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EXECUTIVE SUMMARY

This report is an updated version of the reportlDXcenario descriptions and system requiremeittss
focused on the SENDORA target scenario and has tedieed from previous versions.

In SENDORA, the target scenario has beens refineghiiterative process. The first version of thévedeable
D2.1 described the process for the selection ofahget scenario based on initial assumptions digatechno-
economical parameters and technological performandeconstraints. This scenario has been refinddglthe
project based on new results from the businesseadaations and the technical studies conduct@®@9, and
the technical reviews of the project. This versidrthe document is the final status of the SENDO#Atem
specifications.

The selected target scenario for the SENDORA ptagethe “nomadic broadband in urban and suburbeasi
scenario. In this scenario cognitive radio is usedrovide a broadband service to users that at®sary when
logged on the network. This scenario is expectdubie a very good market potential since it cawvigeomany

of the same services as mobile broadband at a loegtr Cognitive radio is also seen as the beatisalfor this
application, since the system can use the frequématybest fits the radio propagation environmextheuser
experiences. Alternative licensed technologies haveperate in given frequency bands and cannoptada
themselves to the propagation environment in tineesavay. The capacity of cognitive radio will alse better
since the frequency resources available will bgdar

The innovative idea in SENDORA is to combine cogeitradio technology with sensor network technologjy
sensor network will be used for monitoring the ¢peu usage in an area and will significantly impeahe
system’s ability to detect primary users comparkegure cognitive radio solutions. The sensor netwoitl
consist of an externally deployed sensor netwoid/@nsensing capabilities embedded in user tersingthe
external sensor network allows guaranteeing thahgry users will be detected with a defined prolitghi
regardless of the number of cognitive radios presernhe area. Additionally, the embedded sensimghie
terminals can enhance the system’s performancerdyiding more local sensing information from theas
where the cognitive radio users are located andmjirove sensing as the number of cognitive ugess/s.

The SENDORA system architecture consists of thegéspa sensing architecture, a communication trctoire
and a fusion centre. The sensing architecture amihunication architecture are connected togethigcadly by

a fusion centre. The fusion centre receives thsisgrdata collected through the sensor networkestidnates
the spectrum usage situation in the area covereithdogensor network based on this information. fliséon

centre also communicates with the communicatiowat providing it with the information it needs tperate
cognitively in an optimal way. Depending of the latecture chosen, the fusion centre might alsoaacthe
“brain” in the communication network controllingetlglobal behaviour of the cognitive network and $kasor
network.

The communication architecture consists of a cénéich network of base stations through which thenteals
can get Internet access, complemented by termioafsnunicating directly between each other formogal ad
hoc networks.

The SENDORA system will be best suited to providm meal-time services like web browsing and video
downloading. Real-time services like telephony amko streaming can be provided occasionally, bt t
operator will usually not be able to give stricatity guarantees for such services.

It is envisioned that the cognitive radio commutiara will use frequencies below 6 GHz. It is exmetthat
cognitive radio will only be allowed in some frequy bands within this frequency range initiallyin& it is
important to have indoor coverage, it is importdrat the cognitive radios can operate at frequenicaow 3
GHz.
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1 INTRODUCTION

This report is an updated version of the reportlDXEcenario descriptions and system requiremefitsé.
content of the current version consists mainly pflated and extended architecture and chosen sgenari
description, updated lists of system requirememd eonstraints and an appendix with the final wagki
assumptions and parameter values used in the SEMODéect.

The updated information presented in this repottésresult of an iterative process where the sadescenario
and the corresponding requirements and constramte been refined as more results from the techaia
techno-economical studies have been obtained.

Initially, this document allowed reporting the pess of selection of the target scenario for thgeptoThe text
describing the different candidate scenarios amdsilection process in the original version (1.83 been
removed. In this way it is much easier to use thport as a reference to obtain information and davoi
misinterpretations about the specifics of the SENBOsystem, as only information related to the chose
scenario is included. For information about thedidate scenarios, the selection criteria and thecen
process, the reader can refer to the original @ar§l.0) of the report available on SENDORA projeeb page
(www.sendora.eu).

1.1 SENSOR NETWORK AIDED COGNITIVE RADIO OBJECTIVE

The motivation for developing a Sensor Network didgognitive Radio technology is to be able to ekplo
under-utilized radio spectrum resources.

