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Abstract: Powerline communication (PLC) is one of the alteznaccess and
inhouse technology to deliver broadband servicesiceS the Powerline
infrastructure is ubiquitously deployed in majortpaf the world including rural
regions, the PLC service provision would be the kekition to solve the digital
divide problem and to reach all communities witbdnband access. However, the
PLC solution has the associated problems of EMatmdi and bandwidth
limitations due to channel characteristics (asrection of wiring and number of
bridges). To solve these problem, POWERNET projeat developed the
cognitive Powerline communication system solutiorithwpeer to peer
communication that will deliver higher data rataead conforms to standards on
EM radiation levels. The paper provides the eabults from the first set of field
trials.
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Introduction

With liberalization of telecom sector and introtan of IP networks and services,
number of service providers has been increasedfaidjtbringing lot of benefits to the
customers in terms of services and cost. Howeker;broadband for all’ concept is not
achieved. The main bottleneck in providing suctvises to reach the users is to have
proper access networks to reach their premises ufban areas are well covered by
copper wires (DSL, cable,..) from the incumbentrapes, whereas the semi-urban and
rural areas are not part of their deployment stsatein contrast to this situation, the
utilities and electricity supply networks have wmgfeatures of its ubiquity in reaching
almost 100% population in developed and most ofithesloping countries. Since, it has
been proven beyond any doubt that the telecommuimrnicanfrastructure is a dominating
driving factor in improving the economy of the ctmyn all national governments are
promoting alternate access network technologieprtavision ICT services to their
citizens. The ubiquity of Powerline infrastructunence can provide a solution to
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overcome the ICT divide problem, as they are alyedebloyed and only appropriate
system level developments have to be done to aargmunication signals on this
infrastructure to reach the customers around thmtey independent of their location.
The concept itself is not new, but the Powerlinemgainications has so far failed to meet
the expectations of delivering results of high baidith with QoS due to electromagnetic
interference problems associated with it. Onéhefggroblems for this situation is that the
frequency spectrum defined for the Powerline comoation are in the same band as
that of amateur radio frequency band. There arebeurof solutions developed and few
products are commercially available in the markethe market itself is growing
particularly in the United States with number aéls in recent years. The European
market is lagging though there are vendors andiediladdressing these issues (e.g. DS2,
Ascom ; ENDESA, ENTEL, Main Networks, ..), since throducts they deployed either
failed to meet the expectations or economically carhpetitive. The main reason still
being the EM radiation and interference issues ai as limited bandwidth made
available which did not provide broadband services.

The knowledge society is changing the businesseinofithe world with much of
busiess being outsourced to emerging economiesevkmEwledge is available and cost
effective. The Communication infrastructure playsnajor role in developing the skilled
citizens in the country. Intelligent home is becogpart of such evolution with eGov,
eEducation and eHealth services delivered to timeehon broadband networks.

This paper addresses the new technology thaing ldeveloped in the POWERNET
[1] to make the Powerline communication a realitgl &hus bridging the ICT divide and
proposes the utility home networks to become iigietit home networks.

Objectives of POWERNET Project

The POWERNET plans to develop the Cognitive Braadbover Powerline (CBPL)
communication technology that meets the user eapent of having broadband
communication at home with existing networks, arampglies with the regulatory
conditions regarding the electromagnetic radiation.

The cognitive concept applied is based on the reattier modulation system [2] in

which the spectrum is divided into multiple freqagrbands, and a particular frequency
band is used for communication after analysingdlitreecharacteristics and thus choosing
the best (low noise) frequency channels. In additethis, peer-to-peer communication
principles are used in contrast to the classicattaersslave mechanism. Through this
technique transmission required to reach a pasicabde from the hub station is
considerably reduced and thus reducing the leveklettromagnetic radiation, and
conforms to electromagnetic radiation level witthie limits of regulatory conditions.

Background

Since the potential demand for the Powerline conigation is very high, few SMEs
with the long term know-how in the area of Powerlinommunications and other
partners with complementary skills have come togreth form a consortium to develop
new generation of Powerline communication systemTheir project proposal
‘POWERNET’ is accepted by the European Commissiesearch framework and
obtained partial funding for developing new generatof ‘Cognitive Broadband over



Powerline’ (CBPL) system to meet the expected tesubnforming to standards
regarding the EM interference and service delivery.

