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Abstract

This OMEGA deliverable presents a study of the EisKLies linked to PLC systems, in the context
frequency bandwidth extension up to 100 MHz. Theentistatus of EMC regulations for PLC is firstcedled.
An experimental study is then presented for thesassent of the effect of electromagnetic fieldatiath from
an electrical network, in the 30 — 100 MHz bandcétemendations are given for the injected PSD leteels
used for future studies within the OMEGA projector these results, the capacity of the PLC chams
evaluated in terms of outage probability. This as& shows that an extended bandwidth up to 100
provides capacities in excess of 1 Gbps, whilesfsditig the current emission limits. Finally, thencept o
cognitive EMC is introduced for the mitigation d¥IE issues. We experimentally demonstrate that Médand
can successfully be used for PLC transmission withoeating harmful interference to radio services.
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Executive Summary

Within the OMEGA Project, WP3 is particularly dedglied to the definition and design of the next gatien of
Power Line Communication (PLC) systems, allowingraarease of the offered throughputs, up to 1 GBps.
this purpose, it is proposed to extend the frequdsand of operation, currently defined as 2-30 Mtz to 100
MHz. This OMEGA deliverable gives a thorough stumfythe Electro Magnetic Compatibility (EMC) issues
associated with this bandwidth extension, and #iqudar focus is dedicated to the radiation probkéat may
occur in the [30-100] MHz band.

First, the current status of EMC regulations foiCPk recalled. A draft amendment of the CISPR 22dd4rd is
currently under development for the assessment@f $/stems. Specific features are currently ingagéd to
increase the protection of existing services agaimsntentional emissions: dynamic notching andgnait
power management.

The effect of electromagnetic field radiation fraan electrical network is then experimentally inigestied.
Several measurements were conducted, in an anechaicber and in an ideal open environment, by fimgc
different levels of Power Spectral Density (PSD)diffierent types of electrical cables. The netwtokology
plays an important role on the measured radiatedepdeading to different frequency peaks accordmghe
network resonance frequency. We observed that jantion power of of -80 dBm/Hz leads to an accelatab
fulfilment of the CISPR radiation limit above 30 MHeven if the limit can be slightly exceeded fosraall
range of frequencies.

The definition of an adequate transmitted poweelldor PLC systems above 30 MHz is still debatethinithe
EMC community, and this report discusses some @fithin issues. From this discussion and accordiraut
experimental observations, future OMEGA studied uske an injected power of -50 dBm/Hz below 30 MHz,
and -80 dBm/Hz over the frequency band 30 — 100 MHizs value will be refined, depending on the etioh

of the EMC regulation for PLC.

We used the proposed power levels to conduct &tatat analysis of the PLC channel capacity imterof
outage probability. The report demonstrates thea@acity in excess of 1 Gbps can be reached fot aidke
channel classes defined within the OMEGA projedthan overall outage probability around 33%. Heribe
bandwidth for PLC operation can be successfullyam@d to provide capacities in excess of 1 Gbpslewh
satisfying the emission limits currently defineddegulation bodies.

Finally, this report investigated countermeasuoggte mitigation of EMC issues. For this purpdbe, concept
of cognitive EMC is introduced, as an extensiorajnitive radio to the field of wired communicatsoand the
management of electromagnetic interactions. CogniEMC techniques can be applied for instance tmdav
interference by using dynamic notching techniguasfor the mitigation of impulsive noise. Througin a
experimental study, we demonstrate that the FM b@ard be used without creating harmful interferetwe
existing radio services. Using smart notching imjaoction with cooperative detection mechanismss th
technique allows an additional throughput betwe@MBps (median case) and 120 Mbps (best case)nntitiei
FM band.
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1 Introduction

A good understanding of emissions and immunity iMEBA systems is of great importance for the
optimization of the system, and for EMC standarnitiwato be based on objective of OMEGA network. @fhe
the key goals of Work Package (WP) 3 of the OMEQAjétt is to study and design the next generation o
Power Line Communication (PLC) systems, allowingiraarease of the offered throughputs, up to 1 Ghps.
reach this goal, an increase of frequency bangefatdion is necessary, extending the 2-30 MHz lzamcently
used by deployed products. Different studies wéngs theld within WP3 of the OMEGA project for the
characterization and modelling of the PLC transioischannel, up to 100 MHz [1]. The Electro Magoeti
Compatibility (EMC) issues associated with the dgpient of PLC systems, however, are not trivialoyd 30
MHz, regulation bodies consider the level of ragliaemissions, and this aspect should be lookedrafutly
when extending the PLC operating frequency band.

For the future deployment of OMEGA networks (PL@dip and HWO), the cumulative effects of far field
radiation are also of great importance. The exgstiackground noise level should not be enhancesktgnsive
use of OMEGA devices, for example PLC modems, eafp@concerning sensitive short wave radio sersice
like amateur radio or various wireless securityiees operating within the frequency range frono B MHz.
The EMC issues regarding amateur radio are disdussevarious platforms e.g. CIGRE, EBU, ETSI, ICAO,
EURELECTRIC, ITU-R, ITU-T, UITP, etc. The ITU-Requires “all practicable steps” to be taken tovpre
“harmful interference” to radio services — whiclelude broadcasting. Therefore, notching or dynamoitching
has been proposed as a solution. However, therédpéres further work to bring it to fruition. Hewer, the EC
directive [2] is confirming that PLC networks antdTPwill become a competitive technology solutionr the
future networks.

In this context, this OMEGA deliverable providesEEMC analysis of the use of PLC systems up to 16&M
In particular, the deliverable gives the curreatestof art regarding EMC regulation standards, piodides an
experimental study of the electromagnetic fieldliated by an electrical network.

Section 2 gives the status of the current EMC @tpns for PLC, focusing on the work done withire th
organization CISPR, and recalling the regulatiofingel in the US by the Federal Communications Cossion
(FCC). In Section 3, a complete experimental stisgdgrovided, where the radiated emission is obskfoe
different injected power levels and different efmal network topologies. From these observations,
recommendations are made regarding the injecteceP8pectral Density (PSD) for future OMEGA studi@s.
study of the PLC channel capacity is given in teafhsutage probability, taking into consideratibe {proposed
injection levels, and realistic Channel Transfen&ion (CTF) and stationary noise realizations.

Finally, in Section 4, we investigate countermeasdor the mitigation of EMC issues. In particulduie concept
of cognitive EMC is introduced, as an extensioragnitive radio to the field of wired communicatsoand the
management of electromagnetic interactions. An exgeantal study is conducted to demonstrate theilityabf
the FM band using smart notching and cooperatitection mechanisms.
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2 Status of the current EMC regulations for PLC

This section is an addition and update of the staflEMC regulations for PLC that was initially dabed in
the OMEGA deliverable D3.1 [3]. All relevant stamdization and regulations worldwide are importaot the
future deployment of OMEGA networks. In particuldre situation at CISPR evolved with different posals
for an amendment of CISPR 22 for PLT systems, asriteed in the next section.

2.1 EMC issues and regulation activities

2.1.1 EMC issues

Electromagnetic compatibility refers temissions and immunity of different systems that use the same
frequency band. For any piece of equipment to tkekyideployed, it is necessary to ensure that thisstons
produced by it do not significantly disturb othensces and systems using the same frequency baddhat it
can function properly in the presence of a giverasoee of electromagnetic pollution. The levelsrofmunity
and emissions are regulated bgMC standards. The following diagram shows emission and
immunity/susceptibility that can be conducted atiaged.

Figure 1: The EMC partition on EMI and EMS conducted andatedi emission [4].

Immunity issues in PLC systems have not received muchtiattersince it was more important to solve PLC
disturbance produced. In the future it will be aisgportant when PLC networks will be operating asrdhe
Europe, and other countries in the world. The meigma through which radiation from non-PLC
communications systems can disturb PLC can beelividto three phases as follows:

The disturbing system radiates

The radiation couples onto distribution lines omteoelectrical cabling in the form of a common mode
current.

Part of the common mode current converts into feiftial mode current due to the asymmetry of the
power line cabling. The differential mode curreantributes to the noise and affects the capacity.

The term ‘tonducted emissions refers to the signals injected by an apparatus @uits mains and
telecommunication ports. Conducted emissions aregeneral, composed of common mode currents, and
differential mode currents.

The standards dealing with thedhducted immunity” testing of electronic and electrical equipment to
electromagnetic disturbances coming from RF tratiersiin the frequency range of 9 KHz to 80 MHz &€
(EN) 61000-4-6 and CISPR 16-1. EN 61000-4-6 isEMC basis test method for RF conducted immunity as
per the last edition of the harmonized productddiatis or generic immunity tests. Conducted RF inityuasts
imply injecting RF in each of the cables out of 88T (Equipment Under Test). The goal of the tsstoi
simulate the proximity of the EUT and its assodatables connected to the transmitter to devicaking at
low frequencies. These frequencies are difficuliest using radiated RF immunity techniques. lhdeed often
difficult to generate uniform fields at frequenciesver than 80 MHz, so the test of conducted imnyis a
reasonable alternative to radiated immunity atéHesquencies. The tests of conducted immunityafse much

D3.3 — Report on Electro Magnetic CompatibilityRdwer Line Communications Page 10 (44)
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cheaper than those of radiated immunity. Equipntiesit does not have even a conductor cable (suploasr
supply, signal transmission lines or ground corinas) which may couple the equipment with the high
frequency disturbing fields is excluded. This stmaddoes not deal with the specification of thdastdés be
performed on particular equipment or systems. léénngoal is to give a general basic reference fotEC
product committees implied. Product committees atiipment manufacturers are responsible for an
appropriate selection of the tests and severitgl$eto be applied to the equipment.