Indeed, various measurements of spectrum utilinat@ave shown that spectrum is under-utilized, & gbnse
that the typical duty cycle of spectrum usage fixed frequency and at a random geographical looat low.
This means that there are many “holes” in the ragiectrum that could be exploited in an opportinisianner.
While this observation stands in some contrash&deneral picture of spectrum shortage as camfberéd
from official frequency allocation charts, the pese of spectrum holes is understandable given how
inefficiently radio resources, and spectrum inipatar, are in fact utilized in current systems.g@itive radios
should be able to exploit these spectrum holesagating them and using them in an opportunistig. wa

Cognitive radio is therefore an emerging concepvireless access, aimed at significantly improving way
radio spectrum is utilized. The principle of cogrétradio is temporal, spatial and geographic reafdeensed
spectrum. The basic idea is that an unlicensed asseibe permitted to use licensed spectrum, prdvidat it
does not interfere with any primary users. The aede challenges include devising methods for hoshsu
coexistence can be implemented in practice. Indixedcapability to detect spectrum holes, withoterifering
with the licensed network currently in use, is thajor difficulty faced today by the cognitive radeven more
when fine granularity of allocation in time anddteency is targeted.

The Sensor Network aided Cognitive Radio technologgresents a way to solve this issue thanks to the
introduction of sensor networks for spectrum semsind monitoring. This concept is a system apprdhah
involves a set of advanced wireless communicatiecisniques like spectrum sensing, interference gemant,
cognitive radio reconfiguration management, codperacommunications, end-to-end protocol desigossf
layer optimisation and flexible radios design. #lilese enabling techniques together will form a coumal
system able to improve the spectrum use in a $ogmf way.

Beyond the technical challenges that have to beeaddd to enable efficient sensing and to minimize
interferences to primary users, another importapeet which should be considered are the new bssmedels
that are expected to emerge from the capabilittesiged by cognitive radios. This deliverable répasome
initial results from the techno-economical studyfpened to evaluate the potential of the WSN aidegnitive
radio technology developed in SENDORA. This studl lve continued in 2010 and finally reported i th2.2
deliverable.
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1.2 ARCHITECTURES

The innovative concept developed in SENDORA isSeasor Network aided Cognitive Radio technology tha
utilizes wireless sensor networks to support thexistence of licensed and unlicensed wireless lisassame
area. The general scenario of the Sensor NetwdddaCognitive Radio is depicted on Figure 1. Ingheposed
system, the network of cognitive users, called sheondary network, first communicates with the lege
sensor network. The wireless sensor network manttee spectrum usage, and is thus aware of the tiwdé are
currently available and can potentially be exphbits the secondary network. This information isvied back

to the secondary network. The secondary users lep &ble to communicate without causing harmful
interferences to the licensed network, called timary network.

Primary Network

Cognitive Network

«

Wireless

Sensor /V
Network
/ reports on
spectrum

O avajlability

Figure 1 General scenario for Sensor Network aided Cognitive Radio

There are two main classes of architectures fomtineless sensor aided cognitive radio implemeoitatThey
can be denoted as "Independent sensor network aidguitive radio architectures" and "Integratedssen
network aided cognitive radio architectures".

In the first case, the sensor network is deployedn area by an operator and cognitive radio usgering the
area can communicate with the sensor network tanfgetmation about spectrum usage and/or instrostiof
how they can use the spectrum.

In the integrated sensor network case there isidependent sensor network: instead, the sensorstageated
in the cognitive radio user terminals. They perfahm sensing process and detect in a collaborataugner their
own transmission opportunities. In this case, thgniive network is also the wireless sensor networ

In SENDORA, these two architectures can also bebdomd into a hybrid architecture. In the hybrid
architecture, an independent sensor network isogtepl in an area to ensure sufficient knowledge hef t
spectrum use even when there are few cognitivesysesent. Then, sensing capabilities are alsgrited into
the cognitive radio terminals to improve the spatirsensing with local information delivery as thember of
users grows. This kind of architecture is probabf/most promising one.
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2 DEFINITION

fi
L
X '1}/
Primary network 1
N /
fSN

fSN

Secondary network

Sensor network/cloud

Primary network 1’

f1 in band B1 = Cognitive terminal (telephone, PDA, PC)
f1' in band B’

fsn used between sensors = Sensor node that can be integrated in a

f2 in band B2, B2= U Bi cognitive terminal. Possibly a fusion centre.

