is a rectangular window trted:aWe are faced with the problem of decidingsize of
the truncated window to get the best approximasibtne CIR.
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Figure 38: lllustration of the windowed truncation method.

Let w (n) be a rectangular window of size M andhthie impulse response of size L (in our case80682).
w(n)=1forn=0, ... M-1.

In computing the spectrum of a truncated data sezpjewe multiply the data by a set of weights. Tikis
motivated by the fact that the truncation itselfresponds to a set of weights all equal to one iwithe
truncation range and to zero outside it.

The CIR h is divided into blocks of length M <L.dfn a block to the next, the window is shifted by ample
and we multiply w (n) by h(f3) which is equivalent to a convolution of the umizated h(rf)data with w(n).

The choice of IR is corresponds to the block thia¢ga maximum energy.

3.5.4 Third Method: with the invfreqz MATLAB Function

For more information on the invfreqz function, ske help of MATLAB.
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% 10™ Third method
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Figure 39: lllustration of the invfreqz function method.

3.5.5 Comparing the Proposed Methods

In this Section, results for the proposed methoelslization are compared with the well-known oridgina
spectrum. Such comparison is difficult, and thalffichoice is inevitably dictated by subjective prehces. The
comparison here takes into account the MSE criteffdhe time domain CIR were truncated so as to loae
228 coefficients, and the resulting spectrum waspmated.

The following figures represent the comparisontef CTFH(f) compared to that of the reference provided by
the CIR generation using one of the three previnethods.

We note that it is very difficult to see the difeice between these three methods.

To compare the results obtained by these threeadsthve used the mean square error criterion.
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Figure 40: CTF comparison using the truncation method.
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Figure 41: CTF comparison using the windowed truncation metho
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Figure 42: CTF comparison using the invfreqz method.

To compare these methods, we will calculate thenmnsgaare error (MSE):

(12)

MSE=10log,,

N-1

H. (k) - H(K)

N

First method

Second method

Third method

MSE (en dB)

-65.0110

-65.0115

-64.9968

Table 12: MSE comparison of the three proposed metids (M = 228)

Table 12 shows the representation of the MSE daoro€IR designed by methods 1, 2 and 3. We notettiea
channel response designed by the method 2 is ainmstical in terms of performance than the metBp#ut
more efficient compared to that of method 1. Wectaate that the impulse response designed by thadet
presents the best approximation in the directioM8E on a size of a well defined window M (in oase M =

228).

The performance of the method 2 increases witlsiteof the window M.

The following table shows the results for M = 1213
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First method Second method Third method

MSE (en dB) -67.6271 -73.1011 -67.5559

Table 13: MSE comparison of the three proposed mettds (M = 1213)

3.5.6 Conclusion

The studied methods are very close, so what isgqsexpis to use the first method which is the sistpbae to
truncate the CIR.

3.6 Simulation Results and Model Validation

Figure 43 and Figure 44 represent respectivelyhferclasses 2 and 9 the generated transfer functagmnitudes
in dB (top left curves), the generated phases it @ap right curves), the generated group delaysrn(bottom
left curves), and the associated impulse respdisg®m right curves).

The impulse response shapes are similar to thengabeneasurements. Furthermore, their maximum exces
delays () are well in the range of measured maximum exde&sys of the considered classes (ixe. 0.35us
for class 9 measured channels apd4ps for class 2 measured chanf2ig[28] ).

Figure 43: Magnitude and Phase generation — class 2.
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Figure 44: Magnitude and Phase generation — class 9.

In order to validate the model, 100 channels amegied by class, and the mean values of the RMES de
spread and maximum excess delay parameters andatalt for each class. The obtained mean valuethare
compared to those calculated for the measured eftmand reported if27]. These results are shown in Table
14,

Class number Model tm Measured tn Model ttrus Measured

(us) (us) (us) trus (1S)
1 3.31 3.42 0.31 0.51
2 3.35 3.35 0.31 0.51
3 2.83 3.32 0.27 0.45
4 2.25 2.12 0.22 0.29
5 2.14 2.41 0.21 0.32
6 1.95 2.08 0.19 0.26
7 1.18 1.21 0.16 0.14
8 0.9 0.85 0.08 0.09
9 0.6 0.35 0.07 0.04

Table 14: Model validation delay spread values

This table shows that the proposed model reasonadlgcts the delay parameters as observed from the
experimental data.
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4 Statistical Channel Transfer Function Model Softwae

In order to share the proposed model of this pag#r research community and industrials, a softwiare
developed: Wideband Indoor Transmission channeluitar for powerline (WITS). This software is based
the channel model of Secti@n

To each channel simulation is associated a worlespegation and definition (see Figure 45). The patars of
powerline channels to create are the frequencyvat@nd step, the number of channels to geneaattthe list
of classes to which they belong.

Figure 45: WITS workspace creation and definition.

An overall interface of WITS software is reportedHigure 46.
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Figure 46: WITS general interface view.

This interface is divided into informational paleff side) and graphical part (right side).

- Informational part: in this part are given the list of created worksgs (topt panel), the list of
channels of each workspace (middle panel), andrmtion about selected workspace (minimal and
maximal frequencies, frequency step, channel ctass® number of channels) and channel (its number
and the class it belongs to).

- Graphical part: this part consists of two charts showing the fesguy response of the selected channel
and its unwrapped phase if the "Frequency" plotdouis pressed, and its impulse response if the
"Impulse” plot button is pressed.

As shown in Figure 47, two exporting options aneegiin the WITS software:
- Exporting a selected powerline channel.

- Exporting a whole workspace: in this case chanite$ fas numerous as the number of workspace
channels) are created in a directory created arifsgpe by the user.
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Figure 47: WITS exporting options.

Two saving formats are proposed:
- Text format: containing:
o Frequency response (frequency vector, real andiimaagparts for each frequency).

0 Impulse response (time instants vector and impedsge for each time instant).

- Mat format: intended to Matlab users. To each created chamradsociated a Matlab structure called
"CHANNEL" containing:

0 Class: class number.

Frequency: frequency vector

H.ea real values of the frequency response.

Himag imaginary values of the frequency response.

Time: time instants of the impulse response.

O O O o o

Impulse: impulse response vector.
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5 Analytical Modelling of the Channel Transfer Function

As discussed in the previous sections, it is berafto deal with a statistical model that allowapturing the
ensemble of power line grid topologies. This is gHrticular importance for the design and testing of
transmission and signal processing algorithmshis gection we firstly describe another top-dowprapch to
the statistical modelling for the channel trandterction (CTF). The approach has been firstly pnésg in[29]
and it is herein investigated in detail. Then, wesent a bottom-up approach based on transmidsiertheory
concepts that uses all the topological informatmonompute the CTF.

5.1 Top-Down Analytical Model of the Channel Transfer Function

The starting point is the well-known band pass polive channel model if6], where taking into account the
multipath effect, thérequency responsés synthesized withl, paths as

N 2pd,

(13) Gew () = _ng(f)e'J v'qfd), Of BE f£ B,

p=1

where g, (f) is the transmission/reflection factor for patthat is in general complex and frequency dependent

d, is the length of the path, and=c/,/¢ with c speed of light andg, dielectric constant. The attenuation

caused by lossy cables is represented3fy,d,) which increases with frequency and distance. Apéfied
model that uses a small number of parameters cabtaéed by rewritingl3) as follows

Np _i2P% K
14) Gl (f)=A ge v e¥*% of BE f£ B,

p=1

where the parameterA allows adding an attenuation to the frequency omse, while the parameters
a,,a, K, N, are chosen to adapt the model to a specific nétwidnis model can realistically represent a true

frequency response, i.e., a measured frequencypmssdy appropriate fitting of the parame{éis It should be
noted that althougkil4) is derived from the consideration of propagateffects[6], it represents a parametric
model to be used for fitting of measured frequer@sponses.

In order to obtain a statistical model we propasadd some statistical properties to the CTF deedrin (14)
[29]. The idea is to assume the reflectors (thaegate the paths) to be placed over a finite digtanterval and
to be located according to a Poisson arrival pmedth intensity. [m™*]. The latter assumption is justified by
experimental observations on real life Europeahdme networks. The maximum network length is edoal
L. With this model the number of paths has a Poisstmibution with meanL_, L , while the inter-arrival
path distances are independent and exponentiatyitaited with meari/L . The path gaing, are in general

complex and they represent the result of the prodiuseveral transmission and reflection factorpassibility
is to model them as independent complex randonabkes with amplitude that is log-normal distributaad
with uniform phase irff0,2p]. The log-normality is a plausible assumption sieaeh path gain is the product of

many transmission and reflection coefficients whasha log-normal distribution as the number ofdegoes to
infinity. Another possible model is to consider teth gains to be real and uniformly distributedtagas done

in [29]. However, we have found similar statisticstbé CTF for both the models. The other parameters
a,, 8, K are assumed to be constaKt. can be chosen to be either smaller or even ldhger 1. A value larger
than one accounts for a higher decrease of thelpsshas the frequency increaseg.and a can be chosen to
adapt the channel path loss profile such that tthes measured profiles as described in the foligwi

The complex CIR g, (t) can be obtained by the inverse Fourier transfofnil8) (or numerically via the
inverse discrete Fourier transform), while the ieglulse response can be obtained as follows
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(15) 0eu () =2Re{ g2y, (1} -

It should be noted that the impulse response dependchow we band limit the CTF. That is, accordinghe
definition in (13), the channel is filtered with a rectanguland@ass filter. Other windows in frequency can be
chosen. No significant differences are obtainedigiexl that the transmitted signal has a spectruthosefined

in(B,,B,).

An interesting case of practical interest is whem agsum& =1. In this case the impulse response can be
obtained in closed form. This allows to easily gate a channel realization (corresponding to aza@bn of
the random parameters,, g,, d,) as follows

(16) 9l ()= A v g, 6% ad, + j2p(t- d, /v) (dBhI) Akl @B 41y 2By
e p=1 ) (aldp)2+4p2(t- dp/V)2

The impulse response can be truncated in a wintlatwcbntains most of the energy, say 95%.