Alternative test methods should follow as closedypassible the methodology described in EN 610@0t@{est
product conformity. For small devices EN 61000-dedisiders the use of conducted tests in the rab@e<Hz

to 230 MHz acceptable, but for bigger devices Hrege is 150 KHz to 80 MHz. Small devices with shafbles
may not need to be tested at such low frequensié®@ KHz. A limitation of EN 61000-4-6 is thairijects RF
in the common mode only and does not test therdifteal RF mode, though these disturbances may iexike

power supply network and other cables. Anothertlitron of this standard is that, in practice, tharses of the
interference affect all cables simultaneously, hhe standard specifies that one cable at a thoeld be
tested. When all cables are interfered simultadgpirger-modulation effects could appear that ianpossible
to test in a single frequency test. This limitatappears in all standards related to conducted imitsnu

PLC systems can produce non-negligible emissionghénenvironment already used by different services
(amateur radio, broadcasting services, etc.). Ddipgnon the level of the radiated PLC signals, ¢hesmy
interfere with the reception of radio signals irari®y receivers. The common mode currents in PL@arés
have three different sources:

The asymmetries in the modems themselves that iajeommon mode signal directly.

The asymmetries along the network due either totahiiosity of each of the conductors along the
network or to abrupt punctual discontinuities tledfiectively convert part of the differential mode
signals into the common mode.

The coupling of external electromagnetic fieldsrrmtentional or unintentional radiators.

One of the most important potential EMC problemsBhC networks is the emission from the poorly
symmetrical cables in low voltage (LV) and mediupnitage (MV) networks. This includes radiated aslasl
conducted emissions.

2.1.2 The current status and views on EMC issues

Two ETSI Technical Reports (TRs) were publishe@®8 following the Plugtest™ event held in 2007tloa
co-existence of PLT and short wave radio broadcdstis event confirmed frequency notching as aratife
mitigation technique to permit co-existence betwBéi and short wave broadcast systems. One TR tether
results of these trials; the other provides tesésdor a future anticipated event to examine g¢stexce between
different PLT systems. However, ETSI TS 102 578M19 well defines emissions and mitigation straegiith
smart notching as well as measurement methodsdditien the specification for access and indooneys,
ETSI TS 102 447 v1.1.1, is addressing the releissnies for programmable PSD mask.

In February and March 2009, WP 1A and WP 1B mestingre held in conjunction with meetings of the WP
1B Reporter Group on WRC-11. One of the importaatiés discussed in this meeting was the impacL.®f P
systems on radio communication systems operatintgaen_LF, MF, HF, and VHF bands below 80 MHz. The
interference is mainly produced from the radiatgda power of electric and electronic facilitiesiuding their
networks.

ARRL (US) concerned by EMC issues and their infaeion amateur radio performed tests and reports wit
emphasis on standardization of BPL, and redefitiilegeMC limits for BPL. Tests conducted by ARRL (g
2004~2007) showed that meeting the FCC emissioitslils not enough to protect against BPL harmful
interference.

RSGB (Great Britain) asked the British governmenttiopt the German NB30 limits to control interfere
from PLT systems.

To manage the risk of unwanted emissions or intenfe by PLC equipment to radio-based services, the
Australian Communications and Media Authority (tA€MA) has recognised European and international
standards to cover this type of equipment under elisctromagnetic compatibility (EMC) regulatory
arrangements.
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The current world effort to agree on a common ragh for EMC issues and influence to amateur raslio
enhanced by the OMEGA strategy in WP3 to contribumith new and innovative solutions for performance
improvement in PLC transmission systems and netsvork

Presently, there is no harmonised European staratarthintentionally radiated emission limits appbte for
compliance testing of PLC networks at frequenciekolw 30 MHz. There are not also harmonized standard
based on unintentional conducted emissions. Remylatuthorities of Germany and the United Kingdoavén

set forth radiated emission limits (NB 30 and MP7Q) based on magnetic field strength at a defitistdnce
from wires or equipment of a telecom network. So tlaese national regulations have not been legaidfgrced
due to a number of technical problems. Differentits in terms of the electric field have been pisgab by
different countries and some limits, such as the30lBare used as a guideline in case of conflictthsy
regulatory authorities of these countries as inféflewing figure.

Figure 2: Electric field limits proposed by different regttat bodies for PLC emission [5].

2.2 Standardization and regulation activities for EMC

2.2.1IEEE

The IEEE P1775 will be a Standard for Powerline @amication Equipment - Electromagnetic Compatipilit
(EMC) Requirements - Testing and Measurement Metio

A BPL Study Group (SG) was formed at the IEEE Hemdtprs on 20 July 2004 that created a WG to dpvelo
an EMC standard P1775 Its Project Authorization Request covers two majeeas: EMC Criteria (rules for
judging if compatibility is achieved) and T&M pratderes (immunity test methods/levels and emissiess t
methods). The draft standard P1775 is currentipgydiirough a revision process and it is expectedetsent
back to the panel of 12 voting members [7]. In Astg2009, P1775 reached an 83% approval at thet lzddot.
Now we are in the comment resolution period. Altof&213 comments were submitted and it is the HSkG4

to respond to the comments.

2.2.2CISPR

The CISPR Comité International Spécial des Perturbations Rétbctrique) is responsible for the elaboration
and maintenance of several international EMC stafsdéemission and immunity) for large families ¢tdéaric

or electronic products which primary purpose is phatection of radio services in the frequency mAgkHz to
400 GHz. Example standards are the European Sthiddu55022 [8], or the product standard CISPR 2 T
CISPR is divided in several sub-committees amongchvthe sub-committee "CISPR/I" is in charge of the
development of measurement methods and establithofeemission limits for Information Technology
Equipment (ITE).
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Different measurement methods, measuring equipraadt relevant limits are applicable depending on the
access port and the frequency band being considgeed testing a particular product. The ITE fanmhpduct
includes PLT systems for which the EMC requiremefitthe CISPR 22 standard apply.

The measurement procedure using an Artificial M&eswork (AMN) for compliance testing of PLT-modems
with respect to the limits of Tables 1 and 2 giverCISPR 22 is not appropriate due to significasues as
explained hereafter.

PLT systems being telecommunication devices udird'tains network” as a physical support to trahslaa,
both the measurement methods and the emissionslifoit "Mains ports" and/or "Telecom ports" may be
considered. Taking into account these particukmithe decision was made by CISPR to establisbjagbiteam
(CISPR/lI _ PLT-PT) whose task is to prepare an almemt to CISPR 22 standard for the assessment Bf PL
systems. The goal for the development of a compdéidasting method for PLT-modems is that this gests the
same protection level to radio services as CUT¢BPR 22.

Present situation

Regarding the progress of the work, after two uosssful attempts to produce an amendment for Pkfesys
(specifying the criteria of tests in particularfhe@w project is again under discussion.

This amendment should define the measurement plascand the related limit values which allow appiate
operation of PLT systems and provide at the same tsufficient protection to sensible radio servibgs
notching and/or other means, such as power managefiee requirement to use such techniques to gréte
broadcast services is considered a good way fortarg@ach a compromise. Hopefully, this work willoa
publishing a new harmonized EMC standard that beéllavailable for the CE marking of PLT equipmengin
perennial way.

This new draft amendment takes two approaches:

- Type 1 PLT device is a category of PLT device teguire the implementation of additional protenti
measures to reduce the probability of interferesoeh as "Notching” and "Power management”
described below.

- Type 2 PLT device is a category of all other Rhddems.

Permanent Notchind-or certain parts of the radio spectrum (e.gioradhateur bands, CB bands, selected safety
services) permanent notches are applied which ertbat the expected emissions in these bands dirbelewv
the CISPR 22 limits.

Dynamic Notching To protect the broadcast reception, a systened¢allynamic notching is proposed. In this
case the PLT device detects the presence of brsiasigaals which are strong enough to allow usefaéption
and protects them by means of notching. As for peent notching, this will ensure that emissionshef PLT
device are well below the limits in CISPR 22 andttbhortwave broadcast reception even with in-égmbennas
is possible.

Transmit power managemerithe PLT system will be set up to detect the tnaiesion losses and set the
transmit power to the minimum level required toiaeh data transfer at the required speed (pressnPdT
devices in general do not make use of transmit pomemagement).

Permanent
notching
" ' Dynamic
! | ! | notching
Nominal _ _ _ Power
Tx power B P @ management
Frequency

Figure 3: lllustration of dynamic notching and power managetw®ncepts
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The Type 2 device approach transfers the CISPR 22 assessment ofdigiarbance potential of the
telecommunication port to the case of a PLT paing an ISN (Impedance Stabilization Network) tcamee
the common mode signal.

Proposed limits are as follows:

Frequency range Limits
dB(nmVv)
MHz Quasi-peak Average
1,705t0 5 56 46
5to 30 60 50

Table 1: Limits of conducted common mode (asymmetrimode) disturbance at PLT ports in the
frequency range 1,705 MHz to 30 MHz with the commuigation function active for Class B In-Home Type

1 PLT Device
Voltage limits Current limits
Frequency range (dBuv) (dBuA)
(MHz)
Quasi-peak Average Quasi-peak Average
1,705 to 30 58 48 30 20

Table 2: Limits of conducted common mode (asymmetrimode) disturbance at PLT ports in the
frequency range 1,705 MHz to 30 MHz with the commuigation function active for Class B In-Home Type
2 PLT device

The radiatedimits and measurement method in the frequencgeabove 30 MHz are those from CISPR 22.

Frequency range Quasi-peak limits
MHz dB(nV/m)
30 to 230 30
230 to 1 000 37

Table 3: Limits for radiated disturbance of class BITE at a measuring distance of 10 m

2.2.3FCC Part 15

The Federal Code of Regulation FCC Part 15 [9] é®@mmon testing standard for most electronic eqaipm
FCC Part 15 covers the regulations under whichra@ntional, unintentional, or incidental radiat@ncbe
operated without an individual license. FCC Partcb@ers as well the technical specifications, adstiative
requirements and other conditions relating to ttaeketing of FCC Part 15 devices. Depending on ype bf
the equipment, verification, declaration of confdgmor certification is the process for FCC Patcompliance
[10].