E = Telephone, PDA, PC or BS of primary system

Figure 2 Spectrum usagein a generic sensor network aided cognitive radio system

Cognitive radio system

A radio system which is aware of its environmendl amternal state and can make decisions aboutd®r
operating behaviour based on that information aredgfined objectives. The environmental informatioay or
may not include location information.

Cognitive radio base station

A base station that is used in a cognitive radisteay. It may or may not have its own cognitive tsifiges
(sensing capabilities or cognitive actuation decisiapabilities). If the base station does not lewe cognitive
capabilities, it will base its decisions on cogrétiinformation from other parts of the network thetve
cognitive capabilities.

The cognitive network may be an ad hoc network @mdhat case, there is no base station: all résliminals
are identical and direct communications betweemitivg radio terminals can be set up.

Cognitive radio terminal

A radio terminal that is used in a cognitive rasiystem. It may or may not have its own cognitiveatalities. If
the radio terminal does not have any cognitive baitias, it will be instructed in how to behave bther parts
of the cognitive radio system, e.g. a base statfdhe radio terminal has decision capabilities toes not have
any sensing capabilities, it will be provided suctormation by other parts of the cognitive radjstem, e.g. a
base station.

Fusion centre

A unit in which sensing data is collected and psseel to deduce information about spectrum usatieiarea
covered by the sensors. A sensor network may henee(in this case, the processing is distributedg, or
several fusion centres.

Wireless sensor network
A network of spectrum sensing sensors where theragritation to and from the sensor nodes are wieles
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Independent sensor network aided cognitive radibitactures

An independent sensor network aided cognitive radahitecture consists of a sensor network thdeoyed
in an area to provide a cognitive radio systemrérgdn the area with information about spectruragesin this
area and/or instruct the cognitive radio systemhow it shall behave. Physically, the sensors adependent
terminals, external to the cognitive radio termgnal

Integrated sensor network aided cognitive radibisectures

An integrated sensor network aided cognitive radihitecture consists of cognitive radio system posed of
terminals with integrated sensing capabilitiestriieals are both cognitive terminals and sensard, al the
terminals of cognitive radio system constitute eelgiss sensor network.

Mobile scenarios
Scenarios where the cognitive radio terminals Hosvad to move while communicating.

Nomadic scenarios
In nomadic scenarios the cognitive radio termirzais stationary when they are logged on to the mitvikhe
terminals can move when logged off and then log dmé network from a new location later.

Opportunistic Spectrum Access

Access opportunistically to the spectrum means®spectrum resources, the license of which is dvage
another network called “Primary Network” when thitwork does not use these resources. A cogmaiyie
system is needed to perform Opportunistic Spectaoess since such operation require sensing cépeil
Different kinds of Opportunistic Spectrum Accesa ba foreseen: one can sense the primary netwtisktac
and transmit only when this primary network is transmitting. Or one can transmit at the same tiitle the
primary network if it guarantees that it uses tkieaecapacity let free by the primary network, eith disturbing
the primary network activity.

Primary network
A radio network that has been given the rightsde a certain frequency band on a primary basiser@#dio

networks might be allowed to use this frequencydoamy when it is not used by the primary radiowak.

Secondary network

A radio network that has been given the rightsde a certain frequency band on a secondary basésradio
network can use this frequency band only when thegry radio network of this frequency band doesuse it.
Therefore a secondary network operates in a cegnitiay to avoid creating interferences to the prima
network, and is also called “cognitive network’the following.
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3 GENERAL ECOSYSTEM CONSIDERATIONS

This chapter presents considerations about the ofldifferent actors in the ecosystems for cogaitadio and
related sensor networks, related to the choserasoetNomadic broadband in urban and suburban afdes
deliverable which deals with the ecosystem andnmssi cases (D2.2) is due later in the project (im8y}, but
ecosystem considerations are an integral pareistienario definitions and system requirements.

The word “ecosystem” in this context medmssiness modelling including the roles of the actors, relations (e.g.
partnership) between the actors, cost structuegsnues and money flows between the acBuisiness cases

can be used to quantify the value of different aces and options. The figure below shows the rmééments

in the (telecommunication) business case analysis.