5.1.1 Statistical Characterization

We are now interested in the statistical charazation of the channel modelled as in SecBoin particular we
study the first order statistics of both the fremgie response it§14) and the impulse response(itb). They
clearly depend on the choice of the parametersftandistribution of the number of paths, the pating and the
path delays. In general, fdd, that goes to infinity the real and imaginary pafrboth the frequency response

and the impulse response tend to be Gaussiarbdigtd according to the central limit theorem.

When showing numerical results in Secti®ri.2, we assume that the path delays are drawn &d?oisson
arrival process, i.e., the inter-arrival path delaye independent and exponentially distributeth wieanl/L ,

and the path gains are independent and uniformdyrilduted in [-1,]]. With these assumptions and the

parameters used, the analysis shows Bat( f)is (at a certain frequendy circularly symmetric Gaussian,

with amplitude that is Rayleigh distributed, andiaige amplitude that is exponentially distributedrtRermore,
the mean is zero, and the power is equal t@ateeage (expected) path loshat is defined as follows

(17) PL(f) = G (O[]
It can be computed in closed form, which yields

1- e—ZLmax(a0+ alfK)

_ L

The shape of the path loss as a function of freqjuelepends on the choice of the parameter&, L ... While
the path loss at zero frequen&t(0) depends org,,L,L . Again, by increasingy, and K we can increase
the concavity of the path loss profile. The remagnparameters are chosen to scale the resultirfgepto the
desired values.

Another interesting quantity is tlehannel energy

(19) E .=

CH

G (1) df.

B,
B,
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The channel energy normalized to the frequency HBpne B, represents thaverage channel gainAssuming

that the input signal and the noise have constawep spectral density respectively equalRoand N, , i.e.,
they are white, the channel energy is relatedesitinal-to-noise ratiohas follows

R
(20) SNR= E,. J-

0

When K =1 the channel energy can be computed in closed fielding

— A2 M 5 0 (dprt dyo) ai(dpl + dp2) + sz ((dp2 - dpl) //7)
ECH* =A 9192 € 2 2 2
(21) pLp2 (a(d,, +d,,)" +4p°((d,,- d,))/ v

. (ejzpBl((de'dpl)/V> aB(dt do)_ e?ﬂ B((d= 42/y aBl ¢: M)

The channel energy, and therefore the SNR, is dorarvariable that assuming the Poisson path armadel
with uniformly distributed path gains, is log-noritgalistributed as shown in the next section.

Now looking at the CIR, the numerical results oé thext Section show that the amplitude is Nakagami
distributed, the square amplitude is Gamma disteithand the phase is not referable to a knownilgligion.

An important “time domain” parameter is theot mean square (rms) delay spreads,. It is defined for a
given channel realization §30]

(- m ) a0 dt_ | (e m)[Re{ g, ([ at

(22) s =
t J g ] o |Re{ae €} et

where themean excess delaig

i :t|gCH(t)|2 dt _ :I‘Re{ o (t}‘2 dt
o dt |Re{gc, ¢

(23)

Since the channel is statistical, the delay spisamlso a random variable. The numerical resultthef next
section show that it is log-normally distributed tbe given statistics of the path delays and paths.

Finally, the numerical results will show that thasalizations that are characterized by a highydsfaead are
also characterized by a low channel energy thezefiy a higher attenuation. This is confirmed also b
measurements.

5.1.2 An Example of Channel Generation and Numerical Chaacterization

The freedom in choosing the parameters allows oiotgichannels with different statistics. The appfloherein
followed is to first fix the maximum path lengthdapath arrival rate to a certain reasonable valhen, we fix

the parameteK which mostly determines the shape (concavityhefdverage path loss and the path loss slope
at high frequencies. Then, we fix the remaining {evametersa,,a to obtain the desired path loss at zero
frequency and at the stop frequency. In particwlar,can normalize the channel such that the avgratieloss

at zero frequency is equal to one. The param&fean therefore be chosen to satisfy the followirgtien
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(24) J%@Lﬂ(l_ e'ZLmaxaU): 1.

Then, we can offset it by a factok to obtain the desired average path loss at zexguéncy and fit values
obtained from measuremeni8il]-[32]. An improved generator that complies with getition in nine classes of
Section3.1 is reported in Sectidn1.3.

As stated in Sectiob.1.1, we assume that the path delays are drawn éd?oisson arrival process, i.e., the
inter-arrival path delays are independent and egptialy distributed with mead/L , and the path gains are
independent and uniformly distributed [in1,1] .

An example of significant practical relevance idadted by considering the band 0-100 MHz, thahis dne
considered in the OMEGA project. So we ha&e=0 and B, =100 MHz. Then we choos& =1, L equal to

0.2 [m%], maximum network lengti ., equal to 800 m. Then, to obtain path losses aiml those of classes
2-5 of Sectior8.1, we seta, =0.3" 10°,and a =4" 10*°. Finally, the CTF is further attenuated such that
path loss, at zero frequency, is equal to the eesialue, e.g. -40 dB.

In Figure 48 we report an example of CIR and fregyeresponse for the parameters above listed. Mpelse
response obtained in closed form is truncatef. 5&75.

The statistical characterization of the frequenog @ampulse response has been done over 1000 téaliza
generated with the above parameters. Regardinfreqeency response, in Figure 49 and Figure 50epert
the probability density function (PDF) and the clmtive distribution function (CDF) of the frequengsponse

amplitude for a given frequency,. The amplitude forfO larger than 2 MHz is well fitted with a Rayleigh
distribution that has PDF equal to

a2

a o2
25 siy(@=—e™,
(25) P, (8) boe

where the parametdy, is linked to the path loss, i.@L( f,) = 21¢.

In Figure 51 and Figure 52 we show the PDF and ©DfRe square amplitude of the frequency respoosa f
given frequencyf, . It is exponentially distributed, which is espdigitZrue for fO larger than 2 MHz.

In Figure 53 we show the expected path loss obdabyethe Monte Carlo simulation and the analyticaé
computed according td8).

In Figure 54 and Figure 55 we report the PDF amd@DF of the channel energy. As it can be sees ling-
normal, which corresponds to the analysis provethénliterature from measures (both by the reseltorted in
the previous sections and also in the literal883).

Regarding the impulse response, in Figure 56 agdr€i57 we report the PDF and the CDF of the inguls
response amplitude for a given time instantlt is well fitted by a Nakagami distribution. Figure 58 and
Figure 59 we show the PDF and the CDF of the sqaamplitude of the impulse response. It is Gamma
distributed.

The mean value of the delay spread (averaged beerealizations) equals 81.56 sampl@sA(/7s) while the
standard deviation i9.06n7% (the channel impulse response is sampled ad 208) MHgure 60 and Figure 61
show its PDF and CDF respectively. It can be dbsdrby a lognormal distribution. As it can be segn,spans
from 49 samples@.2578) to 123 samplesq.6275). As illustrated in Sectio.3.2 and ir{32], similar values of

s, have been obtained by indoor measurement campaigns

Finally in Figure 62 we report one hundred real@a of the normalized delay spread (normalizedh wéspect

to its maximum value) and the normalized channergn The figure shows that those realizations #rat
characterized by a high delay spread are also ciesized by a low channel energy therefore by & hig
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attenuation. Again, this negative correlation bemehe delay

reported in the literatufd3].

spread and the average channel gaibden
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5.1.3 Improved Nine Classes Channel Generation

In the previous sections we have shown that theageepath loss and all the statistical metricshefdgenerated
channels depend on the values of the channel gengrarameters, i.ed,, &, K, L and L, . In Section

5.1.2 we have initialized the simulator in suclvay that it generates channels whose statisticsiani¢ar to the
ones of the group of classes 2-5 of Sec8dn However, we note that each channel claslasacterized by its
own statistic in terms of path loss, delay spreadi $ on. Therefore, a more targeted channel gémeizan be
achieved by further adjusting the generator parersetA possible parameterisation of the model heenb
described if34].

A more general methodology is reported here, wharalevise a method to extract the optimal valueobéte
parameters for a targeted channel class. To tinis aie firstly reintroduce the frequency dependerfcie path

gains, i.e.,gp = gp( f) . Thus, the more comprehensive model is now giyen b
N . 2pd,
. - A T L at)d,
(26) Gu(f)=A g(f)e e , O£ BE f£ B.
p=1
Then, we minimize the mean squared error betweenatrerage class path loss of Sect®f.1 and the

analytical expression of the path loss obtainedistafrom (26). We further constraint the minimization in buc
a way that the expected value of the delay sprppthaches the one provided in Sect®8.2.2.

In order to evaluate the convergence simulatedraedsured data, we generate 1000 channel realizdton
each of the nine classes. The simulation resuétpesvided in Table 15, and in Figure 63. In deta# firstly

evaluate the delay spread, the coherence bandwaitththe average channel gain of each channel ataliz
— =09
Then, we compute the average values of these mdtiicall the nine channel classes. We refesto , Bc

and G as the average delay spread, the average cohdsandevidth and the average channel gain (ACG) in
dB, respectively. The coherence bandwidi!g'9 of a channel realization is defined as the frequestft for

which the frequency correlation function (FCF) atb a valug” =0.9 times its maximum. Strictly, if the
Frequency Correlation Function is defined as

27) R(Df) = H(f)H (f+Df)df

-¥

where {}<*denotes the complex conjugate anbﬂ(f) is the channel frequency response, then

R( @9) = O.9R( O). For the sake of comparison, in Table 15 we furtieport the measured delay spreads

provided in Sectior8.6. As can be noted, simulated average delay dprage very close to the experimental
ones.