FCC Part 15 applies to In-home PLC. Present FCE&srshy that carrier-current systems --this inclueleS--
need to meet the general radiated emission limitaifilicensed “intentional emitters.” An intentibeanitter is
one that transmits a radio signal as a part afigtsnal operation. At HF, PLC systems are permitieddiated
field strength of 30 pV/meter measured at 30 mdtera the signal source. At VHF, they are permittadiated
emissions of 100 pV/meter measured at 3 meters fransignal source. In most cases, the sourcebwilhe
electrical wiring within a building or the electtitility lines that pass close to residences anslfasses in the
us [11].
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3 Characterization of the PLC electromagnetic emissio

3.1 Context of the study and experimental setup

From the EMC point of view, PLC systems are requii@ comply with the standard EN 55022 class Bgssin
these products will be deployed in the customemgses, in a residential environment. As a consecgien
applicable EMC tests are conducted disturbance demtwl50 kHz and 30 MHz, and the radiated distudanc
between 30 MHz and 1 GHz.

In this study, we observed the electrical fieldiatetl by an electrical network at 3 m from the &leal wires.

Note that the network under study was isolated ftbenmains network. As a function of the injectesDR a

direct measurement of the electrical field is takesing a bi-conical antenna situated at a heifjitra, and at a
distance of 3 m from the centre of the electricabwT he total length of the electrical wire is db(see Figure
4). The experiment took place above a copper gralemk. A coaxial cable conveys the inducted sigyt@abvard

the selective received.

Figure 4: Experimental setup for the measurement of the redliield for a 15 m cable.

In order to validate the selected measurement pohtoneasurements were first taken in an anechwenber.

In a second step, measurements were taken in a siteleequivalent to free space conditions. Durihg
experiment, we used two different electrical cabpleish two different lengths, with a setup represéme of a
realistic residential environment. One of the cabiremities is connected to a 50 Ohm load. A cdewpdriven
generator allowed injecting signals at one endhefdable using different power levels, in the 30-MHz band,
using a passive coupler. Note that the measureraemtdone on a passive network, which is discoedeitom

the mains network. The injection of differential deo signal is thus realized using a simple wideband
transformer, as depicted in Figure 5.

g Coupler
~ «— P
1 S E | =N
[T—— «PE

Transformer |

Figure 5: Wideband coupler.
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It should be noted that the reference standard§&DR2) defines the limits to take into account iguasi-peak
detection mode. For the sake of measurement rgpigitd in accordance with the EN 55022 measurement
recommendations, all measurements are first rehliza peak detection mode, and the conversionasiepeak
detection mode is done by post-processing. In dse of a narrowband signal, the difference betweese two
detection modes is negligible.

In our experiment, the generator injects a narrawlsignal, and the observation over the full fremyeband is
performed by sweeping the narrowband signal overdbsired frequency range. The analyzer is thus als
collecting a narrowband signal from the receiveeant. In this case, there is no difference betwaen
measurement performed in peak, quasi-peak or meae .nin practice, PLC systems will use widebandalig
Hence the result curves can be read equivalentyynof the three following manners:

- a wideband signal injected with a PSD of X dBm/Hzasj-peak will lead to the corresponding
observed radiated field measured in dBuV/m in gpasik mode

- a wideband signal injected with a PSD of X dBm/Hmlp will lead to the corresponding observed
radiated field measured in dBuV/m in peak

- a wideband signal injected with a PSD of X dBm/Hz average will lead to the corresponding
observed radiated field measured in dBuV/m in ayermmode

3.2 Measurements in an anechoic chamber

3.2.1 Experimental setup

Electrical lines are situated at 15 cm or 1 m frthe floor in a shielded anechoic chamber, hendatisg the
experiment from external disturbance. The pictusesl schematics of Figure 6 and Figure 7 present the
geometrical configuration of the measurement setitipin the anechoic chamber. The termination lo&the
electrical line is 50 Ohm. For the first cable typeted Cable A, the transversal positioning ofttiree wires is
almost uniform, as the three wires are mouldedchi d¢able. For the second cable type, noted CablineB,
transversal positioning of the wires is random.

Cable Cable

(@) (b)

Figure 6: Anechoic chamber setup (a) and different typesabfes (b).
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Figure 7: Experimental setup for the measurement of the tedlifield in an anechoic chamber for a 4 m cable.

To evaluate the output power of the modems, orusarthe following equation:

(1) Pout = 10)409(wa) + PSD

whereP,, is the output power in dBnRSDis the observed power spectral density in dBmé&iw R,,, is the
width of the analysis filter in Hz. In principlehe standardized filter width is 120 kHz for measueats above
30 MHz.

3.2.2 Measurement results

This experiment allows to analyse the influencehaf type of cable (noted cable A and cable B, sei@

3.2.1) on the electromagnetic radiation, as a fanatf the cable length. Note that the Protectigetl (PE) wire
is connected at the metallic ground at the injecpoint, and that the power was injected using ingrjevels.

At first, a reference measurement was taken, withgecting any signal at the feed port, in ordeget an idea
of the ambient noise. This measurement is labeltetReference Level" in the following figures.

E-Field (Vertical)

| | I

: | ‘ | | 3 | —8— - 75dBm/Hz

[ I A ] —— -80dBmHz
: ‘ | ] —e— Reference level

‘ ‘ } ‘ ‘ | —e— -70dBmHz

60 T ———— T i — Limit Class B

Frequency (MHz)

Figure 8: Comparison of th&y field using cable B, with PE wire connected to ¢giheund, at 1 m height.
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Figure 9: Comparison of th&y field using cable A, with PE wire connected to ¢ineund, at 1 m height.

Results presented in Figure 8 and Figure 9 showttigaamplitude level of the measured field is lkigtvhen
using cable B as compared to using cable A.

E-Filed (Vertical, P ;= -75 dBm/Hz)

70 T————

=== cable length = 4m
=== cable length = 2.5m

| |
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T |
. |
%77;747 == | imit Class B i
| ;
i |
| \
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\
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Frequency (MHz)

Figure 10: Comparison of th&y field as a function of the cable length using caklsvith PE wire connected to
the ground.

Results presented in Figure 10 show that thereery low divergence between the different cable tlesig
regarding the level of the radiated power. Howeweg can note that the cable length plays an impbrble on
the resonance frequency.
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3.3 Measurements in an ideal environment

This series of measurements was realized in assitdar to site in free space. We collected the sneaments
results regarding the electrical field as a funttad the different types of cables and of the stadimission
configurations.

3.3.1 Configuration 1: experimental setup and measurementesults

The following figures represent the configuratioffiol field measurement, and the experimental sefupe can
observe that cable B is placed at a height of 1%lave the ground plane.

Electrical cable

., 35m 7.5m ' 9.5m ]
D T T " a1
o
s

A A

pP1 [H=15ecm p2 P3 F’4—I |
[=3m : |
ANAANN i
SR L=tom ... s\~ Biconical antenna ;

Figure 11: Configuration 1: experimental setup.

Figure 12: Setup picture taken from plug P2.

Figure 13 represents the comparison of differerasueement results as a function of the injectedep@s well

as the reference measurement. The reference mesntreorresponds to a measurement taken without any
power injection, and accounts for the local disamde emitted by external sources and collectetidoyeceiving
antenna. On the same figure, we reported the ligitsn by the EN55022 class B standard, for thaleesial
environment.
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Figure 13: Evolution of theEy field as a function of the injected power.

One can observe from this figure that the classaRdard is respected for an injected power of -dBth/Hz
(except for a small range of frequencies aroundMbfz and 81 MHz in this particular observation). Wa
injected PSD of — 75 dBm/Hz, the level of the réalilagpower is in the range of 10 dB with respedhtoclass B
EN 55022 standard. One can also notice a large eunflradio signals between 87 MHz and 100 MHz (due
the FM band within 87 MHz — 107 MHz), as well asnsoexternal emissions between 70 MHz and 80 MHz.

3.3.2 Configuration 2: experimental setup and measurementesults

Figure 14 below represents the configuration 2fifeld measurement, and the experimental setup. €ame
observe that cable B and cable A are placed aighthef 1 m above the ground plane.

| . 35m 7.5m L 9.5m ]
DT o o " a
| o

| o
I A A - =y
| Electrical cable 3
Pl P2 . P3 pg — |
| [=3m : !
ARSI |
AP L=10m.............. N Bi-conical antenna 5

Figure 14: Configuration 2: experimental setup.
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Figure 15: Evolution of theEy field as a function of the injected power for caBle

E-Field (Vertical)

i | |
70 +——"——"F—+—— +—— +
; | | || e - 80 dBmM/Hz | :
J‘ - - } ;| e - 75 dBm/Hz |- ‘\ -
; ‘ | ;| w— Limit ClassB | |
60 1 - -
| | |
s r =R
| | B
50 T N 4‘ T
£ _—
> \
@ 40 1 -
° |
L B T ien sty W ) | ' ]
| \ | f T |
0T T T T T T T N I
| | | | | |
R | . |
s e e
| | | | | |
T T T T T T
30 40 50 60 70 80 90

Frequency (MHz)

Figure 16: Evolution of theEy field as a function of the injected power for caBllef length 15 m.