Technology issues
Source of the problems

Most of the PLC equipment on the market reliesnmaster-slave communications.
Thereby, the master has to reach all slaves inr dodellow them to register and ask the
master for transmission permission. The transmitgyoof the master has therefore be
high enough to reach all the slaves. High trangower leads to high EM radiations.
There is also a mismatch between given topologgiedtric energy distribution and the
used master-slave scheme. If an additional mastereeded for scalability, the new
master has to be synchronized to the master alr@adyge, otherwise they are going to
interfere with each other. The problems are:

1. high electro-magnetic radiations (usually abiweelimits requested by the
regulatory) and
2. no scalability (or difficult scalability).

Frequency allocations

ETSI and CENELEC have partitioned the HF frequebagd (from 1.8 MHz to 30
MHz) into two parts:

from 1.8 MHz to 12 MHz is allocated for Access PLC
from 12 MHz to 30 MHz is allocated for In-House PLC

The obvious requirement to comply thereby is nodigturb the other users in the HF
band. These are military, police and amateur raders.

Cognitive Broadband over Powerline

Since the cables used for electric energy digidbthave been not optimized for data
transmission in the HF frequency band, the patls Ieshigh. Increasing the transmit
power to compensate it will result in higher rahas. So, the protocols used in the
system design have to cognitively adapt to the legpoto optimize the transmitted
power.

The best way to ensure that there are no intedeegenerated by PLC is to use a multi-
carrier modulation technique that allows to switththe sub-carriers in the already

allocated frequency bands. The transmit power lgakmom PLC equipment in the

allocated frequency bands must be low to avoidrietences. In order to achieve high
bandwidth efficiency, the stop-band attenuatiornthef used digital filters in connection

with the multi-carrier modulation must therefore liigh as is the case in cognitive BPL
technology.



Finally, in order to be cost-competitive with othemoadband technologies like xDSL,
cable, VDSL, WiFi, WIMAX and FTTH, the cognitive BPsolution has to provide high
data rates and be of reasonable complexity. Taeaehiigh data rates, the signal-to-noise
ratio (SNR) must be high enough to be able to uskilavel codes. This means that the
path loss must be such to allow high SNR. Anothay vo achieve high data rates is to
use larger frequency band. This is the reason Wb§ Ras decided to allocate to BPL
communications a frequency band from 1.8 MHz tdvBdz.

The problems addressed:

1. The topology of PLC infrastructure and its tamyl is optimised for energy
distribution (load sharing) not for power line conmications.

2. The path loss is substantial and the resultiMB &t the receiver is poor resulting in
transmission errors.

3. The available frequency band is quite largedeigtly if the frequency band specified
for PLC by FCC is used), however there are otherais the same frequency band
and they should not experience interferences.

4. The radiations limits of the regulatory resttiet use of high transmit power.
Therefore, the radiations must be measured duneglésign of the BPL equipment.

5. To be competitive with other access technolod&€ must provide high data rates.
This means that the average SNR of the differeoicsurier must be high enough to
allow multilevel encoding.

6. There is a requirement for communication unegy ypoor SNR conditions to ensure
reachability.

CBPL approach to find a solution

The CBPL system involves system architecture wilnitive (adaptive) approach
(inbuilt intelligence on the topology and any chesgn the property of lines such as path
losses), peer-to-peer communication using an asgnols communication achieved at
the MAC layer of the protocol controlling the neiglurhood discovery etc.. Also
efficient spectrum sculpting is achieved by the o$eligital filter banks (DFB) [3],
which differs from the classical OFDM approachpwaling to achieve high stop band
attenuation and to avoid the interference in thecated frequency bands, reserved for
other users.