In Figure 63, we show the average path loss ohithe channel classes. Basically, for each classomgare the
experimental average path loss of Sect®f.1 (Model) to the simulated one, obtained witle tthannel
generator. Again, the channel generator fits thétyewith good accuracy in all the cases.
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oo Simulatec | Measurec
class | Bc (kH2) ACG(dB | — —

st (ms) | s (1)
1 189.3C -53.3231 0.381¢ 0.31
2 106.31 - 44.905( 0.6467 0.517
3 162.52 - 39.532: 0.439¢ 0.456
4 192.9C - 34.644: 0.3622 0.297
5 207.1€ -30.348¢ 0.3294 0.322
6 218.25 -24.518¢ 0.3261 0.263
7 378.8¢ -18.541¢ 0.1922 0.149
8 546.97 -13.130% | 0.1349 0.0999
9 1222.9: - 8.135€ 0.0592 0.0417

Table 15 : Simulation results and experimental delaspread of the nine classes.

path-loss [dB]

frequency [MHz]

Figure 63: Path loss models and fitted models forle® channel classes.

5.1.4 Matlab Code for the Channel Simulator

The statistical channel models described in Sestioh.2 and5.1.3 start from an analytical expression of the
CTF, and thus they can be easily realized by a edensimulation. MATLAB functions that implementeth
model as well as updates can be downloaded frtboy//www.diegm.uniud.it/tonello

Below we report the source code for the model oftiBe 5.1.2 assuming the parametérl. An impulse
response for the parameters used in Seétibr2 can be generated by calling the functiorofisviis

[g_ch CO]= GEN_PLC_CHAN(100e6, 0.3e-2, 4e-10, 0.2, 800, 5.56e-6);

With this choice of the parameters we can realaé foss profiles similar to those of Class 2-%5ettion3.2.1.

%
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% [g_ch CO]=GEN_PLC_CHAN(B2,a0,al,lambda,LMAX,CHANNEL_DURATION)

%

% Copyright: Andrea M. Tonello - tonello@uniud.it

% Dipartimento di Ingegneria Elettronica, Gestionale e Meccanica
% Universita degli Studi di Udine - Udine - Italy

% Release: 1.0

% Date: December 15, 2008

%
% Updates can be downloaded from www.diegm.uniud.it/tonello

%

X

Copyright Notice: This software is freely usable for non commercial activities provided that Reference 1 is cited. Any use has
% to comply with the copyright terms. Any modification and/or commercial use has to be authorized by the copyright owner.

%
% Reference 1: A.M. Tonello, "Wideband Impulse Modulation and Receiver Algorithms for Multiuser Power Line
% Communications,” EURASIP Journal on Advances in Signal Processing, vol. 2007, pp.1-14.

%
%

% Accepts as inputs:

%

% 1) B2 : Stop frequency in Hertz. B1 is set to 0.

% 2) a0, al : Parameters of the frequency dependent attenuation portion. k is set to 1.
% 3) lambda . Intensity of the Poisson arrival process in 1/meters.

% 4) LMAX : Maximum path distance in meters.

% 5) CHANNEL_DURATION : Channel duration in seconds with maximal value of 10 micro seconds. The returned CIR is
% truncated by finding the highest energy window of duration CHANNEL_DURATION.

%

% Returns as outputs:

% 1) The complex CIR g_ch(nTc) with a sampling period equal to Tc=1/(2*B2). The channel is normalized such that the PL [dB]
% at zero frequency is zero.

% 2) If CO==1 the generated impulse response is not valid. Otherwise if CO==0 the CIR is valid.
%
%

function [g_ch C0]= GEN_PLC_CHAN(B2,a0,al,lambda,LMAX,CHANNEL_DURATION)
if CHANNEL_DURATION > 10e-6, error('maximal channel duration 10us'), end
Bl =0;CO0 =0;Tc =1/(2*B2); epsr=1.5;c = 3e8;

% The CIR is initially generated between -TchL and TchR
TchL = ceil(10e-6/Tc)*Tc; TchR = ceil(10e-6/Tc)*Tc; t = [-TchL:Tc:TchR];

% First ray is set at dO with exponential distribution
d0 =-1/lambda*log(rand); dist_r = dO;

n =1;
while (dist_r < LMAX)
d(n) =dist_r; dist_r = dist_r-1/lambda*log(rand); n = n+1;
end
Np = length(d);
if Np==0, CO = CO+1, end

d =sort(d); tau = d/c*epsr;
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% Path gains are uniformly distributed
g = (2*rand(1,Np))-1;

% If k==1 the CIR is generated in the time domain
g_ch = zeros(1,length(t));

for n=1:Np

g_ch = g_ch+g(n)*exp(-a0*d(n)).*(al*d(n)+j*2*pi*(t-tau(n)))./(@1"2*d(n)"2+4*pi*pi*(t-tau(n))."2 ).*...
(exp( j*2*pi*B1*(t-tau(n))-al*B1*d(n) )-exp( j*2*pi*B2*(t-tau(n))-a1*B2*d(n) ) );

end

% Normalization factor derived from average path loss at zero frequency
K = (1/3*lambda)*(1-exp(-lambda*LMAX))./(2*a0).*(1-exp(-2*LMAX*(a0)));

K = 1/sqrt(K);
g_ch =K*g_ch*Tc;

% Windowing the impulse response to obtain a CIR with duration CHANNEL_DURATION
w = ceil(CHANNEL_DURATION/Tc); tmp = abs(g_ch).”2; MAX_IST = length(tmp)-w+1; clear tmp;

Energy = zeros(1,MAX_IST);

for n=1:MAX_IST,Energy(n)=g_ch(n:n+w-1)*g_ch(n:n+w-1)'; end
[maxx pos]=max(Energy);

g_ch=g_ch(pos: pos + w - 1);

end

5.2 Bottom-Up Analytical Model of the Channel Transfer
Function

In Sections3.4 and5.1.1 we have presented two top-down channel generaA top-down channel generator is
able to reproduce channel transfer functions wittesy knowledge of the network, i.e., the powee laghannel

is regarded as a black-box and the random gensratiofrequency responses is obtained by fitting the
experimental results in a statistical fashion.His way, the CTF generation is fast, but the rdsiks of strong
connections with the physical reality. This coulldstrong limitation when, for instance, the effat the CTF

of loads, or particular interconnection practidesye to be studied in a statistical way.

In this respect, the bottom-up approach overcorhestap-down limitations, since it aims to reprodube
frequency response between two given nodes ofvaonietwhose topological information are perfectlyokm.

In Section6.4.2 a typical bottom-up application on a simpktwork is shown. Basically, the bottom-up
approach is based on the transmission line (TLyrthe@inder the transverse electromagnetic (TEM) wasi
TEM propagation assumption. The CTF is obtaineditsyly modeling cables and loads in terms of peit of
length (p.u.l.) elements and equivalent impedancespectively. Thus, a simplified electrical moaél the
network is given. Then, the frequency responselmicomputed in several ways, as for instance, tRER
matrix method or the more compact voltage ratioraggh presented 135].

Now, the bottom-up approach requires the perfecwkadge of the network. Therefore, in order to fdev
random channel transfer functions according to bleétom-up approach, random topologies have to be
generated. The first attempt in this direction bagn done if13], where random network realizations are
generated according to the National Electric CadleQ) wiring norms, and the CTF is computed exphgjtihe
ABCD matrix method. More recently, we have furtlevestigated the electrical infrastructure, and hese
provided a model based on two levels of intercotiors [36]. The model targets the single phase in-home
networks, for which the analysis of wiring pracécand norms have turned out a quite regular streicia
detail, nearby outlets are typically grouped and iy the same node, that we refer to as “derivatior’”.
Therefore, the network can be divided in area efgsm¢hat contains all the outlets connected to stme
derivation box and the derivation box itself. Thesea elements are referred to as “clusters” anda fgiven
topology realization, they can be modeled as sgshaped elements with a constant area. Furthernioee,
outlets are placed along the cluster perimeterraaog to a Poisson arrival process.

Interconnections between the derivation box andtiikets can be made in general according to sksenames
and they constitute the first level of interconi@ts. Then, derivation boxes are interconnectedsgcond level
with dedicated cables of higher section. In Figé#e we show a topology realization example, andtted|
interconnections inside the clusters and betweemlénivation boxes.
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[ ]

Figure 64: An example of topology arrangement genated by the bottom-up channel generator.

The main panel, i.e., the node connected to theggrsupplier network, is a derivation box too, dhds, it is
associated to a cluster. In the main panel, wenasghat only a circuit breaker between the energppker
network and the entire in-home network is preshBisvertheless, more complex solutions can be modaded
well.

We have also considered the effect of loads orCthe. From measures, we have collected a numbempafal
loads that are assumed to be connected to theoateording to a given probability.

The CTF is computed exploiting the voltage ratipraach[35]. To this aim, we firstly identify the backbane
i.e., the shortest signal path between the tratsnand the receiver node. Then, we split the baiek&bn units.
Each unit contains a uniform piece of backbone &nd all the branches connected to a backbone fAdde.
latter are represented as equivalent impedancestigiconnected to the backbone. Finally, the GsFéomputed
as the product of the insertion loss of each Whitte details can be found [B6].

We have exploited the bottom-up channel generatonfer the statistics of power line channels. cHtyj we
study how the topological information affect changetistics in terms of the main metrics, i.eg #hverage
channel gain (ACG) and the delay spread. In Figifeand Figure 66, we show the cumulative distrduti
function of the delay spread and the quantile-gleaptot of the ACG versus the standard normalpeesively.
We provide the results for different values of thpology area. As can be noted, the larger theltggaarea, the
more spread are both the ACG and the delay spFeathermore, we observed that the average chamanelig
dB and the delay spread are well fitted by the rmbramd the lognormal distribution, respectivelyesé results
are in good agreement with the analysis of measdat¢a. In[37] we have also investigated the effect of the
loads and the number of outlets on the power I@noel statistics.
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Figure 65: Cumulative distribution function of the delay spread for three topology areas.
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Figure 66: Quantile-quantile plot of the average cannel gain versus standard normal quantiles for thee
topology areas.

5.3 Future Trends: MIMO Channel Model

Nowadays, power line communications convey inforamvia the phase and neutral wires. However, istob
the in-home single-phase networks, a third wiral$® present for safety reasons. It is referredstprotective
earth (PE). With three conductors two physical uitecare given and thus 2° 2 multiple input — multiple
output (MIMO) system is defined.