Demand for the Telecommunications
Services
Risk Assessment ) ]
y : N
Services W Architectures},
Geometric
T ___Model
...... A‘ -
First Installed
Revenues OA&M < Investments—>
A Costs T [I'F Cost
l | 3| Life Cycle
Y | Cost
Economic .Cash flows,
Inputs Profit & loss accounts
Year 0 Ymn ... Yearm
[ | 1 1 1
NPV IRR Payback
Period

Figure 3 Business case methodology

Net Present Value (NPV), Internal Rate of RetuRR) and the Payback Period are the most used e¢onom
profitability indicators.

At least the following roles can be foreseen ingbesystem for the sensor network aided cognitidgérin the
chosen scenario:

« End user of the communication applications
« Owner of the licence for the radio spectrum
0 Existing mobile and fixed telecommunication opersito
o0 TV broadcasters
o Public authorities (police, health care, aviatiett)
o0 Military organisations
e Cognitive radio operator that will utilize a radipectrum licensed to others
0 Asabove
o New operators
¢ Regulatory body
e Spectrum broker
0 Regulatory body
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o Owner of the licence for the radio spectrum
0 Independent third party
e Owner of the sensor network
e Vendor of equipment
o Cognitive radio elements
0 Sensor network elements
e System integrator

The requirement for a successful and functional aessystem is that the (main) actors have sufficien
incentives to be part of that ecosystem. The nmpbrtant incentive, at least for the commerciabe{private
companies) is simple money i.e. the economicalltefar the company in the short and long term.

To start with, we have defined four different siifiptl alternatives for the sensor network aidednitige radio
ecosystem for the chosen scenario:

One actor uses cognitive radio and sensor nktt@amprove or enhance running business

The owner of the radio spectrum sells cognisipectrum resources to others

Spectrum broker is responsible for trade betvgp@atrum owners and cognitive radio operators
Cognitive radio is deployed in unlicensed speutr

PodPE

Oneactor uses cognitiveradio and sensor network to improve or enhance running business

The owner of the radio spectrum use cognitive réalidetter utilization of its own spectrum to pide better
service quality or to make new services possiblbénsame spectrum. For the nomadic broadbandanuand
suburban areas, this could be an existing mobigadpr that aims to provide nomadic broadband sesvin
addition to its mobile voice and data servicedhmexisting 2G/3G licensed spectrum.

In this alternative the owner of the radio spectmwithimplement cognitive radio elements where regtdnd
will also implement and own the related sensor netw

This alternative involves only one actor, so thisneo need for agreements with others. If the Beewas
originally limited to specific use or technologhete will probably be a need to renegotiate thenke
conditions with the regulator.

The business cases for this first ecosystem aligenare probably relative straightforward, i.ee ttosts for
implementing cognitive functionalities and the smsetwork weighted with the economical advantaties,
new customers and new revenues from the nomadicesrand reduced churn for the mobile services.

The owner of theradio spectrum sells cognitive spectrum resourcesto others

The owner of the radio spectrum sells a cognitieeas to its spectrum to others. The owner ofdader
spectrum will implement and operate the sensor atwnd therefore will have control over interfereretc.
The cognitive radio operator will implement cogwétiradio elements where needed in its own termanads
base stations.

This alternative includes two main actors (sellet Buyer) and therefore requires agreements astiitetween
them. If the spectrum license was originally lidite specific use or technology, there will prolydi a need
to renegotiate the license conditions with the t&tgu. In case of conflicts between actors, theag fve a need
for independent instance to solve these conflicts.

A standardized interface between the cognitive agtwand the sensor network must be specified.

The business case for the owner of the radio sppadtncludes costs for implementing and operatimgsinsor
network weighted with the revenues from sellingspectrum and related sensor information to others.
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The business case for the cognitive radio operattudes the cost for implementing the cognitive
functionalities and for buying the access to thectium and sensor information weighted with theraxes
from the new customers and services.

Spectrum broker isresponsiblefor trade between spectrum owners and cognitiveradio
operators

This alternative includes a spectrum broker, wigatesponsible for “trade” between the radio spentowners
and the cognitive radio operators. The broker shbelthe regulatory body or another independerd tharty to
insure fairness in the trade. The broker owns éimsar network and controls the sensor information.

This alternative needs maybe more bureaucracydimgjuagreements and trust between several actoisywil
be more complicated to implement than the prevatesnatives.

A standardized interface between the cognitive agkarand the sensor network must be specified.

The business case for the broker includes the émsisiplementing and operating the sensor netwainkl,
revenues from broker provisions.