1. Use low transmit power since they are necedsatpw radiation



2. Ensure communications even if high path logsesent (at very low SNR) to
guarantee reachability

3. Advanced frequency management to sculpturerdéfgei€ncy band for coexistence
with the other users of the radio spectrum

4. Achieve high data rates
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Fig. 1 Overview of the CBPL equipments used in the POWHRM&ect

Figure 1 shows the different cognitive BPL equipttae POWERNET project will use.
The main features of the CBPL equipment are:
Use of peer-to peer communications (no master-stavachieve as low transmit
power as possible and have no single point off@i{no master).
Use collision avoidance and robust synchronizabgether with a simple protocol
for link setup (joining) and means for neighbourti@dscovery.
Use of DFB (Digital Filter Banks) instead of OFDBbl&chieve high stop-band
attenuation of each sub-carrier used.
Use bit allocation to achieve high data rates dncarriers having good SNR.

Architecture of the CBPL network

Figure 2 below shows the CBPL network, compridiogh the access and in-house
networks. The following types of CBPL equipment arged in the access network:
Medium Voltage Communicator, Low Voltage BPLAM, éntually Range Extender),
and Residential Gateway.

The In-house CBPL network consists of at least @BPL P_2 P modems. The
Residential Gateway connects the In-house CBPLom&tt the Access CBPL network.
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Fig.2: CBPL network architecture

Features used in the BPL technology
Master-Slave versus Peer-to-Peer Communication

In a master-slave communication, the slave hasgister to the master and the
master has to ask the slave periodically if it lga to send. The master is the
coordinator of the communication. The drawback Iaf ttype of operation that the
transmit PSD of the master must be high enougiaolr the most distant slave.
Peer-to-Peer communication is happening asynchetnowithout coordination. If a
CBPL modem wants to send to another CBPL modemiilitlisten first and if the
channel is free, it will send directly to the oth@BPL modem. The sending CBPL
modem knows the address of the other modem. Thisilalited neighbourhood list is
elaborated during the phase when the CBPL joirptveer-line network.

Peer-to-Peer communication

To be able to establish Peer-to-Peer communicatitim another CBPL modem, the
transmitting CBPL modem uses a distributed neighmed list. This list has been
forwarded to him during the joining by neighbour ®IB modems and is updated at
regular intervals. Collision avoidance is achieumd listening on the channel before
transmitting. In case the channel is occupied,fauliechannel is selected. The receiving



CBPL modem will inform the initiating CBPL modemali the path loss and either to
confirm the channel used or propose another.

Cognitive aspects

The word “Cognitive” means apprehending by undeding. The cognitive BPL
(CBPL) modem adapts itself to the environment teieaee maximum possible data rate
at low transmit PSD. To this end, the CBPL modestakers its neighbourhood during
joining the access or in-house power-line netwarldl &nds out before transmission, if
the link it is going to use is free. If it is ocaad, the CBPL modem will select another
channel. Depending on the other CBPL modem to wtath should be sent, it will use a
transmit Power spectrum density (PSD) tailoredht® ppath loss (distance) between the
two modems.

DFB and spectrum sculpting

It is important to avoid interference in the fregay bands allocated to other users. In
order not to waste bandwidth, the notching musidiee is such a way to have high stop-
band attenuation. By using a Digital Filter BankF@&) providing high stop-band
attenuation, the notching can be simply realizedsWwitch-off the forbidden frequency
bands. Therefore, DFB is providing efficient, hidgita rate communication.

Synchronization technique

In order to be able to establish a low rate comoation between the sending modem
and the called modem, both must be able to syncdeoeven at 0 dB SNR. This is
required in order to exchange handshake messagesithhave as a result to change the
channel used for example. The patent applicatiorthed robust synchronization is
presently in preparation.

Neighbour discovery

When joining the CBPL network, the CBPL modem arsidential Gateway is
sending out a “Hello” message. The neighbour CBRIdems will answer with a list of
their neighbours and how to reach them. The coomdipg patent application is in
preparation.

Latency issues

In a master-slave communication the slave hasafbfar permission from the master
before sending. The master is asking periodicdlly $lave if it has data to send and
decide about the priorities. This polling can tékeg and leads to inherent latency.



In a peer-to-peer communication, the CBPL moderhseihd immediately if the channel
is free. If not, it will select a default chann&herefore, the access is determined by the
listening time and the latency is low.