MIMO communications were firstly introduced in efess, where it has been shown that, without acrease

in the transmitted power, a capacity gain can beezed by simply increasing the number of the tnaitténg

and receiving antennas. In PLC, the MIMO concejpfite new and only recently some work has beer dion
this respect, the results of a preliminary measerégncampaign have been presented3B), while the first
attempt towards the bottom-up and the top-downaendhannel generation of MIMO PLC channels has been
provided in[39] and[40], respectively. Future research endeavours eapected to provide further insight in
MIMO channel modelling.
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6 Channel Transfer Function Model based on Transmissin Line
Theory

6.1 Introduction

Transfer function of an electrical system is thiiorbetween voltage at the output and the voltagbeainput of
the electrical system, when the input voltage bemisoidal form. It tells us the level of attenuation or
amplification of the electrical system (i. e. arydie response) and the delay of change of the butgtage
according to the input voltage (i. e. phase respprigansfer function is frequency dependant, floeeeit has to
be calculated or measured for each frequency idés&ed frequency range.

6.2 Power Cable

Standard three conductor cable NYM as shown irréidtigure 67 was evaluated.

Figure 67: Evaluated cable.
Cable properties:
conductor material: copper
insulating material: PVC
conductor cross-section: 2.5 rim

cable lenght: 10 m

6.3 Electrical Model of the Cable

The cable is treated as a transmission line sisdemgth is much larger than 1/4 of minimal wawnelh of the
electrical signals conducted by the cable.

maximal frequency = 100 MHz

{ Lot speed of light 3-10° m/s ;
ini Sl Rl th = = =
TG L wavereng maximal frequency 100 - 108 1/s m

The cable is modeled as a cascade of cable segisests-igure 68). A distributed parameter modainfthe
article[42] is used.

D3.2 Page 71 (122)



ICT-213311, OMEGA 15 February 2011

Figure 68: Evaluated cable.

Cable segment model is shown in Figure 69. Thetlemd each cable segment is 1/100 of the minimal
wavelength, that is 0.033 m. The cable segment hisdalid for frequencies up to 100 MHz.

Figure 69: Cable model.

The distributed per unit lenght paramet@td , CandG are calculated from the equations and measurements
from articleg[41], [42], [43]. For further explanation of the equations #eearticles.

a) Resistivity per unit length ¢(m)

(28) resistivity per unit lenght[42]

(29) skin effect contribution [32]

b) Inductance per unit length (H/m)

(30) self inductance of a wire [32]

3 Resistivity per unit lenght is multiplied by factb.3 to obtain results given [jA3]
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(31) mutual inductance between two wires [32]

¢) Capacitance per unit length (C/m)

(32) capacitance between two wires [32]

Relative dielectric constantz= 3 [41]

d) Conductance per unit length (S/m)

Conductance between two wires per unit length Isutated from the data from artic[é1]. Conductance is
approximated with linear function and extrapolati@the frequency of 100 MHz.

6.3.1 Calculated Cable Parameters

The following figures present calculated per uaitght parameters:
- resistance of the conductor,{R
- self inductance of the conductor,(},
- mutual inductance between conductorg)L
- capacitance between a pair of wireggC

- conductance of the insulator between a pair of s\i&),

Wire resistance - Ohm/m
0.6

0.4 —

Rw

0.2—

0.0 \ \ \ \
0 20 40 60 80 100

freq, MHz

Figure 70: Wire resistance per unit length.

Wire resistance per unit length is frequency depandbecause of the skin effect. The proximity dffecnot
taken into account.
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Self inductance of a wire - H/m

0.0000007 —
0.0000007 _|
< 0.0000007 —|
-
0.0000007 —
0.0000007 | | | |
0 20 40 60 80 100
freq, MHz
Figure 71: Self inductance of a wire per unit length.
Mutual inductance - H/m
0.0000003 —
0.0000003 _|
S 0.0000003 —|
-
0.0000003 —
0.0000003 | | | |
0 20 40 60 80 100
freq, MHz

Figure 72: Mutual inductance between wires 1 and 2 per enigth.

The inductances are modeled as independent ofdnegu The actual inductance increases at frequehmieer
than 5 MHz according to the results from artidié$][43], for higher frequencies remains constant tgtrothe
whole frequency band. The same holds true for #dpacitance between wires.
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Capacitance between wires - F/m

4.9651196E-11 —

4.9651196E-11 —

4.9651196E-11

C10

4.9651196E-11 —

4.9651196E-11 T { T { T { T T T
0 20 40 60 80 100

freq, MHz

Figure 73 Capacitance between two wires per unit length.

Conductance between wires - S/m
2.5E-6

2.0E-6 —

1.5E-6 —

G10

1.0E-6 —

5.0E-7 —

0.0 | | | |
0 20 40 60 80 100

freq, MHz

Figure 74: Conductance between two wires per unit length.

Loss of the insulation is modeled as linear functiaf the frequency according to the artildél] and
extrapolated to the frequency of 100 MHz.

6.4 Simulated Results

The calculation was made with the Agilent ADS 20@8nputer software. The transfer function is always
calculated for one pair of wires, the third wirggi®unded. The pair of wires is terminated at ketds with the
50 resistance. In addition, surge protection devicel@his added and new transfer function is caledlat

The S-parameter analysis is used. S parametersadrelated and the amplitude of S21 parameter dqul
versus the frequency.
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Model of a segment used in ADS 2008 computer saéwsashown in Figure 75.

Figure 75: ADS 2008 computer software model

The transfer function following setups were anatize
- cable, length 1m and 10m
- cable with surge protection devices attached th batls, length 1 m and 10 m,

- typical wiring setup without and with surge protentdevice attached to one end.

6.4.1 Transfer Function of the Cable Without and With Surge Protection Device
(SPD)

Two cable lengths, 1 m and 10 m, without and witihge protection devices attached to both ends were
analyzed. Surge protection devices were modelechpacitors, with capacitance 1.95 nF and 14.30Tine.
setup is shown in Figure 76 — capacitance C7 angr€&ent surge protection device.

Figure 76: Cable with surge protection devices and PLC modems

Figure 77 to Figure 80 present the calculated tedal four setups. Significant distortion of tréarsfunction
can be seen when the surge protection devicedtachad in comparison with the transfer functiotheut the
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attached surge protection devices, which is alfiasand has very small attenuation. It can be sedfigure 11
that the larger the capacitance of the surge piotedevice, the higher is the attenuation of thelitude. The
same can be seen in Figure 13 for the 10 m cahip.se

1 mline

dB H(f)

-12 | | | |
0 20 40 60 80 100

freq, MHz

Figure 77: Amplitude response of 1 m cable without surgegmtidn devices

1 m line with SPD - 1.95 nF and 14.30 nF

0

— \

-20— \ i
\

-40— L / \\
dB H(f) [1.95 nF] - - AN

-60— _
dB H(f) [14.30 nF]:

-100—

-120 | | | \
0 20 40 60 80 100

freq, MHz

Figure 78: Amplitude response of 1 m cable with surge pratectievices
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10 m line
T A A A A A \ 2 "
AV OV VN NS S \/\/ \/\ \/\\/ \v’ﬁv/ \
2
4
dB H(f) ¢
-8—
_107
-12 \ \ \ \
0 20 40 60 80 100
freq, MHz

Figure 79: Amplitude response of 10 m cable without surgeemtion devices

10 m line with SPD - 1.95 nF and 14.30 nF

-40—
dB H(f) [1.95 nF] .
_60i
dB H(7) [14.30 nF]_ |

-100—

-120 | | | |
0 20 40 60 80 100

freq, MHz

Figure 80: Amplitude response of 1 m cable with surge pratectievices

6.4.2 Transfer Function of Typical Wiring

Typical wiring model was analyzed containing thia@nches, seven power outlets, two lamps, three PLC
modems and one typical load. The wiring is preskirtd-igure 81. The loads were modeled as follows:

Load Impedance
Lamp 114
PLC modem 50
Typical load 12k +j (0.6 mH)
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transfe
r

D om

PLC modem

RR—

25m 25m 2.5 m 2.5 m

2m

4m

\

PLC modem

50

power
outlet

PLC modem 12k +j (0.6

Figure 81: Wiring model

Transfer function is calculated between PLC modeamd PLC modem 2 (see Figure 82); without SPD dssvic
(blue graph), with one SPD device attached to th€ Fhodem 1 (red graph). Yet again can be noticed th
distortion and attenuation of the transfer functigith the presence of surge protection device gkiengh it is

attached only at one end of the path.

Note that the angles and junctions in the wiringraduce reflections. The model used for calculatisn
simplyfied anddoes notinclude the reflections due to the angles andtjans in the wiring. Power outlets are

modeled as open line.

0

Wiring without and with SPD

-20—

-40—

dB H(f) [without SPD]

-60—

dB H(f) [with SPD]

-80—

-100—

-120

\ \ \
40 60 80 100

freq, MHz

Figure 82: Amplitude response of the wiring without and wétlrge protection device
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The transfer function of the wiring cannot be gadiétermined since it is dependent of various patars i.e.:
- length of wires,
- number of branches,
- number of junctions,
- number and degree of angles,

- number and type of loads.

Not only that transfer functions differ in diffetewiring they also differ between different nodesthe very
same wiring. The above figure therefore presentg one possible transfer function of one path,. ibetween
PLC modem 1 and PLC modem 2. It is presented amlifidstrate the complicated not easily determirabl
amplitude response.

6.5 Conclusions

Transfer functions are calculated with the datanfribe literature[@1], [42], [43]). To validate the calculated
result ameasurementof transfer function has to be made as a furthetys The measurement has to take into
account various types of cables and wiring conféijons together with various matched and non-maitéeds.