Cognitiveradio in unlicensed spectrum

In this alternative a specific frequency rangeasawned by one licensed owner, but all actorsag@erate there
on equal terms. This is similar to the license-egensage of spectrum that occurs in the 2.4 GHd lian
WLAN systems. The only regulation of the use o$ thpectrum is related to power levels and intenfezeThis
alternative is in line with the idea that the fi@pectrum regulation should be more flexible wwitbre
unlicensed spectrum.

The uncoordinated use of spectrum and free corigretietween actors means that this alternative s suited
for “best effort” type of services.

All the actors that will use license-exempt banals atilize cognitive functionalities for improvirigeir
services. It is an open question, how sensor nésavman be utilized in this alternative. It will meeo-ordination
and trust between the actors. Also some kind afpetident broker functions, like in the previousralative,
may be needed to fully utilize the possibilitieseagi by cognitive radio and sensor networks in ftisrnative.

A standardized interface between the cognitive agkarand the sensor network must be specified.

This last alternative is not the targeted one wiBENDORA although the technology developed inpitugect
may help to consider this case in the future.

Combination of the above alter natives

The four ecosystem alternatives presented aboverapified examples. In reality the situation vk more
ambiguous and complicated:

« One company can have several roles at the samedimeone company can be a owner in one
frequency range and at the same time a cognitiie @perator in the other frequency range

« Two similar operators can trade their frequencypueses on equal basis, e.g. competing mobile and
nomadic operators can make agreement about trage loa cognitive radio/sensor network to avoid
temporary overload.

* Inside the alternatives there is several optiosg,ie the sensor network self owned, outsourced or
provided by a broker?

*  There will be combinations between the four altéwes.
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4 THE CHOSEN SCENARIO: COGNITIVE RADIO BASED NOMADIC
BROADBAND IN URBAN AND SUBURBAN AREAS

41 MOTIVATION

Mobile broadband is becoming a very important servior both operators and users and it will be very
important for operators to be able to offer good anst-effective wireless broadband services. Thility
feature will only be required for a small percemtay the users since the users will usually beostaty when
using the mobile broadband services. This opernthepossibility to use a nomadic broadband netwatich

will be simpler and more cost-effective than mobileoadband networks, to complement actual mobile
broadband networks.

To use a nomadic broadband network can be an tatgaolution for both operators with and witholir own
mobile network. For an operator with a mobile bitweatd network, a cognitive nomadic broadband netwark
be used to off-load the mobile network by transfigriparts of the traffic to the nomadic network. 8perator
with a mobile network without broadband capabiitie.g. a 2G network) can use the nomadic netvadifer
wireless broadband to its customers.

A nomadic broadband service can also be an intageservice in its own. In this case the userseeittettle for
a nomadic service or combine this service with deokervices (e.g. a 2G or 3G service).

Cognitive radio based nomadic broadband networksbeaa very interesting opportunity for operatdree
they can offer both high bit rates and low costst €nce it is difficult to give strict quality afervice guarantees
with cognitive radio, the solution is better suited non real-time services like broadband intetastess than
for real-time services like telephony and vide@atning. Cognitive radio based nomadic broadbandcssr
should therefore mainly target non real-time sawjowith the possibility of offering real time sims if the
spectrum (and other) conditions allow it.

Cognitive radio has the advantage that differeeqidiency bands can be used depending on the usis aed
the situation the user is in. For example, in theecwhere the cognitive network uses base statibtise
cognitive user has line of sight to a base stadioah is equipped with a directional antenna the aaeruse high
frequency bands to obtain a very high capacity. lifkhe same user can use frequencies below 1 Glidetto
Internet access when located in the basement tfibgs or in rural areas. Generally, cognitive cadives the
opportunity to use part or parts of a large freqydmand that best fits the user's communicatiordaek several
parts of the spectrum are used, the transmissionisei different frequency bands might be bondedive a
virtual high capacity channel. This characteristiccognitive radio makes it possible to offer agypf service
that it is not possible to offer with licensed @diystems which have strictly defined bandwidthd aperation
limited to a certain (narrow) frequency band.