Figure 15 and Figure 16 represent the comparisdheofadiated electrical field in configuration £ & function
of the injected power. On the same figure, we reggbthe limits given by the EN55022 class B stadgtar the
residential environment. One can notice that thndt lof the class B EN 55022 standard is respectegihva PSD
of — 80 dBm/Hz is injected, except for some freques, which can be due to ambient noise or meagmem
uncertainty.
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3.3.3 Configuration 3: experimental setup and measurementesults

Figure 17 below represents the configuration Jitdd measurement, and the experimental setup.elis
situated at 15 cm above the ground plane in tised&ction of the cable, and is then positionetioadly up to a
height of 2.50 m, followed by a horizontal secta8.50 m above the ground plane.

i L 5m L 9.5m ] i
! S|
! o |
1 A A K 0 1
: Electrical cable ?)
| p3 i pa— |
: 1=3m
i v i
E < 3.5m > !
i Bi-conical antenna !
! A :
| H = 15cm |
i P2 i
i ANNNNN NN\ i
P1 i
DA 1011 R, . |

__________________________________________________________________________________________

Figure 17: Configuration 3: experimental setup.
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Figure 18: Evolution of theE, field as a function of the injected power.

Again, the presence of external radio electric eags observed above 70 MHz, and especially the REkidb
between 87 MHz and 100 MHz.
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3.4 Evaluation of the transmitted power in the 0-100 MK band

The experimental study presented above gives am @dethe radiated emission observed from a paedticul
electrical network setup, with different levelsiofected PSD. Before drawing conclusions on thegmnaitted
power levels that are practical and realistic far extension of the operating frequency for PLC eyst,
different points should be taken under considenatio

First, there is currently no regulation standarec#ically addressing the problem of transmittedvporadiated

in PLC transmission. Although a Project Team hantmet up within CISPR/I in order to prepare anradngent

to CISPR 22, the CISPR 22 regulation text in foacklresses ITE in general. The described measurement
process includes the device under test with itgpperals and connecting cables, but the equipnsecmnected

to an AMN. This device is an artificial electricaétwork, providing the mains power and a given ewmtion
impedance, but without physical electrical wiresenke, the power lines are not included in the ctirre
measurement setup. Whether or not a given topabdgfectrical network should be included in theiatidn
measurement setup has not been decided yet byatisgubodies.

This question raises several issues. As is denaiadtin Figure 10, for instance, a simple electriedle will
provide different resonance frequencies dependinthe length of the cable. A more complex netwogology
will obviously generate a higher disparity in thespible measurement results. The line terminatiovith
different types of loads depending on the connedtadces, may also influence the observed results.

Finally, it should be noted that the current CISPR text, intended for the certification of ITE dees,
recommends performing a series of test measuremeiits a number of measurements generally comprised
between 5 and 12. The recorded levels among alsunements are averaged, and a margin is applidd wit
respect to the actual EMC limit, in order to acdofan statistical fluctuations. The experimentaketvations
show that the radiated power presents some pedkgegpect to the average level, the frequenchedd peaks
depending on the particular network topology (swerfstance Figure 13 and Figure 15). If an avergghould

be applied between measurements over differentrielgicnetwork topologies, this would necessanihpact the
level of injected power that should be consideredeceptable. As an example, Figure 19 represeravibrage
between the 6 measurements performed with diffaogrdlogies and cable types, corresponding to Emgr 9,
13, 15, 16, 18. The average is performed over meagnts expressed in dBuV/m, as specified in tf&P® 22
text. One can observe that for an injected poweB0fdBm/Hz, the observed average level allowsafgiven
margin before the limit of 40 dBuV/m is reached,iebhcan account for statistical fluctuations. Tisisiot the
case when the injected power is -75 dBm/Hz.
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Figure 19: AverageEy field for 6 measurements performed with differapdlogies and cable types, as a
function of the injected power.
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With all these comments in mind, and accordinght dbserved experimental results, we will considehe
OMEGA project that an injected power of -80 dBm/bizer the frequency band 30 MHz-100 MHz is an
acceptable value. For all performed measurememts)evel of injected power lead to a few peaksy@bove
the CISPR radiation limit, with less than 5 dB dapping for most cases, and with a high correlatidth the
actual network topology. The proposed value wikkaéo be refined, depending on possible furtharltgsand
on the evolution of the EMC regulation for PLC.

For frequencies below 30 MHz, the OMEGA projectl wide an injected power of -50 dBm/Hz, as alreasldu
by deployed PLC products. Finally, the proposeddtipn power for future studies within the OMEG Aojarct
are recalled in Table 4.

Frequency range (MHz) Injected power (dBm/Hz)

1.705- 30 -50
30-100 -80

Table 4: Proposed injection power limits for future studies within the OMEGA project

3.5 Channel capacity under transmitted power limitations

Channel capacities are evaluated in terms of oytegfgabilities. Figure 20 to Figure 22 give exanspié outage
probabilities of channel class 2, 5 and 9, as desdrin deliverable D3.2 [1]. To evaluate the oeta@gpacities
the PSD noise is obtained with the noise modelriesat in deliverable D3.2 [1]. This noise modeldakinto
account the background noise floor level, the giroadio interference carriers within short-wave ioad
frequency bands, a frequency-dependent radio baskdrnoise and randomly distributed interferencees.

Each outage probability curve is obtained usingOl@&ndom draws for a couple of CTF realization and
stationary noise realization according to the medelscribed above.

For each figure, 3 transmitted power masks are:used

case A: -50 dBm/Hz in the 1-100 MHz bandwidth phagches in the 1-30 MHz bandwidth with a level
of -80 dBm/Hz,

case B: case A with a lower PSD of -80 dBm/Hz i 30-100 MHz bandwidth,
case C: case B without transmission within FM bg8ds5-100 MHz).

As it is shown in Figure 20 for channel class 2, gigabit is never reached with the more tricky pomask. On
the opposite side, 1 Gbps is all the time exceetdéd channel class 9 and 2 Gbps is reachable with &f
outage probability.

The FM band has low influence for class 2 (curvee@us curve B) whereas it is not the case foisdiaand 9.
So, the better the channel (i.e. the number ofciennel class) the more important is the FM bandwid
influence.

Figure 23 shows the outage probabilities of chamfedses 1 to 9 taking into account the repartitbrthe
channel classes given in deliverable D3.2, tablepd®e 102. To plot the curves, transmitted powask® in
cases A, B and C are also considered. The gigapiissible in case C with an outage probabilityiado33%.
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Figure 20: Outage probability of channel class 2.

Figure 21: Outage probability of channel class 5.
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Figure 22: Outage probability of channel class 9.

Figure 23: Outage probability of channel classes 1 to 9.
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4 Countermeasures for the mitigation of EMC issues

4.1 Introduction to cognitive EMC

The PLC technology is a promising candidate for deselopment of very high data rate networks in the
residential environment. With a suitable extensibthe currently used frequency band plan, capeiti excess

of 1 Ghps can be achieved in the vast majorityneéstigated scenarios. However, as explained iptagous
sections of this report, the use of conventionatteical wires, raises EMC issues.

In general, the EMC studies and standards aim atagteeing a correct functioning of systems andpagents
in the presence of electromagnetic disturbancesinity issue). They also aim at assuring that #q@ayment
of high bit-rate transmission systems don't prodjaseming of neighbouring systems, such as radieivecs
and more particularly amateur radio (emission issue

New real time and multimedia services necessitdtingeasingly data rates, press transmission sydesigners
to raise their transmitted powers. In term of EMI@s results in more electromagnetic radiationstehifrom
the physical transmission support. Regarding teeteimagnetic immunity of the PLC systems, elecagnetic
noises have significant impact on the quality of/ee (QoS) delivered by these technologies.

The impulsive noise is a particularly disturbinqusze of data loss. It especially degrades the veloices
QoS, and more generally that of real-time servi&dP...). This noise is often generated by electiéwices
and equipments located in the domestic environniéns. then conveyed by electric cables and coumed
telephone copper pairs. Impulsive noises have shwdtions and high amplitudes.

At present, the robustness increase of the highrdb@ transmission systems against impulsive naises
discussion subject on several standardization Badiech as [12], [13], [14] for xDSL and [15] foL®), from
which many solutions are issued. The electromagmetiission issue is also atopic of intense debBRissussed
parameters are usually the maximum transmitted pene the PSD mask.

The wired cognitive EMC concept proposes to sepsibmplement the classic protection and emissiwititig
techniques by using new methods inspired from dogniadio technology [16]. Rather than utilizingtsc error
correction and emission-limiting techniques, modewmesild then be allowed to perceive their electronedig
environment, analyze it and take the adequate cbreemeasures and transmission profiles.

In wireless communications, the cognitive radio aapt uses adaptive solutions for managing the spacof
each user. In wired communication, the latter cpha@an also be introduced: some techniques sudheas
Dynamic Spectrum Management (DSM) are already studor xDLS systems ([17], [18], [19], [20]), and
adaptive noise detection and processing, can b&idemed as elements of cognitive EMC.

In the following, the concept of cognitive radidfiist recalled. We then expand this concept tofitdld of wired
communication by giving two examples of cognitivéME€ techniques. Finally, an experimental study is
presented in order to assess the application aftgpe sensing in order to use the FM band speciruia
cognitive EMC approach.

4.1.1 Cognitive radio concept

The cognitive radio is an intelligent radio systeapable of perceiving its environment, of interprgtt, and of
making suited decisions according to factors suckelactromagnetic environment, internet provideatsgy,
requirements of each user, etc.

In term of perception, the cognitive radio:

- Analyzes the spectrum used in its environment ;

- Detects the types of neighbouring networks andrteldyies, the terminal position and speed ;
Regarding decision, the cognitive radio:

- Establishes appropriate communications, for exarplavoiding disturbing surrounding users ;

- Widens the communications possibilities of a temhifior example by defining radio parameters in
software way, by adapting the modulation schema by downloading new firmware for new
technology’s compatibility.