A representative wiring has to be determined astténsfer function has to be calculated and medsur

Surge protection devices can significantly distbe transfer function. The main factor is the cépace of
varistors, therefore varistors with small capaatmhave to be used.
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7 Impulsive noise characterization and modelling

Noise characteristics of an indoor powerline netwarongly influence the link capability to achiekiggh data
rates. The appliances shared with PLC modems insétme powerline network generate noises which are
stationary, cyclo-stationary or impulsij44].

Impulsive noise is the main source of interferemtech causes signal distortions leading to bit exrduring
data transmission. Origins of impulsive noises rmdtiple: power switches, power supplies, and galher
speaking domestic appliances.

7.1 State of the Art

Several approaches have been followed for chaizictgithe PLC impulsive noise. [45][46][47] the proposed
models are based on noise classification accorttindifferent criteria: duration, bandwidth and mgerival
between impulses.

The proposed models share the same impulsive raefieition: “unpredictable noiseseasured at the
receiver sidé€. Authors are, consequently, confronted to motielusands of impulsive noises whose plurality
would very likely come from the diversity of pattiet the original impulsive noise took.

In this section, an innovative modelling approastapplied to impulsive noises which are hencefsttiied
directly at their sources outputs. Noise at regeiseonsidered as the noise model at the soulteeeiil by the
powerline channgP5][26].

Measuring impulsive noises at source has many aadgas:
% *# !
% ! # #
% *#

7.2 Impulsive Noise Measurement Campaign

Here, we firstly outline what impulsive noises ameasured for the considered domestic devices. Tthen,
impulsive noise sounder design and the devices insth@ measurements are presented.

7.2.1 Measurement Description

The PLC impulsive noises study presented herelaya®lko 23 different domestic appliances. Theofisttudied
devices is reported in Table 16.

For each device, different functioning states arst identified, directed arcs are made betweemeotable
statuses, and the impulsive noise associated to @ac(or transition) is measured. Table 16 shdwslist of
studied devices and their functioning states.
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Device name

Statuses

Vacuum cleaner

Off — Soft — High - Turbo

Electric kettle Off — On
Coffee maker Off — On
Electric heating Off — On
Electric carving knife Off — On

Paint burner Off — Soft — High
Computer screen Off — On
Iron Off — On

Refrigerator

Off — On — Open/Close door

Incandescent lamp

Off — On

Fluorescent and Neon lights

Off — On

Residential Gateway

IP Phone pick up — IP
phone put down

Washing machine

Off — On — Washing cycle
start — Washing cycle stop
— Rinsing start

Videorecorder (VCR) Off — On

Microwave Off — On

Can opener Off — On
Laptop PC turn off — PC turn on

Induction hob

Off — On

Food processor

Off — Soft — High

Hair dryer

Off — Soft — High - Turbo

Set-top-box

No Impulsive noises

Hair clippers

Off — On — Height change

TV

Off — On

Computer case

Off — On

Table 16: List of devices and states generating bsnpulsive noise

Note that this table only reports states that leainpulsive noise apparition. For example, for tase of the
Residential Gateway, only statuses related to Rh®Hone connected to it are considered as thetharenly
ones likely to generate impulsive noises. Othetustés such as starting period, active, or stanthbges are
omitted as not accompanied by impulsive noises.

Impulsive noises for Off On and On Off states transitions respectively correspond lectac switch
activation and deactivation. Electrical switchepesr in various forms:

% Electrical switch on the wall.
% Off/On electrical switch on the device.

% Security pushbutton on the device.

Other impulsive noises that can be generated byebaggrical device, but do not refer to any steamdition, are
those associated to plugging in or unplugging eleadtplugs into network sockets. These noisesfraguently
present in the powerline network and are also demsd and analyzed.

It remains to be mentioned that for certain devicegh as refrigerator and electric heating appéarihe
On Off and Off On transitions are also activated by internal tteestatic control. These types of thermostat-
generated impulsive noises are studied too.
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7.2.2 Measurement Hardware

Impulsive noise measurements were carried outdriithe domain, by means of a digital oscilloscagseshown
in the block diagram of the Figure 83.

Electrical cables

Oscilloscope

Anechoic room

Figure 83: Measurement hardware of impulsive noise at source.

The Device Under Test (DUT), is isolated from thenaining electrical network by means of a Line Idgee
Stabilization Network (LISN). The complete experinted setup is put into an anechoic room in ordeavoid
external radio coupling.

For each device, impulsive noises are recorded av&d ms duration when their amplitudes exceedrihger
level. This level depends on the amplitude of teeick stationary noise, and thus varies from ondcdeto
another.

The noise is recorded on two scope channels witferdnt sensitivities. This made it possible to dav
simultaneously, a good sensitivity for the low-aitygle noises and not to clip the strong-amplitudeso

As for the sampling rate, it was fixed to 250 Ms#sper second, leading to an observed frequenuy b&125
MHz.

7.3 Impulsive Noise Characterization

In this section, general observations on measungdilsive noises at source are firstly presenteterAhat, an
impulsive noise classification scheme is proposamaling to their in-device generator.

7.3.1 General Observations

In this section a set of observations and remaakiseged during measurements are listed:

% Any given event (state transition) generating irspué noise always corresponds to the same signature
with small amplitude and total duratibmariations. Figure 84 are illustrates three mesgimpulsive
noises associated to a same turning off eventt(Eleswitch On Off) with the coffee maker, electric
heating, and vacuum cleaner devices.

* The total duration of an impulsive noise is theation from the first time sample of its first impa to the last
time sample its last impulse.
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Figure 84: Turning Off event impulsive noises for differergvices:

(a) Coffee maker, (b) Electric Heating, (¢) Vacudeaner.

Depending on the source, measured impulsive nom&sined short as well as long impulse bursts (see

Figure 85 and Figure 86), weak and strong impulagnitudes (see Figure 87 and Figure 88), as well

as scattered and dense noise bursts (see Figamdd8gure 89).
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Figure 85: Washing machine turning On event.
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Figure 86: Can opener tuning On event.
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Figure 87: Flat TV turning On event.
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Figure 88: Iron thermostat On event.
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Figure 89: Refrigerator door closing event.

The shape of an impulsive noise doesn’t dependherdevice that generates it, but on its in-device

source. In particular, events that have similaetsignatures are:

%

o Electrical switch On events (see Figure 90) as aglhermostat On events (see Figure 88).
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Figure 90: Coffee maker turning On event.
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o Electrical switch Off events (see Figure 84) ad aslthermostat Off events (see Figure 91).
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Time (s)

Figure 91: Electrical heating thermostat Off event.

o Electrical plug plugging and unplugging events (Begire 92 and Figure 93).
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Figure 92: Laptop plug plugging event.
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Figure 93: Laptop plug unplugging event.

o Electrical engine start events (by electrical shék), see Figure 86.

These observations lead to the classification gllsive noises according to their in-device germerat

7.3.2 Noise Classification

Based on the last observation, measured impulsbiges are classified according to their direct gatoes.
Identified direct in-device generators are: elealrswitches, thermostats, electrical plugs, ardtgtal engines.

Six classes of impulsive noises are distinguished:

Class 1:
Class 2:
Class 3:
Class 4:
Class 5:
Class 6:

Electrical switch and thermostat On event.

Electrical switch and thermostat Off event
Electrical plug plugging.

Electrical plug unplugging.

Electrical engine start.

Diverse weak noises.

Below are detailed the characteristics of eaclsclas

7.3.2.1Impulsive Noise Class 1

This class includes the impulsive noises generatedhe electrical switches and thermostats On eveht
characteristic form is reported in Figure 90.

The impulsive noises of this class are strong (lsigiplitude), composed of a unique burst and charaed by
successive and disjointed little impulses. Shopputsive noise bursts belong to this class (seerBi@h), as
well as long bursts (see Figure 88).

Amplitude and duration statistics about impulsieéses of this class are reported in Table 17.

Min Max

Mean

Std
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Amplitude (V)

0.0778

5.6569

3.9958

1.9132

Duration (ms)

0.0001

14

1.3045

2.2113

Table 17: Amplitude and duration statistics of theclass 1 impulsive noises

7.3.2.2Impulsive Noise Class 2

This class includes the impulsive noises generégdhe electrical switches and thermostats Off &en
Characteristic form is reported in Figure 84 anguFé 91.

The impulsive noises of this class are of stronglaude, and characterized by two successive sharsts

separated by dense noise.

However, pushing down an electrical switch to it @sition could generate harsher impulsive noigase
dense burst), as in the Figure 89 associatedefrigarator door closing event.

Let’s call class 2-2 (for 2 impulses) the class earfithe conventional form of the impulsive noisetonging to
this class (i.e. that of Figure 84 and Figure @by class 2-1 (for 1 impulse) the class name ofr¢heaining

impulsive noises (i.e. resembling to that of Fig8®8ewith a given density).

For the class 2-2 impulsive noises (representimgoal 50% of the class 2 noises), amplitude andtidura

statistics in are shown in Table 18.
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Min Max Mean Std
Amplitude (V) 1.1314 5.6569 2.7832 1.3864
Duration (ms) 0.4500 9 5.0020 2.6225

Table 18: Amplitude and duration statistics of theclass 2-2 noises

The same statistics for the class 2/0 noises ated in Table 19.

Min Max Mean Std
Amplitude (V) 1.1314 5.6569 5.0205 1.3477
Duration (ms) 0.1000 6 1.8750 1.4709

Table 19: Amplitude and duration statistics of the class i?eises

7.3.2.3Impulsive Noise Class 3

This class includes the impulsive noises generatedhe electrical plug plugging events. These riaee
gathered in a same class because of their sameatgmand resemblance, but also because theyrdedlito a
very recurrent domestic event. A characteristionfig reported in Figure 92.

The impulsive noises of this class are of strongmitade, and characterized by successive two distaort
bursts not separated by impulsive noise. Sometthes®e two bursts are very close (separated by §w

Amplitude and duration statistics are reportedabl€ 20.