4.2 SCENARIO CHARACTERISTICS

4.2.1 Deployment strategy

It is likely that an operator will start with depiment of hot-zones. A hot-zone is a small area e/tiee capacity
demand is high. It is larger than a Wi-Fi hot-spatd cognitive radio deployments in hot-zones Wil
complementary to Wi-Fi hot-spot(s) in the same area

Initial hot-zone deployments are expected to leepifeferred solution for both 2G and 3G operatastimg to
complement or off-load their licensed network amd §reen-field operators. Later the hot-zones Wil
extended to cover large parts of cities and evdlgtudnole cities with suburbs. It is therefore inrant that the
sensor network is extensible to larger areas aalhlsie to handle an increasing number of custonkeénsilly,
the network can be extended to give blanket coecoagr a large area.
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4.2.2 User terminals

Typical user terminals for nomadic usage are exuedb be the laptops, Ultra-Mobile PCs, PDAs and
smartphones. The antenna(s) can either be intelgf@atg. into the laptop lid) or be external. Anezrial antenna
can be everything from a unit that can be put om tdible beside a laptop to larger antennas wittebet
directivity. A large antenna can for example beduseobtain a high capacity backhaul link for a MViaccess
point that is temporarily put up when arrangingeeting at a location where no internet connecsoavailable.

4.2.3 Geographical coverage

It is expected that an operator will typically steuith local coverage in hot-spots or hot-zonesecig areas
ranging from a few hundred to a few kilometres ignteter. The coverage will later be extended teecdarger
areas.

The cognitive radio network must give indoor cogerasince the users will often be indoor when negdin
broadband services.

4.2.4 Services and capacities

The network will mainly provide non-real time sar$ like web browsing and video downloading. Ripaé
services like telephony can be provided occasignallit the operator will probably not be able toegstrict
quality guarantees for such services.

The bandwidth requirements will increase the comyegrs, and an increase of about 50% each yeastis n
unrealistic [Cherry].

The bit rates offered to customers should at leasthe same as offered by other mobile technologes
WIMAX and LTE in order to be able to offer the siems foreseen. With this in mind a reasonable reguent
could be that in urban and suburban areas the itpdifered to the users should be at least 5 Mdhmgwnlink
and 1.3 Mbit/s uplink in 2010 and increase to alidu8 Mbit/s downlink and 2.9 Mbit/s uplink in 2012

There is also a trend that the capacity requirddb&i more symmetric in the uplink and downlink.ride, the
capacity requirements might increase faster fouglk than for the downlink.

4.2.5 Cognitive radio operating frequencies

The operating frequency range will initially be saof the frequency range below 3 GHz increasing @Hz or
more later as the capacity requirements increalse.cbst of sensors that can scan and user terntivlean
operate over such a large frequency range willigke imitially due to relatively modest productionlumes and
modest number of users. It is therefore expectatl ¢bgnitive radios in the beginning will be degdnto
operate in one or more specific frequency banderahan over the whole frequency range.

As the number of users grows there will be a ladgmand for capacity and it will be necessary tierc the
operating frequency range of the cognitive radidss will be possible as the production volumegéase and
the technology becomes more mature.

This approach will also match the situation of eliént regulatory constraints in some frequency saSihce it
is difficult for regulators to allow cognitive ramlioperation in frequency bands where the existreguency
licenses give the licensee exclusive rights totheefrequency band, cognitive radio will only béoaled after
the existing licenses expire and the possibilif@mscognitive radio operation can be included ie ficense
conditions. Since the licenses expire at diffetemes in different frequency bands, this kind ofjoitive radio
operation will initially only be allowed in certaparts of the frequency band below 6 GHz.

Some licensees might also allow cognitive radioragen in their frequency bands (if allowed by tlegulator),
e.g. to improve their own usage of the spectrutio drade spectrum with other operators. Also irs¢éheases the
cognitive radio operation will be confined to cémtiequency bands.
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4.2.6 Sensors placement, power and communication

The cognitive radio system will include a sensdmek consisting of independent sensors nodes aseéftsing
capabilities integrated into the user terminaldejrendent sensor nodes can communicate eithegtheowired
or wireless backhaul network. Integrated sensidgb&icommunicated via radio.

Wireless sensors may communicate in an unlicensed,kin a (narrow) licensed band or use cognitadior
communication. Since it is important to pass infation about detected primary users quickly ancabd)i a
licensed band would be best but it is uncertaintirresuch a band will be available. In any casshdll be as
narrow as possible, in order that regulation bodmxept to allocate such a band.