To make the quickest and best decisions, the degnmadio integrates learning techniques makirgggable of :

- Reacting rapidly to the short-term environment tihations, such as traffic demand and interference
variations ;
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- Taking advantage of its previous experience to awpits long-term decisions.
The cognitive radio thus presents several intefesthe telecommunications operators :

- More effective use of the available spectrum, tlsatik an increased flexibility with regard to the
current model ;

- Jamming avoidance by new frequency sharing, fomg@ by listening to the spectrum before emitting
and managing the spectrum in a dynamic way ;

- Terminals with vaster possibilities, and capableawfo-adapting to the behaviour and customs of the
user ;

- Cognitive networks capable of re-configuration adatg to the environment and the requirements.

The introduction of the cognitive radio is suborted to the implementation of mature technologissiiing a
sharing between systems exempt from mutual jammimguaranteeing the activity of the various uséihe
radio spectrum.

Therefore, the standardization and the normalinagiarrounding the cognitive radio must be elabaratgh a
scrupulous care to guarantee users and operatirssagncontrolled drift.

Cognitive EMC, as a projection of the cognitiveicadoncept on the wired telecommunications, leadsdat
the electromagnetic disturbances in an intelligadigptive, and software way as a supplement tcclmsic
EMC approach. A number of elements in the curréatiesof the art of wired communications will alldhe
success of the cognitive EMC approach :

- Digitalization of the signals ;
- Increasing DSP (Digital Sighal Processors) proogsspeeds ;
- Appearance of real-time services more and mordtsent the impulsive noise ;

- Electromagnetic disturbances in differential mosertapping with useful signals.

4.1.2 lllustrative examples of cognitive EMC

In the following, two illustrative examples are givof advanced EMC mitigation techniques pertainmghe
cognitive EMC concept, namely smart notching anpulsive noise reduction.

4.1.2.1Smart notching

Here, a cognitive EMC application is described tlog indoor PLC technology for which the electronmetgn
emission is a crucial task. Indeed, the respetit@Emission limits is often made at the expensetodinsmitted
power reduction, resulting in data rate and cowelaygitations.

In order to protect neighbouring radio stations anshteur radio from PLC radiations at shared fragies, the
Orthogonal Frequency Division Multiplexing (OFDMjvgs the possibility of reducing the transmittedDPS
only in these shared frequencies, called notcheste@tly, notches are static; we hence speak abiatic
notching.

In Figure 24, the PSD mask for the Homeplug AV dtad [15] is reported. This figure shows that ti&DHs
decreased from -50 to -80dBm/Hz in notched freqigmsnc

In this context, an "adaptive notching" could b&raduced as a cognitive EMC technique for the imd®bC
systems. Rather than applying a static notchesigumation, newly connected PLC modem adapts itshrest
repartition according to the radio waves reallysprd in its environment. As a consequence, shovewadio
broadcasters and amateurs are protected in thestiometworks, while inutile static notches areided.
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Figure 24: Homeplug AV transmitted PSD mask.

This "adaptive notching" technique is aimed to béoaomous. PLC modems sound the radio spectrum and
detect neighbouring radio waves, with a pre-fixeds#tivity and in real time. Notches are then idtroed only

on detected radio bands. As only a part of the @/hatlio stations is usually received at a custdmene, the
data rate reduction due to the “adaptive notchingtild be weaker than that due to the “static noighiThis
technique is actually under discussion within tA&Eand industry manufacturers [21].

Test campaigns performed by some manufacturersaborétory and in real sites in association with the
European Broadcasting Union (EBU) demonstratedeffieiency of this technique for the PLC systemsoril
details about these tests are reported in [22]thEumore, this technique is currently investigated the
protection of HF radio broadcasts between 2 andB8Mbut can easily be extended to higher frequédranyds.

An experimental study of the application of thisheique to the FM band is described in Section 4.2.

4.1.2.2Impulsive noise mitigation

In this section, cognitive EMC application exampsee presented for the electromagnetic immunityirsga
impulsive noise.

Figure 25: Impulsive noise example.

Undeniably, impulsive noise impacts the qualitytloé real-time services. It is usually generatecelegtrical
devices (engines, halogen lamps...). As its duratorery short (from somes to some ms as shown in Figure
25), it doesn’t reduce the transmission bandwidttl data rate, but causes the appearance of shis &
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erroneous bits. For video services this appeapxats and picture freezing on TV screens as shiomFigure
26.

Figure 26: Impulsive noise impact on IPTV.

Immunity actions against impulsive noise can bedddig# into common mode actions and differential mode
actions.

Actions related to the common mode are hardwardeim@nted, and can be summarized as:

- Band-pass filtering at the entrance of the AnalognEEnd (AFE) of the receiving modems. This filter
avoids the out-band frequency components of theulishge noise, and minimizes consequently the
Automatic Gain Control (AGC) saturation risk.

- Protection components against lightning over-vataf23].

- Common mode choke [24]. Self inductances are useeduce the common mode noise.

Actions related to the differential transmissiondeaonsider the impulsive noise as a differentgha added
to the useful one. Here modem developers appeadtanced signal processing techniques for noisectien,
learning and cancellation.

In the field of PLC communications, in spite of tA&RQ and advanced error correction technique (Turbo
Encoding/Decoding for Homeplug modems for instane®d against the electromagnetic disturbancewicer
users nevertheless encounter some transmissioteprelas soon as the number of conveyed servicesases,

or when the required data rate rises (for exampiennswitching from Standard Definition to High Defion
television). To improve retransmission and erromrection systems, a cognitive EMC application cstssin
detecting and precisely locating impulsive noidesleed, the majority of the error correcting co@eBPC,
Viterbi coding, Turbo-Codes...) are more efficientemHocating the data effectively damaged by ndisdact,
existing studies showed that transmission perfooesarcan be significantly enhanced by merely erasieg
temporal samples where impulsive noise is deteatddch is known as the "blanking technique" [25]n A
example of detection method is the Matsuo methadrilzed in [26] and [27].

A precise detection of the electromagnetic distndes can thus be a key issue for increasing the
telecommunications systems performances. Thists @bart of the cognitive EMC concept, as belonginthe
perception stage. Below, a novel detection meteddtioduced for PLC systems. This method takesuatdge
from the unused carriers in the PLC frequency m@sde Figure 27) to locate impulsive noises. Indeed,
impulsive noise being generally broadband, it affecsed carriers as well as unused ones. In tlevegcside,
data transmitted on unused carries is known; this easy for the receiver to detect disturban€eggire 27
represents the spectrums of two HomePlug AV sigralsreceiver side, respectively during a normal
transmission (black curve) and when an impulsivieebappens (gray curve). We note that the impaillsnise
increases considerably the signal level on unmaskeders. More details about this detection tegheiare
given in [28] and [25].

D3.3 — Report on Electro Magnetic CompatibilityRdwer Line Communications Page 30 (44)



ICT-213311, OMEGA 16 April 2010

Figure 27: HomePlug AV signal with and without impulsive nmis

4.2 Application of cognitive EMC for the use of the FMband

Because electric wires were not conceived for th& dransmission in high frequency and are notlcnie
transmission of PLC signals lead to a certain l@felndesired electromagnetic radiation. Secti@h@wved that
the transmit power mask needs to be accuratelyifsggbén order to meet the current regulation ligniin
addition, several narrowband systems are alreaithg y&rt of the [1.8 MHz — 30 MHz] band currentlgfthed

for PLC communication: in particular amateur radidAM) bands and Short Wave (SW) radio. From an
electromagnetic compatibility (EMC) point of viesplutions must be defined to assure that the deptoy of
the PLC systems does not generate disturbancesigifibouring radio systems. Until now, the impleneent
solution in PLC systems consists in not using fesgies which are liable to be used by HAM or radio
broadcasts. Today, more dynamic approaches aresagmd. Within the framework of a cognitive EMC
approach, the PLC modem monitors the spectrumtasekks the frequencies used by the radio systeessmt

in its environment with the target to not emit #heifhis technique called smart notching has alrdaeln
discussed for the [1.8 MHz — 30 MHz] band in Set#ol.2.

With the aim of reaching data rates of the ordet &bps [29], [30], several studies are being n@muthe future
PLC systems within the European project OMEGA. @fhehe solutions is to increase the bandwidth up to
100 MHz [31]. In that case, a part of the FM ba8@d.p MHz — 100 MHz] would be included in this new®
bandwidth. The manufacturers will be required tooiporate a FM band protection technique, which el
considered as an undisputable condition for thadbaxceptance of this extended technology. By ubiagtatic
notching it would result an important data rates|oas the transmission of PLC signals would be Ipere
forbidden in the full [87.5 MHz — 100 MHz] band.deed, according to the areas or the countriesgrtiee FM
band could be unusable. In other cases, PLC systems benefit from part of the FM spectrum without
interfering with any radio service. The use of aawyic notching could thus turn out to be the optisadution.

4.2.1 Signal spectrum on power lines

In order to verify the possibility of using the Fhband in the PLC technology, we made a campaign of
measurements in customer houses. Five sites weaiebbin Lannion and the other one was in PleurBaaiou,
two cities of the north-west of France, separatedltmost 8 Km.

The measurement equipment consisted of a spectmatyser, of a radio receiver, a radio antenna acaugler.
The measurement is realized in two steps. At finst, looked for receivable radio services with afisigit

quality of listening with the radio receiver in @es Then, we measured the signal level received aadio
antenna connected directly with the spectrum aealyit allowed us to verify that there are radi@ksat the
same frequencies found by the radio receiver. Atstime time and at the same location, we measwesignal
spectrum present on power lines with a PLC coupfeeach site, we measured the signal spectruneptes
three sockets.

The set-up used for the measurement campaigneés @givFigure 28.
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(a) (b)
Figure 28: Measurement set-up.

Wireless reception using an antenna (a) and rexeptier power lines using a PLC coupler (b).