Min Max Mean Std

Amplitude (V) 0.8485 5.6569 3.6062 2.1059

Duration (ms) 0.0060 11 2.9732 3.4483

Table 20: Amplitude and duration statistics of the class Biisive noises

7.3.2.4Impulsive Noise Class 4

This class includes the impulsive noises generbgethe electrical plug unplugging events. As foe tHass 3
noises, these noises are gathered in a same alassig others, because they are linked to a vemyrnett
domestic event. A characteristic form is reporte&igure 93.

The impulsive noises of this class are weaker thase of the last class. As for the plug pluggingne, they are
composed of two bursts not separated by impulsdisen except that in this case the two burst arehnaloser.
Amplitude and duration statistics are reported abl€ 21.

Min Max Mean Std

Amplitude (V) 0.7071 1.4142 0.9899 0.2582
Duration (ms) 0.0120 0.8000 0.3703 0.3398

Table 21: Amplitude and duration statistics of the class fisive noises
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7.3.2.5Impulsive Noise Class 5

This class includes impulsive noises generatedhey dlectrical engine start events. These eventsalae
generated by an in-device electrical switch. Theegated noises, in this case, appear as a stronglénsity
(scattered), and very long impulsive noises. A aberistic form is reported in Figure 86.

Fluorescent lamp stating event (see Figure 94hdtuded in this class as generating impulsive roidfethe
same amplitude, duration, and scattering charatitesi

Amplitude (V)
o

-6
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (s)

Figure 94: Fluorescent lamp turning on event.

Amplitude and duration statistics about impulsieéses of this class are reported in Table 22.

Min Max Mean Std
Amplitude (V) 4.2426 5.6569 5.4801 0.5000
Duration (ms) 18 47 30.3750 9.3341

Table 22: Amplitude and duration statistics of the class piisive noises

7.3.2.6Impulsive Noise Class 6:

This class includes a diversity of weak impulsiv@ses. These noises are characterized by their wegk
amplitude. Generally appearing in two principal @aburs: short isolated impulse (see Figure 95 dor
Residential Gateway IP Phone pick up event) or @omore) larger impulses (see Figure 87 for a Tlslt
starting event), these events are also generatad bydevice electrical switch.
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Figure 95: Residential Gateway IP Phone pick up event.

The percentages of the first form appearance andebond one are respectively 69 % and 31 %.

For the first form (weak isolated impulse) callddss 6-S (“S” for Short), amplitude and duratioatistics are
reported in Table 23.

Min Max Mean Std
Amplitude (V) 0.0099 0.2546 0.0854 0.0710
Duration (ms) 0.0001 0.4500 0.1834 0.1227

Table 23: Amplitude and duration statistics of the class it@&es

For the second form (weak two or more separatedtdurcalled class 6-L (“L” for Long), amplitude and
duration statistics are reported in Table 24.

Min Max Mean Std

Amplitude (V) 0.0141 0.0495 0.0301 0.0133
Duration (ms) 12 50 22.8462 15.4534

Table 24: Amplitude and duration statistics of the class Bdises

7.4 Impulsive Noise Modelling

7.4.1 Noise Modelling at Source

In accordance with the statistical analysis of amgés and durations of the impulsive noises ohezass as
detailed in Table 17 to Table 24, three impulsieéses are selected to model each noise class.debr@ass,
the selected noises are:

- The median noise: its duration represent the medddune of the impulsive noises durations. 50 % of
the noises have durations greater than this mediae duration.

- The short noise: a noise whose duration is infetdr90 % of the whole noise durations {10
percentile).
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- The long noise: a noise whose duration is grelater 80 % of the noises durations {Qrcentile).

Table 25 gives the 10th percentile, the mediantardd®" percentile of all recorded noise durations, forhea
class.

10" Median 90"

percentile percentile

Class 1 0.001 ms 0.24 ms 2.98 ms
Class2 -1 0.13 ms 2ms 3.2ms
Class 2 - 2 1.05 ms 4.25 ms 8.25 ms
Class 3 0.01 ms 1.2 ms 7.5 ms
Class 4 0.012 ms 0.27 ms 0.73 ms
Class 5 18 ms 27 ms 39.8 ms
Class 6 — S 0.003 ms 0.3 ms 0.18 ms
Class 6 — L 12 ms 13 ms 48.1 ms

Table 25: Duration and amplitude statistics by class

The amplitudes of the representative noises arsechto be as close as possible to the mean anwirmldes.

The chosen representative noises are reportedperix11.2. Their durations are reported in Table 26.

short case long case mean case than
Class 1 0.003 ms 3.1ms 0.3 ms
Class2 -1 1.44 ms 8.6 ms 4.12 ms
Class 2 -2 0.16 ms 3.1ms 1.8 ms
Class 3 0.006 ms 6.8 ms 2ms
Class 4 0.012 ms 0.73 ms 0.52 ms
Class 5 18 ms 36 ms 26 ms
Class 6 -1 0.01 ms 0.29 ms 0.17 ms
Class 6 — 2 same as mean case 48 ms 12 ms

Table 26: Durations of the representative noises

In this section, impulsive noise modelling was pearfed in the source of the measured noises. Nembise
model is given in the receiver side.

7.4.2 Impulsive Noise Modelling at the Receiver

The impulsive noise at the receiver is the imp@smise at the source filtered by the charthdletween the
source and receiver points (see Figure 96).

Impulsive noise

at source

—>

Channel

(H)

Impulsive noise
at receiver

—
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Figure 96: Impulsive noise at receiver — general model.

Thus, realizing an impulsive noise model at theenegr side needs noise knowledge at source (dopeeirious
section) as well as powerline channel modelling.

7.4.2.1Powerline Channel Model

The channel model considered here is detailed @tic3e3. Channels are classified into 9 classes per dsugn
order of achievable rates. Only the channel classber needs to be fixed. The transfer function (mtage and

phase) is generated statistically. An example ofaas 2 and class 9 transfer function magnitudegyaen in

Figure 97.

Figure 97: Class 2 and Class 9 magnitude examples.

7.4.2.2Impulsive Noise at Receiver
As explained earlier, impulsive noise at receigeithie impulsive noise at source filtered by thenclehresponse.

This section gives two examples of impulsive noigethe receiver. Figure 98 presents the impulsivise of
Figure 88 filtered by the class 9 and class 2 célngiven in Figure 97. Figure 99 provides a fesgry domain
representation of the same impulsive noise at tiyeud of the two considered channels.
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Figure 98: Impulsive noise after class 9 and class 2 charngiee domain representation.

Figure 99: Impulsive noise after class 9 and class 2 chanrnfrlsquency domain representation.

Figure 98 demonstrates that, macroscopically, isipelnoise at the receiver keeps a similar shapat dse
source. Nevertheless, amplitude attenuation isiegpilue to channel propagation. The channel impeailsi
response effect could also be highlighted micromadly as each peak at source is replicated aneyddl
[44][27] at the receiver.

Figure 99 further highlights the channel affecthie frequency domain. In fact, the spectrum ofithpulsive
noise at the receiver strongly follows that of thannel.

Characterizing impulsive noise at source permits different approaches for receiver side modelling:
- impulsive noise modelling by electrical device,

- and random generator of impulsive noise at receiver
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As mentioned in Sectioi.2.1, the PLC impulsive noises study presentethis paper relates to 23 domestic
appliances. The list was reported in Table 16h&t Table, functioning states are identified fochedevice. An

7.4.2.3Impulsive Noise Modelization by Electrical Device

impulsive noise is generated (at source) for esatsition from one state to another.

Device name

Impulsive noise model

Channel classes

at source
Vacuum cleaner Class 3 — Class 4 1to9
Class 1 — Class 2-2
Electric kettle Class 1 — Class 2-2 1to6
Coffee maker Class 1 — Class 2-2 1to 6
Electric heating Class 1 — Class 2-2 1to9
Electric carving knife Class 3 - Class 4 1to6
Class 1 — Class 2-1
Paint burner Class 3 — Class 4 1to6
Class 1 — Class 2-2
Computer screen Class 1 7t09
Class 6-S
Iron Class 3 — Class 4 1to9
Class 1 — Class 2-2
Refrigerator Class 1 — Class 2-1/2 1to6
Incandescent lamp Class 1 — Class 2-2 1to6
Fluorescent and Neon Class 5 — Class 2-1 1to6
lights
Residential Gateway Class 6-S 7t09
Washing machine Class 1 — Class 2-1 1to6
Videorecorder (VCR) Class 3 —Class 4 7t09
microwave Class 1 — Class 2-2 1to6
Can opener Class 3 —Class 4 1to6
Class 5 — Class 2-1
Laptop Class 3 - Class 4 7t09
Class 6-L
Induction hob Class 6-S 1to6
Food processor Class 3 - Class 4 1to6
Class 1 — Class 2-1
Hair dryer Class 3 - Class 4 1to6
Class 1 — Class 2-2
Set-top-box No Impulsive noises 7t09
Hair clippers Class 3 - Class 4 1to6
Class 6-S
TV Class 1 — Class 2-2 7t09
Class 6-S/L
Computer case Class 6-S 7t09

Table 27: List of devices and states accompanied by impelsbises

15 February 2011
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In this Section, an impulsive noise model at reeeis proposed for each device. This model consisthe
association of a source noise model and its adeaumgnnel class. The adequate channel class éatbeof the
channel most likely to connect the electrical dewic the receiver. Here, the receiver is supposdzktiocated
close to the TV or PC for video and internet reimgptin [26], it was shown that channel classes 9, 8, aak7
associated to the case where the transmitter ancktieiver pertain to the same electrical circithie remaining
classes (e.g. 6 to 1) are for different electradaluit paths.

Table 27 depicts, for each device, its impulsives@anodels at source and its adequate channeéslass

For certain devices (as coffee makers), pluggingmpiugging electrical plugs events are not considi@s the
devices are supposed to be already plugged.

Some other devices (as vacuum cleaner and eleetring knife), although embedding electrical eeginhave

starting impulsive noises of class 1 (ElectricaitsivOn event) and not class 5 (Electrical switold thermostat

ON event). Vacuum cleaners and irons are genepaliyged anywhere in a home, so channels to PLGvarce
are classed from 1 to 9.

