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Abstract: The Powerline infrastructure is ubiquitously de@dyn major parts of
the world including rural regions. If the Interrsgrvices can be provisioned on
such ubiquitous infrastructure, the ICT divide tenbridged easily. However, the
Powerline communication (PLC) technology has nathed the level of maturity
because of the associated problems of EM radiatiderference with other users
active in the frequency sepctrum and bandwidth téitiins due to channel
characteristics (as a function of wiring and numbleloridges). The PLC service
provision would be the best solution to solve thgital divide problem and to
reach all communities with broadband access. Hormyélre PLC solution has to
solve the problems identified above. The POWERNEJjept has developed the
cognitive Powerline (CBPL) communication systemugsioh conforming to
standards on EM radiation levels, notching of ifeéng signals and with
asynchronous peer to peer communication that wlilvdr higher data rates. The
POWERNET project in the framework of"6framework of European ICT
research has designed, developed and deployedrtgatypes in the field trials
and had obtained very promising results. The papevides the early results
from the first set of field trials.
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Introduction

Power Line Communication (PLC) has been aroundesmany decades. However, no
significant results have been achieved. The basiblepms encountered by various PLC
networks during the deployment of PLC equipmentkivy in the HF frequency band
(from 1.8 MHz to 30 MHz) are: 1) electro-magnetadiations, 2) interferences in the
frequency bands allocated to other users and B)dugts.

The Broadband over power lines (BPL) technology hasig market potential. BPL
technology will allow the realization of “Broadbarar All” including the rural areas.
The main advantage of BPL over the other broadbacithologies is that no extra cables
are required as they are ubiquitously deployed.
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The new, Cognitive BPL (CBPL) technology has beewetbped based on the detailed
knowledge of the problems encountered in the ptshoconducted field trials with
commercial produces. This technology was testesirylation to validate some of the
hypothesis on the cognitive aspects such as lowdtlation, low signal to noise
operation, good notching facility with high stopdlaattenuation to avoid the interference
and good data rates. The POWERNET project hasmesigdeveloped and deployed
few prototypes in the field with real users toidate the CBPL demonstrators for the
access and in-house networks overcoming the prabigemtified before.

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.

EMC problems

The major problem with the PLC technology is thecelbmagnetic radiation, that does
not conform with the regulatory conditions. Onélad causes of this problem is the
master-slave communications technique adopted sy afdhe PLC equipment on the
market. Thereby, the master has to reach all siavesier to allow them to register and
ask the master for transmission permission. Thestrét power of the master has
therefore be high enough to reach all the slavegh Hansmit power leads to high EM
radiations. There is also a mismatch between gmeaology of electric energy
distribution and the used master-slave scheme. dd@itional master is needed for
scalability, the new master has to be synchroniag¢de master deployed already.
Otherwise they are going to interfere with eaclentithe POWERNET project adopts
the peer-to-peer model to solve this problem, tluce the signal level necessary for the
end to end communication, and has better scalabilit

CBPL technology

The CBPL technology is based on multi-carrier matdahs (MCM) [2] and uses digital
filter banks (DFB) instead of OFDM to obtain highvél stop-band attenuation to ensure
that the technology do not have a power leakagiedrirequency bands allocated to other
users. The CBPL MAC (medium access control) allad/$ioc networking and self-
organization.

The following goals are targeted in the desigrhef€BPL demonstrators:
Use low transmit power since they are necessaripforadiation
Ensure communications even if high path loss isgme(at very low SNR) to
guarantee the reachability
Ensure coexistence through advanced frequency rearag allowing to
efficient notching.
Achieve high data rates



Architecture of the CBPL network

Figure 1 shows the CBPL network, comprising bothdbcess and in-house networks.
The following types of CBPL equipment are usechim €EBPL Access network: Medium
Voltage Communicator, Low Voltage BPLAM, (eventyaRange Extender), and
Residential Gateway.

The In-house CBPL network consists of at least@B®L modems. The In-house CBPL
network is connected to the Access CBPL networtutgh the Residential Gateway.
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Figure 1: CBPL network architecture

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 reatiier 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 classicastarsslave mechanism. Through this
technigue transmission required to reach a pagicabde from the hub station is
considerably reduced and thus reducing the leveklettromagnetic radiation, and
conforms to electromagnetic radiation level witthie limits of regulatory conditions.



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 raias. 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 attenuatiorthaf 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 largedeistly 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 yoor 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 asgnolis 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 necedsatgw radiation

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

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

4. Achieve high data rates

Fig.2 Overview of the CBPL equipments used in the POWHRM&ect

Figure 2 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 OFDbl&chieve high stop-band
attenuation of each sub-carrier used.
Use bit allocation to achieve high data rates dncarriers having good SNR.



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 [ga to send. The master is the
coordinator of the communication. The drawback Ia§ ttype of operation that the
transmit PSD of the master must be high enougéaolr 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. Thisillited 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 communicatitin 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,faultechannel 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 netwarll &nds out before transmission, if
the link it is going to use is free. If it is ocaa@, 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 path 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 CBRId@ms 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 &chire. 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 alsenfaces 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 exdcoibethe 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 powehélboard 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 aahfedusing. 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 chanp8ls
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  Sall#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 h@seenents 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' concepbe realised. The new concept of
cognitive broadband over Powerline (CBPL) is prembhstested 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 baii¥{") technologies to achieve the most
appropriate channels among the set of channelsatkfvithin the allocated spectrum
through the analysis of channel characteristiced @ cognitive concepts. Further use
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 Bthk. first field trials have given very
encouraging results, to create new access andnmeliovoadband technologies based on
the ubiquitous Powerline infrastructure to bridbge tCT divide between the urban and
rural areas.
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