4.2.2 Detection of receivable radios services on powenk

In order to protect the frequencies used by thadizast stations, it is essential to detect theithempower lines.
Besides the noise returned by the various eleardavices connected on the electrical network,siiyeals
emitted by radio stations are seen as narrow baoidss on the power lines.

In this report, the presented results correspordidameasurements sites of the campaign: oneefrsitannion
(Site 1) and the site in Pleumeur-Bodou (Site 2).

With the radio receiver, we searched the receiveddd@® services in the measurement sites. Respéctld and
22 radio services are received in Site 1 and ia 3itvith sufficient quality of listening. The sigrepectrums
measured on the radio antenna (blue curve) andsmtlet (red curve) in the two sites are givenigufe 29
and Figure 30, respectively. The frequencies cpmeding to the receivable radio services are nuathéom 1
to 18 for Site 1 and from 1 to 22 for Site 2. We cbserve peaks at these frequencies on the tvetrspes. The
noise measurements collected on power line shosvpdhsibility to detect the allocated FM frequescie

Figure 29: Spectrums measured on the radio antenna (bluedraadsocket (red) in Site 1
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Figure 30: Spectrums measured on the radio antenna (bluedraadsocket (red) in site 2

We can note that generally the power of radio fezgpies received in two sites is largest. The peaksd "X"
correspond to frequencies emitted by radio opesatgnich are not received with sufficient qualitytire sites.
We observe that even if these radio services areeneived, the associated frequencies can betddtec

4.2.3 Cooperative detection of radio frequencies

In this section, we demonstrate that the undeterddi frequency of site 2 can be detected on ferdifit
electrical plug of the same site.

With the aim to identify all radio services presént given site, we can use the cooperative detecbncept
used in cognitive radio [32][33]. In our measurefserase, some receivable radio frequencies ardatettable
on some electrical plugs. As a consequence, weopeotd use the cooperative detection, by takinguatdhge of
the diversity given by the noise measurements earaéelectrical plugs of a same site. The radégdiencies
not detected on one plug, could be detected orhanohe.

On Figure 31, the noise spectrums measured on iffepedht electrical plugs of the site 2 are givéve observe
that there is no peak associated to the radio émecyi"4" on the plug 1. Nevertheless, this rademérency is
present on the noise measurement of the plug 2hdnsame time, there is a peak associated to ttie ra
frequency "16" on the plug 1 which is not presamtlee plug 2. A cooperative detection gatheringtthe plug
permits to detect all radio frequencies.

In a practical way, we can imagine that each PL@eno connected to the powerline network of a giveaske
monitors the noise spectrum present on the elatpiag to which it is connected and seeks theivabée radio
frequencies. All modems exchange, after that, ttheiection information in order to assemble a rdidiquency
table containing all radio frequencies practicaltgsent on their environment

In this section we demonstrated that the powenrigisvork behave as a good antenna and can be usiedett
in real-time all present radio frequencies. In fblowing section, we propose a simple method fadio
frequencies detection on this powerline network.
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Figure 31: Noise spectrums measured on two different eletdtplug of site 2

4.2.4 Threshold-based radio frequencies detection method

It is shown in Section 4.2.3 that we can detedtld} the radio frequencies directly on the powaes. The
radio frequencies can, after that, be located byli comparing the noise spectrum level to a pifisadd
threshold.

In our detection simulations, three threshold lsvéénoted 1, 2, and 3 are respectively considered. The
values of these thresholds are given in the eqguaf®). In this equation, CBGN refers to the Colalre
Background Noise spectrum calculated by smoothhregy measured noise spectrum, ands the standard
deviation of the noise spectrum.

e, =CBGN+s
(2) e, =CBGN+2s
e, =CBGN+3s

On Figure 32 and Figure 33 are reported the ngisetsums measured on the powerline networks ofiséad
site 2 respectively, with the three associatedstiokls.

We note that, if the detection threshold is toohhigome present radio frequencies would not bectigteIn
opposite, if the threshold is too low, some radieqfiencies not detected by the radio receiver waad
considered as an effective radio frequency, ans Wauld be vainly notched.

For a given threshold, we dend®el the detection percentage, which corresponds tgpéneentage of radio
frequencies really present in a given site andatiedein the powerline noise spectrum. We denote Ria the
false alarm percentage, which corresponds to tmeeptage of radio frequencies not detected by #ukor
receiver but detected in the powerline noise spattr

Table 5 gives th®d andPfa values for the three thresholds and for the ditesd 2.
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Figure 32: Treshold levels applied to the noise spectrunitefls

Figure 33: Threshold levels applied to the noise spectrusitef2

1 2 3
% Pd Pfa | Pd Pfa| Pd Pfa
Site 1| 100| 42 | 944 11| 8333 0
Site 2| 95.5| 12.58 708 O 458 0
Site 3| 94.4f 19 | 889 0 778 0
Site4| 100| 25 | 88.9 158 889 O
Site 5| 100| 43.8 100 181 944 10.5

Table 5: Detection and false alarm percentages
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This table shows that a compromise should be datedenPd and Pfa when choosing the best detection
threshold level. 1 provides the best detection percentage for tledites, nevertheless, witl we have the
worst false alarm percentage. In this context, dbeperative detection concept can also be usedder do
increasePd while decreasingfa, when we apply the threshold detection method.

Table 6 gives, for 5 measurement sites and twcshinlds, the results of the association of the cognEMC
proposed technique with the threshold detectiorhotetwhen the number of electrical plugs per sitequal to
1,2, and 3.

With the 1 threshold, all receivable radio frequencies ahesite are detected when we use 2 electrical plugs
With 2, 2 plugs are not sufficient, and with 3 plugsde¢ect all radio frequencies for 4 sites.

1 2

Sockets| 1 2 3 1 2 3
number

Site 1 100| 100, 10Q 778 833 100
Site 2 95.5/ 100 100 81/8 909 95.5
Site 3 94.5/ 100 100 944 100 1Q0
Site 4 94.5/ 100 100 88/9 94(5 100
Site 5 83.3] 100 100 88[3 100 1Q0

Table 6: Cooperative detection percentages

4.2.5 Impact of cognitive EMC approach on data rates

To evaluate the impact of cognitive EMC approachtloa performance of PLC modems, we simulated the
theoretical data rates which could be obtained wistng the FM band. Indeed, by applying the staditching
technique, probably all FM band should be unusable.

The data rates calculation is based on Shanngeégita formula, for a given reference noise and @ospectral
density (PSD) emission mask. In each site, we asdwsncooperative detection with 2 plugs and thedien
threshold 1. All detected radio frequencies are notched. Dati simulations are done for 144 PLC channels
measured in 7 sites [1][34]. The channel capadcityutation parameters are:

- inter-frequency spacing:f = 24.414 kHz,
- transmitted PSDPe = -80 dBm/Hz,
- considered bandwidthf [, ; fnad = [87.5 MHz ; 100 MHZ]

The considered bandwidth corresponds to the patteofM band included in the frequency band comsiien
the OMEGA project for PLC transmission.

The capacity formula is given by (2).

N 2
©) C=Df log, 1+M (bit/s)

i=1 b

wherePb denotes the coloured noise P3Dis the number of the channel frequencies, and id(fhe channel
transfer function. In accordance with the HomePAMgstandard [15], the number of bits per carrielingted to
10.

On Figure 34 and Figure 35, are reported the thieatedata-rates over the [87.5-100] MHz band oi=élifor
the 144 transfer functions, ordered in increasiafu®, when we consider the radio frequency cooperat
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detection for the sites 1 and 2. The blue curveesponds to the theoretical case where only théecsuactually
corresponding to an FM broadcast frequency arehedtcin the red curves, a notch depth of 200 Hza(@iers)
is applied for each detected FM frequency, to astéar some signal spectrum sroll-off.

Figure 34: Theoretical data rates over the [87.5-100] MHzdolay using site 1 cooperative detection

Figure 35: Theoretical data rates over the [87.5-100] MHzdbby using site 2 cooperative detection

The simulation results show data rates gains bygusM band. 50 % of PLC channels provide data réites

40 Mbps to 120 Mbps and from 30 Mbps to 120 Mbpsubing respectively site 1 and site 2 cooperative
detections. In the most attenuated channels tlzerd# gain is less significant. It should be retfauhthat using

a simple static notching strategy to avoid transioisin the FM band, no information would be traiised in

the observed frequency band. Hence, our analysiwshhat a dynamic notching technique associated to
cooperative detection mechanism provides a sigmifigain in terms of available throughput.
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4.3 Other mitigation strategies for EM fields emitted by PLC

Active and passive mitigation techniques for EMssion in PLC

In general, the “mitigation technique” in PLC refeto any method designed to lower emissions without
significantly affecting the attainable transmissthnoughput. In the previous paragraphs were desdrsome
advanced mitigation techniques. However, the ntibgatechniques can be also classify as passivactive,
depending on whether or not additional power isiireqgl for the technique to operate. We will sumamtiere

at least four techniques which can be used to atgigmissions from PLC networks:

1) The use ohotchesin the Power Spectral Density mask at frequergiesady used by critical services
or creating disturbances on other nearby systeinis. fEchnique can be classified as passive since it
can be implemented in software in OFDM systems.

2) Those that attain geduction by shielding at the source. This could involve, for instante, shielding
of the low voltage cables in the home or the use wketallic grid in wallpaper, although these measu
may prove expensive and impractical in most caBeis. class is also passive.

3) Those that usehielding at the victim equipment This refers to the use of measures to improve the
immunity of the victim. This technique is passieveell.

4) Those that introduce mew signal to diminish emissionsThe techniques in this class are generally
active since additional energy is required fordktra signal.