For the paint burner and food processor devicestrinsitions from Off to Soft and from Soft to Hjgas well
as from High to Soft are class 1 impulsive noises.

In computer screens, impulsive noises are onlyctiedefor turning on events. Cathodic screen naseslass 1,
while flat screen ones are class 6/S as they ayeweak.

Iron impulsive noises are generated by thermostafalass 1) and Off (class 2-2) events, as wellyaglugging
and unplugging plugs events (classes 3 and 4).

Refrigerator impulsive noises are generated byntbstat On and Off events (classes 1 and 2-2), grogpéning
and closing its door (class 1 and class 2-1 reby).

Incandescent lamps On/Off impulsive noises are igeéee by electrical switches. For the fluorescem aeon
lamps, On events are accompanied by class 5 inyeutgiises (see Figure 94), and Off ones by clasa@ses.

Residential gateway events are only those assdctatéP phone pick up and put down and are ratheskw
(class 6 noises). As a results of the channel adtigon, these noises are almost always below #imsary noise
at the receiver.

Washing machine On events are machine activatigrelgctrical switch) and washing/rinsing cycle stay.
Associated impulsive noises are class 1. Off evagdslt from electrical switch deactivation and hiag cycle
stopping, and are short class 2-1 events.

The can opener starting noise is a class 5 nogseKgure 86), and Off event noise is a class 2rel noise.

For the laptop impulsive noises, class 3 and 4esomrrespond to plugging or unplugging the chapleg.
Laptop turning On and Off impulsive noises are £las

Only On event is accompanied by impulsive noiseduction hob device. Its class is 6.
The switching Off impulsive noise in food procesdevice is a class 2-1 noise.

The hair dryer Off to Soft impulsive noise is a eentional class 1 noise. Nevertheless, the remgitnansitions
between Soft, High, Turbo, and Off states havei@ddr impulsive noises: succession of conventiateads 2-2
ones. An example is given in Figure 100. The oletrumber of class 2-2 noise replicas varies betvieand
18.
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Amplitude (V)
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Time (s)

Figure 100: Hair dryer high to soft event.

The electric hair clippers impulsive noises (On-B#ight change) are class 6 ones.

For the TVs, cathodic ones have class 1 impulsiises for turning On events and class 2-2 for hgrff
events. Flat TVs turning On events are short claasd class 6-S. Turning Off events are not accomgaby
impulsive noise.

Computer screen events are only turning On onesendlass 6-S.

7.4.2.4Random Generator of Impulsive Noise at Receiver

A second approach for impulsive noise modellingeativer side could be used for PLC channel sirimurat It

consists of randomly generating impulsive noisenfra set of source impulsive noise models and Pladioél
models.

This approach is device and channel independeigie#erated noise at receiver is simply a random lsnmu
noise at source associated to a random channel.

This approach makes it possible to build a randompuisive noise database at receiver side for PLsEesy
robustness tests.
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8 Stationary noise characterization and modelling

This Section focuses on the stationary noise oksenn the PLC channel. After a literature surveytios
characterisation of stationary noise, general aladiens about measured stationary noises in fre;yudomain
are given, and a frequency domain noise modeldpgsed up to 100MHz.

8.1 State of the art

The background noise in low voltage power linedkred and significantly increases toward lowegérency.
This noise varies slowly over time and is causeduoymation of numerous noise sources of low poweh &s
universal motors, light dimmers, television recesvevhich can be characterised individugis], [49]. The
narrow band noise, mostly amplitude modulated siiad signals caused by ingress of radio broadugsti
stations is included in background noise sincaites slowly over time.

From the literature, the background noise is mambdeled in the frequency domain and there arentethods.
The first one is the spectrum fitting method whigie measured noise PSD or voltage spectrum deesityed
into certain functions of frequency. In this calse hoise is approximated by several sources of Skaugoise in
non-overlapping frequency bands with different egmwers given by the PSD. Contrary to first methbd
second one provides information on the random hiehawf the noise at each individual frequency tatistical
analysis. In[50], authors considered that Gaussian approximationot a good approximation in higher
frequency bands. In order to find the relation lestwthe observed random characteristics of thes raoid the
inherent physics mechanism of the noise inducethbyelectric system, the chaos theory is also tigeted
[51].

The high frequency low power density measuremegabdn 1972 with the work of Smitfp2]. The noise
power density level depends on location type: lgdlaboratory, business office, residential hows®l more
than 60 dB of difference can be obtained. Lots @&asurement campaigns have been made in laboratory.
Whereas ir[53] the background level in residential falls untlee bound measurement of -130 dBm/Hz above
500 kHz and if52] the background noise level equals the therméde level above 50 MHz, the level of the
PSD in high frequency can reach high values.

In [3] the power spectrum density expressed in dBnigHyiven by N=a+bf*c with f in MHz. The parameterfs
this model are obtained by curve fitting. This mlodeused by[54] and[55]. The measurement was made in a
Canadian building if3] and in Finland[54] over 100 MHz bandwidth. The noise is modelkesl colored
Gaussian noise with PSD given in the next figure.
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Figure 101: Background noise PSD in dBm/Hz. (a) in Finldsd], (b) in Canad§3].

As the noise power spectrum density depends om#asurement environment, the parameters of thelmade
be given by random variables. [B6], the PSD in W/kHz is:

N=10MK-3.95*10™{-5}f}, with f in Hz, K constant f@ long periods of time and approximated by Gaussian
distribution with average of -5.64 and standardiatean of 0.5. The parameters of the model prepgas[57]
where N=N_0+N_1eMf/f 1} in dBm/Hz, are given [68] where N_0 follows normal distribution, N_1 limlvs
uniform distribution and f_1 follows shifted expaial distribution in office and residential buitdjs. The
random characteristic of the parameters inducesilgesvery high PSD level.

The Nakagami model is often used to represent @gsefading signals in multipath scattering envirentrwith
relatively large delay-time spreads, and with défe clusters of reflected waves. In the power firéwork, the
average amplitude of the noise coming from a sisglérce remains mostly unchanged, but due to thgplex
scattering in the network, the resultant noisehat receiver can be roughly regarded as Rayleighilnised.
Since the background noise is a combination of &gl distributed noises from multiple sources, sit i
reasonable to use the Nakagami probability deffigitgtion to represent the noise amplitude distidruf59]. A
closed-form expression for the real part of backgtbnoise is also derivd@0].

The noise levels found in the literature are exggdsn a large variety of units (dBW/Hz, dBV~2/Hgand unit
conversions are not always possible. All conversibacome feasible if the measurement method anihple
impedance of the measurement network givee1h are respected.
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8.2 Stationary Noise Measurement Campaign

Measurements of stationary noise were carriedro@tdifferent sites, in the frequency domain, apdrteans of
a spectrum analyzer, as illustrated in Figure 102.

Filtered Extension

Filtered 220V
[
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GPIB COUPLER
ANALYZER COMPUTER | ac
3 S
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"
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Figure 102: Stationary noise measuring hardware

The stationary noise present on the electrical sudp measured via a passive coupler in the frequdand
30 kHz — 100 MHz, connected to an electrical oufldtis coupler is followed by a high-voltage limitend a
high-pass filter whose cut-off frequency is equal A00 KHz. This filter makes it possible to isoldte
experimental setup from high-level noises presthtva frequencies.

The signal is then amplified (MHW592 amplifier) B¢.5 dB. The resulting signal power is divided bedw a
scope, for possible temporal acquisitions, and ectspm analyzer. The entry of the spectrum analyzer
protected by a second high-voltage limiter.

The whole of the measurement material is connetttettie power supply through a filtered extensiohjclv
makes it possible to isolate the experimental defriom the electrical supply network.

The collected data is recorded on PC, connectabetspectrum analyzer by a GPIB bus and contrdiiea
specific measurement software.

Stationary noise measurements were carried out diffedent spectrum analyzer configurations, asoregu in
Table 28.

Configuration 1 Configuration 2 Configuration 3
Min frequency 1 MHZ 1 MHz 1 MHz
Max frequency 100 MHz 100 MHz 100 MHz
Resolution band 3 kHz 3 kHz 300 kHz
Detection RMS RMS Peak
Trace mode Power AVG Power AVG Maxhold
Number of bands 4 4 1
Number of points per band 8192 8192 401
Measurements Type Punctual, principal Cyclic, 1 outlet, Cyclic, 1 outlet,
outlets every hour every 15min

Table 28: Stationary noise measurements configuration
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Configurations 1 and 2 allow a measurement of ffectve power of the stationary noise. These mesasents
are precise enough because they are taken witbodutien bandwidth of 3 kHz for a total number @imts of
32768 on the whole of the band [LMHz - 100MHz]. fatt, punctual measurements on various site autlet
(configuration 1) and cyclic measurements, overhddirs with a one hour frequency, in only one outlet
(configuration 2) are carried out.

Configuration 3 is characterized by a greater rdgm band (300 KHz) and a reduced number of poihite
sweeping time is thus shorter. The acquisitiondesgry is equal to 15 min for this configuration.

In next sections, general observations on measiatidbnary noises are firstly presented. After,tadrequency
domain noise model is proposed.

8.3 Stationary Noise Characterization

The measured stationary noises examination in é&ecy domain showed that 1’:]37 decreasing shape is

noticeable. An example is given in Figure 103.
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Figure 103: measured stationary noise

Particular high noise levels are noticed in lowgfrencies (up to 10 MHz) as well as in high freqien¢FM
band starting from 88 MHz).

Field measurements showed also that a stationakgbzund noise exists at a level of between -155-4d5
dBm/Hz that is 15 to 25 dB above the thermal ndiger of about -170 dBm/Hz. This noise level isther
highlighted in[62].
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Figure 104: Stationary noise levels frof62]

Figure 104 (froni62]) shows the thermal noise level (-174dBm/Hzpasference, background noise level in an
unloaded powerline, and the noise levels produged blender connected at outlet close to princgualpler
(labelled as Blender Close), and far from it (l¥dxtlas Blender), respectively. This figure confimdeed the -
155 dBm/Hz background noise level.