System Design and Performance tests

POWERNET project has implemented the prototypeatestnators of CBPL system
and is conducting field trials after one year odithtechnical design and development
work.

CBPL Demonstrator unit

The POWERNET Demonstrator Unit has a modular &echire. It is based on the
following boards:

CPU board, running a LINUX Kernel and providing geal functions to operate and
control the POWERNET Demonstrator Unit. It alseenfaces to the Ethernet LAN
section. The CPU board can interface to up to t8® Doards

DSP board processes non-time-critical CBPL operatio a DSP and time-critical
operations in a set of two FPGAs. The DSP boartfetes to the CPU for data
transfers to the LAN side and through a pair of A&x@@d DAC devices to the AFE
board. The CPU board downloads the firmware execotethe DSP and the FPGA
Bit files at system initialisation time.

AFE board, is handling all analog relevant sigifiatghe transmission and receiving
path. Amplifiers, different bandpass and lowpalter, a mixer section with a
numerical oscillator and a hybrid block are locatedhis board. The board interfaces
to the DSP board and to the PS board.

PS board converts 110V/220V AC Power into diffef@@t voltages and couples the
HF signal into the electrical distribution poweheélboard can interface to up to two
AFE boards.

The four boards have been integrated in a metadlising as shown in Fig.3 below.

Fig. 3: CBPL demonstrator developed in the POWERNBject



The POWERNET Demonstrator Unit is packaged in aahfeiusing. The housing fulfils
the mechanical specifications according to DIN4¥,8Bart 2, and is assembled in
several parts.

The four boards Power Supply, CPU, DSP_FPGA and AFEassembled to build a
stack. With this set up, the POWERNET Demonstrafioit can serve one CBPL

channel. The maximum number of boards, the housamgtake are one PS, one CPU,
two DSP_FPGA and two AFE boards.

Field trials
The field trials took place in Neuchatel electlistribution network with different

scenario having varying lengths of the PLC chanfls
Two measurements were carried out in each case:

Average length : ~350m Type: Urban
Long length: ~1000m Type: Urban
Very long length: ~2000 m Type:  Rural

We have foud the place and installed the capaatwplers in the following cells: :

Remarque Distance | Type Station A Station B

Average length 375m Urbain| Salons ouest 0068  Sali#gh0082

Long length 1280m Urbain | Comba-Borel 0046 Cassdbbad

Very long length 2134m Rural La coudre 0124 Chaun@uhHotel 0132

The capacitive couplers connected all these iasi@s.

Coexistence tests over LV Power Distribution

The goal of these tests this was to verify thattipps CBPL equipment can coexist
even when connected to the same LV power distobutetwork.

For the tests three CBPL units placed in the MVAWre to communicate with three
separate CBPL units each placed in separate ha@ssenents at the 220V power fuse and
junction box areas.




Field trails scenario with CBPL Path loss Rocher (MV/LV transformer to House 1)

Fig. 4: Results of Coexistence measurements

Notching capability of CBPL

The CBPL technology has demonstrated a very gotching capability compared to
the existing OFDM technologies, which provides éesignal to ratio and thus achieving
good transmission performance and having a lowtreleagnetic radiation [5].

DS2 system capability (OFDM)[6] CBPL Notching capability

Fig. 5: Comparison of notching capabilities of OMand CBPL system



Conclusions

The POWERNET project has addressed ambitious gdalesigning the cognitive BPL
systems to achieve the Broadband for All concepidaealised. The new concept of
cognitive broadband over powerlines (CBPL) is psmzh tested by simulation and is
being built in real hardware and software. The CB&hnology is based on the multi-
carrier modulation system and digital filter bafi¥={") technologies to achieve the most
appropriate channels among the set of channelseatkfvithin the allocated spectrum
through the analysis of channel characteristicedas cognitive concepts. Further user
of asynchronous and peer-to-peer communication, tthesmission signal level is
reduced and thus limiting the electromagnetic tazha The design of CBPL system has
been completed and the prototypes have been Bithk. first field trials have given very
encouraging results, to create new access andmehmwoadband technologies based on
the ubiquitous Powerline infrastructure to bridge tCT divide between the urban and
rural areas.
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