In densely populated areas, it will probably besifale to place fixed sensors so that they can beepsd from
the mains. The sensing functions integrated into tesminals will be powered from batteries.

One challenge associated with the fixed sensorar&tig that while these sensors are outdoor martlgeofisers
will be indoor. The fundamental effect of this &t the sensors have less predictive value foimtieeference
and propagation environment experienced by secgnasars. It is likely, for instance, that secondasgers
indoors will miss transmit opportunities due to betng able to identify a local (indoors) spectruote.

These effects are, however, significant only ah&éigrequencies where through-the-wall attenuatdrigh.

It appears that this problem may not be succegsfdlved unless an indoor sensing capability isseme
possibly through the secondary terminal itself.sTisi especially true if also primary users are gmesndoors
together with secondary users, and may be inteteyesecondary transmissions.

4.2.7 Sensor sensitivity and spectrum release requirements

The regulatory requirements will determine how fasprimary user must be detected. The corresponding
requirements will probably be different from oneduency band to another.

Even if the primary user detection time requiremsntlatively relaxed, the requirements on theseesican be
very tough. In densely populated areas there sillally be a large number of cognitive radio usdilizimg
different parts of a large frequency band. The semetwork has to monitor the entire spectrum ulsgd
cognitive radio terminals to detect primary useithiw the required time limits.

4.2.8 Combination with licensed services

Due to the difficulties of providing real-time s&®&s with cognitive radio, it is a good idea to ¢ne cognitive
radio with one or more licensed radio technologgrider to support all types of services.

Cognitive radio based nomadic usage can be a gomglement for operators with 2G licenses. Theirasan
then be provided with a broadband service via dogniadio. This service will only give a nomadgrgce, but
the user will usually be stationary when needingabdband Internet access.

Cognitive radio based nomadic broadband networkddcbe combined with traditional broadband wireless
services like UMTS/HSPA or WiIMAX. In this case thser terminal could choose to switch to cognitidio
when the licensed system is not able to providesémeice required, e.g. with respect to bit rateawerage. The
switch could also be initiated by the operator assd to own both the primary and cognitive raditwoeks) to
off-load the licensed network by re-allocating ssérat do not need the distinctive functionalitéshe licensed
network (e.g. the mobility) to the cognitive syste®ince the cost of acquiring new spectrum fomigssl mobile
broadband services is very high or even not passibill, off-loading traffic by a cognitive radim@twork can

be a very attractive alternative from an econonycaht of view.

Likewise, the user (or the operator) could switobnf cognitive radio to the licensed technology wiiea

cognitive radio system is not able to provide teeruvith the services he needs. Typically, thid gl real-time
services with strict QoS requirements.
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It is also possible to have a system where thesusteainy time are connected to both the cognitidiorsystem
and the licensed mobile system, and in which eaclet is routed to the network that is best siatetthat time.

4.3 SYSTEM ARCHITECTURE

The sensor network aided cognitive radgystem architecture that is considered to bringnittve nomadic
broadband access is illustrated in

Figure 5. Both the sensing architecture and thencomication architecture are represented in thigrég The
sensing architecture is based on a fixed deplogedos network with additional sensing capabilitteésuser
terminal level (hybrid architecture). The commutiiza architecture takes advantage of this sensicigitacture
to communicate in a cognitive way.

The sensing architecture and communication ardibiteccan be functionally connected together by siofu
centre as illustrated in Figure 4. The fusion aemollects sensing information from the sensor netvand
estimates the spectrum usage situation in thearesred by the sensor network based on this infiiomaT he
fusion centre also communicates with the commuitinatetwork providing it with the information it ads to
operate cognitively in an optimal way. The corrasting interfaces will be defined in the projecttask WP44.
The fusion centre might also act as the “braintie communication network controlling the behavio@ithe
secondary cognitive network, as well as the behavaf the sensor network (referred to as the 'dogni
actuation' function and studied in the WP4 of thajqxt).

Communicatiol
network

Sensor network

Fusion centre

Figure 4 SENDORA general system architecture

4.3.1 Communication architecture

Figure 5, the terminals in the architecture arekedwith C, A and S according to their functionapabilities
and H if they are locally cluster heads:

Centralized The terminal has the properties needed to commignieith the base stations

access (C)

Ad hoc (A) The terminal has the properties requitedstablish and be part of an ad hoc network.
Sensing (S) The terminal has sensing capabilities.