Above the background noise, ingress noise fromoradurces can be observed. Some other ingresssranise
leakages from nearby electrical or industrial emépt. Other ingress noises are from radio stati®aslio
station ingresses are characterized by a narrodviddth and a high intensity. Depending on its dis& a radio
station ingress noise can be 30 to 40 dB abovbkahkground noise. Their intensities also vary ddjyenon the
time of the day (with the worst ingresses occurdngng the late night and early morning when theosphere
provides the best conditions for radio transmission

8.4 Stationary Noise Modelling
The noise model proposed in this Section is derifredh that explained i{63] for coaxial cable noise
environment model.

The measured stationary noise environment can b#elled using controlled random variables. This @ois
environment is a combination of:

- the background noise floor at a level of about -AB&/Hz ;
- strong radio interference carriers within short-eaadio frequency bands ;
- afrequency-dependent radio background noise ;

- and randomly distributed interference carriers.

In the implementation of this stationary noise mpdemask for short-wave radio frequency bandsirg f
established according to Table 29.
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TYPE BAND Fmin KHz Fmax kHz
LONG WAVE GO 151 281
MEAN WAVE oM 531 1602
SHORT WAVE 120m 2 340 2 400
SHORT WAVE 90m 3200 3400
SHORT WAVE 75m 3900 4 000
SHORT WAVE 60m 4 750 5 060
SHORT WAVE 49m 5 950 6 200
SHORT WAVE 41m 7 100 7 300
SHORT WAVE 31m 9 500 9 900
SHORT WAVE 25m 11 650 12 050
SHORT WAVE 21m 13 600 13 800
SHORT WAVE 19m 15100 15 450
SHORT WAVE 16m 17 550 17 900
SHORT WAVE 13m 21 450 21 850
SHORT WAVE 11lm 25 600 26 100

FM BAND - 87 500 100 000

Table 29: Radio broadcasting frequency limits up to 100MHz

In addition, eight groups of random interferenamfrencies, each of which contains 30 random frezjesnare
generated representing eight different interferentagnitudes. These additional 240 random interaren
frequencies are incorporated into the short-wad@raask.

Random numbers are then generated representingfahesl of potential interference carriers at eveigcrete)
frequency point. These random amplitudes are thepliel to the 240 random interference carriers. A

background noise floor level of -155 dBm/Hz, With—f%z— decreasing shape, is after that applied to therwata

mask. And the result is further filtered to emuldite bandwidth of interference carriers.

Figure 105 shows a generatef&; decreasing stationary noise model (blue curve)relah is reported the

f—lz decreasing curve it follows. This red cu@€) is linearly defined by the formula:

-155
1

(33) C(f) == +10%

It should be noted that the described model isrst firoposal designed to fit the experimental olzt@ns
carried out in the project. This model will be usasl a first input for the sake of communicationteys
simulations and performance evaluation. It willreéined at a later stage in the course of the pt@s further
investigation will be performed on this topic.
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9 Conclusion and Future Work

This document presents the studies conducted wittit8 of the OMEGA project on the characterizatiod a
modelling of the PLC channel. A measurement cammpadyering a frequency band up to 100 MHz is presen
and the main channel parameters are evaluatedstfstt models are proposed for the PLC channeisfex
function. Firstly, an empirical model of the CTF géven to reflect the experimentally observed clenn
characteristics. Secondly, a model is presentedhianalytical form, allowing for close form comptita of the
channel characteristic parameters. Finally, a saidge CTF is provided based on the transmissiantheory.

The impulsive noise generated by different eleatrippliances is experimentally characterized. Ftbese
observations, a model of impulsive noise at ther@mus proposed, which can be used to build a model
applicable at the receiver. Stationary noise ialfjninvestigated by both literature overview angerimental
observations, and a simple model is provided.

The models proposed in this deliverable will beduas a starting point for the future WP3 studiedmital
communications. In particular, the different proglssfor advanced signal processing for PLC comnatitins
will be assessed through link level simulationse Tiroposed models will ensure that the simulati@fiect
operation in a realistic PLC environment.

However, further research will be conducted onttigic of PLC channel characterization and modellifilge
following perspectives are envisioned for this work

- Different approaches of the PLC CTF statistical gilidg have been presented. A first, empirical
approach (Sectior3) consists in an accurate rendering of the obseleC CTF characteristics in the
frequency domain, based on a large set of expetahemeasurements. A complementary, analytical
approach (Sectioh) consists in describing the PLC CTF in the forfna éractable analytical expression
using network topology considerations. As a futnoek, the advantages of these two approaches could
be linked to provide a model describing in closedf the various channel classes that have been
experimentally observed.

- The deterministic approach of CTF modelling basedhe transmission line theory is a useful tool to
understand the underlying physics of wire transimissThe effect of connecting different devicesaon
particular network topology is of particular intete In order to calibrate the proposed model,
measurements of an experimental topology shoulgeblermed, with various load configurations.

- A complete model of impulsive noise at the souras een proposed. As a basis of this model, specifi
noise signatures have been selected as referehdesther step would consist of deriving a general
mathematical description of the observed impulsioise for the purpose of noise synthesis.

- Various observations of the stationary noise hagenbreported in the literature, generally implying
different experimental setups. The model proposeatiis deliverable is a first approach designefitto
our observations, and could be refined as morestigettion will be performed in this field.

- It will be interesting, in the PLC context, to colefe this study with an analysis of the channektim
variation, e.g. AC line synchronous noise, CTF ayatiationary.

- An analysis from an information theory point of wief the channel characterizations derived from the
measurements campaign described in Se@ioan be envisaged. Indeed, as it is the casédodlira
Wide Band (UWB) channdb4], a Maximum Entropy Method (MEM) can provideagbindications
whether, if yes or not, a multiband approach canftieterest for PLC transmission.
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11 Annexes

11.1Additional information on PLC channel measurement
campaign
In this part, extra information and statistics gieen concerning PLC channel measurement that pesented
in section2.2.

The list of measurements made in secfidhis recalled in Table 30.

Site number Site information lel;g?oer:s of  transfer
1 House - Urban 19
New house - Urban 13
3 Recently restored 12
apartment — Urban
4 Recent house — Urban 28
5 Recent house — Urban 34
6 Recent house — country 22
7 Old House - country 16

Table 30: Distribution of transfer functions by site

The observed measurements were separated in @<lassletailed in secti@l. The distribution of the sites by
class is indicated in Table 31. Excepting the clgsthe other classes consist of transfer functfom® various
sites (3 to 6 sites). The sites are variable imseof size (apartments, houses) and building coctstn date
(recent and old electric installations), as the G€asured on of each site may correspond to loaeiyp
classes as well as high-capacity classes.

Class number Sites

1 6

1,5, and 6
1,3,4,5 6,and 7
1,3,4,and 7
1,3,4,5 and 7
2,4,5 and 7

2,4,5 and 6
2,3,4,and 6
1,2,3,5,6,and 7

|| N || Bd|lWIDN

Table 31: Distribution of sites by class
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Table 32 gives for each channel class the remartlietween channels where the Tx and Rx pertaineteame
electrical circuit, and channels where the Tx ardBrtain to different electrical circuits.

Class Same circuit Different circuits

1 0% 100%
2 0% 100%
3 0% 100%
4 0% 100%
5 0% 100%
6 0% 100%
7 46% 54%
8 100% 0%

9 100% 0%

Table 32: Repartition of the channel categories foeach class

Finally, Table 33 gives the repartition of the chainclasses for each measurement site. We canvebtbert the
channel classes are rather uniformly found in nudsthe sites types, so no direct link between gy tof

building or environment and the channel class eamhbde.

Classes
Site
1 2 3 4 5 6 7 8 9
All 3,49% 16,78% 18,18% 11,88% 11,88% 12,58% 9,79% 7,69% 7,69%
1 0% 36,84% 42,11% 5,26% 5,26% 0% 0% 0% 10,53%
2 0% 0% 0% 7,69% 7,69% 30,77% 38,46% 7,69% 7,69%
3 0% 0% 8,33% 33,33% 16,67% 0% 0% 25% 16,67%
4 0% 0% 21,43% 14,29% 17,86% 10,71% 14,29% 21,43% 0%
5 0% 23,53% 17,65% 0% 17,65% 23,53% 8,82% 0% 8,82%
6 22,73% 40,91% 18,18% 0% 0% 0% 9,09% 4,55% 4,55%
7 0% 0% 6,25% 43,75% 12,5% 18,75% 0% 0% 12,5%
Table 33: Repartition of the channel c classes f@ach site
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11.2Representative Noise Models at Source

Referring to the impulsive noise model presenteddction?, in this annex are shown representative noises

(median, short, and long) per class.

11.2.1Class 1 Model
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Figure 107: Short case — vacuum cleaner turning On event83Mts.
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Figure 108:Long case — Iron thermostat On event — 3.1 ms.
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Figure 109: Mean case — Electrical heating thermostat Off eveh12 ms.
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Figure 112: Mean case — Fluorescent lamp Off event — 1.8 ms.
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Figure 113: Short case — Refrigerator door closing event 6 ths.
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Figure 114:Long case — Fluorescent lamp Of event — 3.1 ms.
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Figure 115: Mean case — Vacuum cleaner plug plugging evenms.2
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Figure 118: Mean case — Laptop power adapter plug unpluggiegte- 0.52 ms.
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Figure 119: Short case — Laptop power adapter plug unpluggiemt — 0.012 ms.
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Figure 120: Long case — Laptop power adapter plug unpluggimme— 0.73 ms.
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Figure 121: Mean case — Can opener On event — 26 ms.
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Figure 122: Short case — Fluorescent lamp On event — 18 ms.
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Figure 123:Long case — Can opener On event — 36 ms.
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Figure 124: Mean case — Residential Gateway IP Phone pickepte- 0.17 ms.
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Figure 125: Short case — Induction Hob On event — 0.01 ms.
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Figure 128:Long case — Laptop On event — 48 ms.
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