The mitigation techniques that are related to cehoapacity in home network are one of the prinmiatgrest
for OMEGA project. Previous work done by Korovkinat addressed this issue for indoor environme§t. [8
mitigation method using an auxiliary signal wasergty proposed in [36]. Another idea is to take attage of
the presence of the additional ground conductdhénlow voltage power network to injectl&(° out-of-phase
version of the PLC wanted signal into the groundtrad circuit. If all three wires run parallel ama close
proximity to one another, the expectation is tHa¢ tadiated fields from both circuits will have #an
amplitudes and that they will be approximatel@0® out of phase. Under these conditions, destructive
interference should lead to partial or total calatiein of the radiation. Numerical and experimem¢sits carried
out on simple network geometries show that reduostim the emissions of more than 20 dB can in Fect
achieved [37]. However, the results from the experital set-up are less significant and we can ebserve a
worsening of the emissions level for certain fratpies, as in Figure 36 (b). In this case, the amidiof the
desired signal and the compensation signal (alfedcauxiliary signal) is constructive, while thechnique
assumes a destructive addition. The compensatimralsiioes not help reduce the emissions level ineewhole
band and, even at those frequencies at which atiedus in fact observed, since it is considerabtaller than
in the straight cable case. Further improvementbeaachieved for random layout by modificatiB0® constant
shift of amplitude and phase into a selective addptive correction. More complex PLC installaticor &
random deployment and with adaptive compensatiamder investigation in THYIA Lab in cooperationtwi
EPFL. The method requires that field measurementsdde in the field mitigation area and that tliermation
be relayed back to the PLC-signal injection point.

a) b)

Figure 36: EM field measured with and without compensatiomaldor a) 2 m fixed set-up cable; b) a random
layout configuration.

The future deployment of OMEGA network from a hotoean extended home environment, for example a
building with many homes/apartments, or commerciatworks (like SOHO) will requires a multi-home
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approach in which EM emission will play an impottaale for a successful implementation of new OMEGA
technologies and networks. There will be differiatgérface scenarios that should be examined céyeful

One of the most critical components of any PLC eysts its interface circuit (or coupling circuit)ittv the
power distribution network. This is by no meansmapde unit considering the challenging charactarssof the
PLC channel. Due to high voltages, varying impeéandigh amplitudes and time dependent disturbances
coupling circuits need to be carefully designedptovide both the specific signal transmission witte
appropriate bandwidth, and the safety level regubrg the applicable domestic or international staddWe
investigated inductive coupling, capacitive cougland some hybrid designs that are schematichlistiaited in
Figure 36.

Figure 37: Coupling methods used in PLC a) capacitive, b) dtida.

A typical coupling circuit employs generally botbupling capacitors and a coupling transformer dSigure 38
[38]. The capacitors are used to couple PLC sibnalalso they are used as higher order filters (AQS3.1-
1971). The filter characteristics depend of thedlamto which the waveform terminates. The coupling
transformer serve as galvanic isolation and impe€adaptation and it is responsible to pass highuiency
communication signals. Blocking inductors are desdyto block modulation frequency and the self-nasb
point needs to be above that frequency. Figure I88vs a circuit that has both coupling capacitord an
coupling transformer. This circuit can filter obet50/60 Hz high voltage waveform by a broadbaandstiormer
and a combination of diodes for over voltage pridec

Figure 38. A broadband coupling circuit [38]

Figure 39 illustrates a transfer function of conglicircuit which should not have an influence oa Httual
scattering parameters of PLC channel during measmts [38].

Figure 39.Transfer function of coupling circuit in Figure E83].
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For the inductive coupling PLC signal is injectetbithe power distribution lines. This method isstneffective
when the main impedance is low at the signal imjacpoint and thus is a preferred method for cauypkince
offer better performance in low impedance connestiolower radiation and is simple for use. The
implementation of new types blocking filters wilbinbe enough to guaranty the proper functioning ofulti-
home environment. For these cases additional ingments are needed and are subject of further igadisi.
New configurations for capacitive and inductive pling are under investigation. A filter solutionilkistrated

in Figure 39.

Figure 40: A new concept of blocking filter in PLC.

4.4 Perspectives for the mitigation of EMC issues

4.4.1 Perspectives of cognitive EMC

In Section 4.2, we discussed the reachable gaiheoFM frequency band used in PLC transmissiortefts of
protect all FM band, the use of cognitive EMC ato can improve the PLC systems performance. VE#yfir
demonstrated that the powerline network behavea psrfect antenna upon which we can detect alloradi
frequencies. Then a threshold-based cognitive tietetechnique was proposed. Simulations demorestreitat
data-rates gain is considerable, up to 120 Mb/gmwidsing the FM band with our detection method.

In the future, additional cognitive EMC techniquesild be developed for the improvement of the P{€esns:

- In addition to fixed radio services, other spectusears could be detected in order to share thdrspec
in an optimum way. For instance, a PLC modem wittbedded cognitive EMC techniques could
detect the presence of VDSL2 modem, and reactdardo minimize the mutual interference.

- Impulsive noise generally corresponds to repeatéskrpatterns. A smart PLC modem could learn the
temporal and spectral characteristics of the inipellaoise and use this information either to miieni
collisions between data and noise, or to develagenmitigation techniques.

- One of the most challenging tasks for the develapineé PLC products is the management of the
electromagnetic emission from the power lines duénigh frequency signal propagation. Using all
information that PLC modems could gather from th@ivironment, the transmitted power could be
controlled in order to meet both the QoS requirasmand the EMC regulation limits.

4.4.2 Towards cognitive OMEGA networks

The goal of POWERNET project was to develop andde# a ‘plug and play’ Cognitive Broadband over
Power Lines (CBPL) communications equipment thatet:iethe regulatory requirements concerning
electromagnetic radiations and can deliver higla dates while using low transmit power spectralsitgrand
working at low signal to noise ratio.

In the OMEGA project, it is demonstrated that resiial networks offer the possibility of simplegkpensive,
whole-home multimedia coverage. Cognitive radiogutih still in its infancy, is the key technologyr fo
addressing the basic challengesntérference control andself-coexistenceAs OMEGA networks will evolve
from laboratory prototypes to practical consumerdpicts, additional technical problems will undoultyearise.
We can be confident that cognitive radio, also ewgl, will develop new capabilities to meet thesawn
challenges.
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The main problems in PLC such as multipath effelcts to the branches create deep attenuation aneney
notches. A possible mitigation strategy will be donsider a single communication link as multipleks,
because when one link has deep attenuation inicestd-bands, the other link may not observe thaesa
characteristics of transmission channel. This lEathe exploitation of different characteristic ngsidifferent
part of OFDM spectrum, when each carrier can beetion or off individually. Cognitive radio (CR) roept
can be used to detect the channel to act accoydtoglinused OFDM channels [39]. This leads to Cibgmi
PLC (CPLC) concept for exploiting unused spectruhilevmaintaining the QoS for the intended user.hSuc
concept requires a definition and distinction betwéntended or primary user that refer to the eurrightful
PLC device that has highest priority, which wing tthannel access. Other devices will be considaesd
secondary devices. Extension of this concept leadSmart PLC (SPLC) or Intelligent PLC (iPLC) copte
where cognitive techniques will be applied not otdyPLC technology in OMEGA. THYIA and UoR-CRAT
jointly investigate a cognitive architecture foetfuture OMEGA networks as is illustrated in Figdfe[40].

Figure 40: A cognitive approach for the future home and conuia¢énetworks.

As we can see the cognitive properties will be dasemeasured parameters from PHY, MAC/IMAC, Networ
Transport & Presentation (Middleware), and Applimat Layers. Based on theses sensing properties and
measured parameters will be applied different meisihas on each of these layers to achieve significan
advantages in sense of performance improvements, gxeurity, mitigation techniques for EMC, etc.crss-
layer bus will play a key role in achieving maxintiatoughput and optimal performance for the fUOMEGA
networks. The advantage to these vertical calibnairchitectures is that they provide a structuredhod for
accessing parameters, controlling, and sensingt#ties of each layer.

Spectrum sensing enables CR users to adapt to ltBeeRvironment by detecting spectrum holes without
causing interference to the primary OMEGA netwdrhkis can be accomplished through a real-time widdba
sensing capability to detect weak primary signala wide spectrum range.

5 Conclusion

In this OMEGA deliverable, we presented a thorosgldy of the EMC issues associated to an exterfitime
frequency band for PLC up to 100 MHz.

The current status of EMC regulations for PLC isafked, with a particular focus on the current Atigs
conducted at CISPR 22. Specifically, a Project Teams established within CISPR/I to prepare an amemd

to CISPR 22 for the assessment of PLT systems. draff amendment is considering different additional
protection measures to reduce the potential imemf®e with other systems: dynamic notching andstran
power management. A particular level for conductexnmon mode disturbance is proposed for devices
implementing these features. Further work is s#éded within this committee in order to estabéisbpecific
standard amendment for PLC.

D3.3 — Report on Electro Magnetic CompatibilityRdwer Line Communications Page 41 (44)



ICT-213311, OMEGA 16 April 2010

An experimental study was set up in order to eveltize electromagnetic field radiated by an eleatmetwork

for different injected PSD levels. For this purpose&omplete experimental setup was realized, apdraments
were conducted both in an anechoic chamber andiideal open environment. Two types of cables were
studied, where the conductors are either mouldetbase. Results show that the recorded radiateel lisv
strongly influenced by the cable length, and mogaegally by the network topology, with a weakert bitill
observable, influence of the cable type. In genexralinjection power of -80 dBm/Hz leads to an ataele
fulfilment of the CISPR radiation limit above 30 MHIn most observed cases, the recorded radiagiosi |
exceeded the limit at a few frequency peaks onligh wenerally less than 5 dB overlap. In additiome
frequency of these peaks is strongly dependenhemétwork topology, which dictates the resonagqdency

of the network.

Different questions need to be investigated bettyeaving conclusions on the transmitted power levelbe
used by PLC systems above 30 MHz. In this deliderabfew of them are examined: the current disonsson
the measurement methods within EMC regulation tsdfe influence of the electrical network topolagythe
radiated fields; and the issue of measurement giveyan the EMC certification process. From thesenments,
and according to our observations, an injected p@iveB0 dBm/Hz over the frequency band 30 — 100wl

be used for future OMEGA studies. Below 30 MHz, wi#i consider the power level of -50 dBm/Hz already
used by deployed products. The proposed valuensiid to be refined, depending on possible furtbsults,
and on the evolution of the EMC regulation for PLC.

We conducted a statistical analysis of the PLC nbhoapacity in terms of outage probability. Fds thurpose,
the proposed injected power levels were taken aumount, in conjunction with realistic models of E&nd
stationary noise. Three power masks were considenetuding a specific protection of the FM bandis.
general, for the worst channel cases, a capacity @bps is not reached unless releasing the EM@alions
constraints. On the other hand, our study showsthigaaverage channels always achieve a capagiehthan
1 Gbps, with channel capacities above 2 Gbps ®@bst channel class. When considering all chatlastes
simultaneously along with their probability of appance, a channel capacity of 1 Gbps is reachel avit
outage probability around 33%. This demonstrates the bandwidth for PLC operation can be succégsfu
enlarged to provide capacities in excess of 1 Ghyile satisfying the emission limits currently ohefd by
regulation bodies.

The countermeasure methods were investigated éontitigation of EMC interference. For this purpose
introduced the concept of cognitive EMC, which Heibn cognitive radio to improve the transmissigerdLC
networks in a smart way. In particular, we discdstf® methods of smart notching, were some frequbands
are dynamically notched depending on the presefcny potentially interfered service. This conceys
illustrated through an experimental study, shovilreg the FM band can actually be used for PLC tréssion,
provided that appropriate detection and notchinghoes are employed. Using smart notching and caiper
detection, we showed that the use of the FM bamtbdoe used without harmful interference to radiov/ges.
This technique provides up to 120 Mbps capacityease using the FM band, with more than 30 Mbpsaaigp
increase for the majority of the considered chasnel

Finally, for a cognitive approach in PLC we can dade the following. Even the cognitive radio ifll sh its
infancy, it is the key technology for addressing thasic challenges ahterference control and self-
coexistence As OMEGA networks will evolve from laboratory potypes to practical consumer products,
additional technical problems will undoubtedly ari§Ve can be confident that cognitive radio, alsolhang,
will develop new capabilities to meet these neveaesh challenges for EMC.

D3.3 — Report on Electro Magnetic CompatibilityRdwer Line Communications Page 42 (44)



ICT-213311, OMEGA 16 April 2010

References

(1]

(2]

(3]

(4]
(5]
(6]

[7]

(8]

9]

(10]
(11]
(12]
(13]

(14]

(15]
(16]

(17]
(18]

(19]
(20]

(21]

[22]

(23]

(24]
(25]

(26]

[27]

Seventh Framework Programme: Theme 3 ICT-213311 GMEDeliverable D3.2, "PLC Channel
Characterization and Modelling", Dec. 2008.

COMMISSION RECOMMENDATION of 6 April 2005 on broadhd electronic communications through
powerlines 2005/292/EC, OJEU no L 93, @2pril 2005 pp 42-44.

Seventh Framework Programme: Theme 3 ICT-213311 GMEDeliverable D3.1, "State of the art,
application scenario and specific requirement$lo€ ", March 2008.

STMicroelectronics, Application Note AN898tp://www.st.com/stonline/books/pdf/docs/4988.pdf

http://www.nsma.org/conf2007/Presentation/Hare  NAA@7.ppt

IEEE Draft Standard for Powerline Communication ipqment - Electromagnetic Compatibility (EMC)
Requirements - Testing and Measurements MethodsE IBnapproved Draft Std P1775/1.9.7, March
2009

http://www.emcs.org/acstrial/newsletters/fall08&&pdf.

European Standard EN 55022. Information technolegyipment — Radio disturbance characteristics —
Limits and methods of measurement.

Federal Communications Commission. Title 47 of@loele of Federal Regulations part 15. 2007.
http://www.cclab.com/fcc-part-15.htm
http://www.arrl.org/news/features/2003/06/19/2/

ITU recommendation G.992.3, “Asymmetric digitabsariber line transceivers 2 (ADSL2)", July 2002.

ITU recommendation G.992.5, “Asymmetrical Digitaltscriber Line (ADSL) transceivers - Extended
bandwidth ADSL2 (ADSL2+)", May 2003.

ITU recommendation G.993.2, “Very high speed digitebscriber line transceivers 2 (VDSL2)", February
2006.

HomePlug Powerline Alliance. HomePlug AV Specifiati 2007.

J. Mitola, G. Q. Maguire, "Cognitive Radio: Makirgpftware Radios More Personal", IEEE Personal
Communications, vol. 6, no 4, pp. 13-18, Aug. 1999.

Stanford DSM project homepage, http://isl.stanfedd/~cioffi/dsm/

J.M Cioffi, “Advanced digital communications”, Sfand University, (http://www.stanford.edu/
class/ee379c), Class reader, 2002.

Cioffi, J.M., “Lecture Notes for Advanced Digitalo@munications”, Stanford University, fall 1997.

M. Tlich, “Augmentation des performances des sys®mDSL par allocation dynamique de spectre”,
Ecole Nationale Supérieure des TélécommunicatierBatis, PHD report, June 2006.

CISPR/I/258/DC, "Report on Mitigation Factors andethbds for Power Line Telecommunications”,
February 2008.

EBU, S/EIC "Statement with regard to ETSI speatfien of PLT Smart Notching system", January
2008.

ITU recommendation K.21, “Resistibility of telecoramication equipment installed in customer premises
to overvoltages and overcurrents”, April 2008.

ITU Handbook, “Mitigation measures for telecommuation installations”, 2004.

G. Avril, " Etude et optimisation des systémes araats porteurs domestiques face aux perturbatians
réseau électrique ", INSA de Rennes. Octobre 2PB®. Thesis in French.

Matsuo H., Umehara D., Kawai M., Morihiro Y. An fitgive Detection for OFDM over Impulsive Noise
Channel. International Symposium on Powerline Cominations and Its Applications (ISPLC). 2002, pp.
213-217.

Degardin V. "Analyse de la faisabilité d'une trarssion de données haut débit sur le réseau éleetriqg
basse tension." Université des Sciences et Techieslale Lille. 2002. Ph.D. Thesis in French.

D3.3 — Report on Electro Magnetic CompatibilityRdwer Line Communications Page 43 (44)



ICT-213311, OMEGA 16 April 2010

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]
(43]

G. Auvril, A. F. Moulin, A. Zeddam, M. Tlich, F. Nal, "Détection des perturbations EM dans les bande
éteintes des systémes multiporteuses”, CEM 2Z288s.

M. Tlich, R. Razafferson, G. Avril and A. Zeddamitline about EMC properties and throughputs of the
PLC systems up to 100 MHz", 12Proceedings of the IEEE International ConferennePowe Line
Communications and its applications, ISPLC 08, Bd&drea, 2008.

M. Ouzzif and J. Le Masson, "Channel capacity stigfil analysis for indoor Power Line Transmissfons
International Symposium on Signals Systems andtiBleics, 2007.

A. M. Tonello, "PLC physical layer advances", WSPRQ09, OMEGA PLC tutorial, Udine, Italy, Oct.
2009

S. M. Mishra, A. Sahai and R. W. Brodersen, "Coafiee sensing among cognitive radios", IEEE
International conference on Communications, 2006.

W. Zhang, R. K. Mallick and K. B. Letaief, "Coop#v@ spectrum sensing optimization in cognitiveioad
networks", IEEE International conference on Comroations, 2008.

M. Tlich, A. Zeddam, F. Moulin, and F. Gauthier, Iidoor Powerline Communications Channel
Characterization up to 100 MHz — Part I: One-PatamBeterministic Model", IEEE Transactions on
Power delivery, Vol. 23, Issue. 3, pp. 1392-14@dy 2008.

N. Korovkin, E. Marthe, F. Rachidi, E. Selina, "M#tion of electromagnetic field radiated by PLC
systems in indoor environment", International Jaliwf Communication Systems, Vol. 16, pp. 417-426,
May 2003.

Deliverable 8: “Report on EMC Aspects of PLC Tedogg”, IST Integrated Project No 507667. Funded
by EC, November 2005.

E. Marthe, N. Korovkin, F. Rachidi, A. Vukicevicn@ F. Issa, "A technique electromagnetic field asetil
by indoor PLC systems", 17th International Symposion Electromagnetic Compatibility, Wroclaw, 29
June-1 July, 2004.

O. Bilal et al, "Design of broadband coupling citsufor powerline communications", ISPLC'04,
International Symposium Power Line Communicationd ks Applications, Zaragoza, Spain, March 2004

S. W. Oh et al, “Cognitive Power Line Communicati®@ystem for Multiple Channel Access,”
ISPLC’2009, International Symposium Power Line Camminations and Its Applications, March 29,
20009, pp. 47-52.

N. Baldo, M. Zorzi, “Fuzzy Logic for Crosslayer Optimization in Cognitive Radio Networks,” EE
Communications magazine, April 2008.

RIP 09/67/44, Javana agencija za tehnolSki razwegjuRlike of Slovenije, TIA, TITRES (Technology
Innovation in Telecommunication for Rational Ecdt@j Systems), a national project of THYIA startad
April 2009.

H. Ferreier et al., “ Powerline Communications: dverview,” Africon 1996, Stellenbosch, pp. 558-563.

ftp://ftp.cordis.europa.eu/pub/ist/docs/directoralent/powernet_en.pdf

D3.3 — Report on Electro Magnetic CompatibilityRdwer Line Communications Page 44 (44)