Cluster Head (H) | The terminal is the Cluster Hefd local ad hoc network

The communication architecture consists of a cénéith network of base stations through which thenteals
can get Internet access, complemented by termamatsmunicating directly with each other forming Ibea
hoc networks.

A centralized solution is an efficient way of implenting Internet access with predictable serviavdrage,
throughput, delay, etc.). Centralizing the intadlige and the sophisticated hardware also makassthef low

cost terminals possible.
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Ad hoc communication between terminals locatedectoseach other allows data to be transferredgtehibit
rates and with less power than if the communicatiad to be transferred via base stations. Morem®r,
terminals are close to each other, spectral oppitida will be higher in terms of capacity. In atiloh, thanks to
ad hoc communication, the range and coverage ofebendary network can be extended by allowingiteis
that are not able to access the centralized netwidctly to get access through nearby terminalth wi
centralized access.

At any given time, some terminals will communicaiiéh the centralized network and some will be mdrocal
ad hoc networks forming what might be conceivedhasentralized partandad hoc partsof the network. It
must however be noted that the centralized network ad hoc network parts change all the time amitels
change from ad hoc communication to centralizedroanication or vice versa.

Some terminals have the capability to communicatin whe centralized network and directly with other
terminals at the same time. Such terminals canemnthe local ad hoc networks to the centralizeivork,
thereby providing the local ad hoc network withehmet access. This may be the role of the ClustadH
terminal.

The centralized part of the network will always malse of the fusion centre for sensing informatiolhection
and possibly for decision procedures, while thdacl part of the network may interact with the fustentre as
well but can also perform its own and independéstriduted sensing and decision processes. Incés, the
fusion centre shall nevertheless be informed of deeisions taken to be globally aware of the spectr
occupancy in the area.
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Fusion centre

0 Internet broadband access

Primary
system(s)
<) Ad hoc broadband

<4—) Sensing information

Ad hoc network

Figure5 Cognitive radio based nomadic broadband system ar chitecture.

4.3.2 Sensing architecture

The sensing architecture consists of a fixed ndtwafr sensors complemented with sensing capabilities
integrated in some of the terminals.

The reason for having a fixed network of sensothas it is difficult to base the operation of egodive radio
network solely on information from sensing integdhin the user terminals. The number and positaine
terminals will indeed be random variables and somes the sensor network formed by the terminalsnei be
able to detect primary users with the required icemfce. By deploying a fixed and dedicated netvairkensors
where the number and location of the sensors aefully chosen, a certain primary user detectionficence
can be guaranteed.

A fixed deployed sensor network also has the adgpmthat the sensors can communicate with eacih atite
eventually with one or several fusion centre(sptigh a wired backbone network and that the serorshe
powered from the mains.

On the other hand, sensing integrated into theitaiswill be co-located with the cognitive radiensd hence be
capable of providing accurate local information. &sing this information in addition to informatidrom a

fixed deployed sensor network, the cognitive ragiétwork can be controlled in a much better waymary

users in close proximity to the user, which aredhes that will experience the most serious interfee from

the cognitive radio terminal, will be detected mdakter by the integrated sensor than by the depl@xternal
sensor network.
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The integrated sensing can also be much simpler tthe deployed sensors, for example only monitothrey
frequency band that is actually used by its assetieognitive radio terminal.

The fixed sensor network can probably be smallay. fewer sensors) if it is combined with integohsensing
in the terminals than if the spectrum sensing loalet solely based on the deployed sensor netwdnik. gives
reduced costs for the operator and a certain ghafithe sensor network costs between the opeeatdrthe
users.

Based on the discussion above, different typegmdar nodes can be foreseen:

e Class 1: Nodes with high processing power, powéad the mains and connected to a wired backhaul
network.

e Class 2: Same as class 1 but not connected toeal Wwackhaul network, i.e. they must use radio for
sensing information communication.

e Class 3: Nodes with low processing power, batteswgred and use radio for sensing information
communication. Sensor nodes integrated into usetirtals will usually belong to this class.

Information from the sensors in the fixed sensdwoek and from sensing integrated in terminals emed to
the centralized network is collected in one or nfoston centres. The fusion centre(s) use(s) tifrmation to
deduce the spectrum usage and send(s) this informed the base stations. Then the base statiomshis
information when allocating transmission opportiasitto the terminals. Alternatively, the fusion te(s) can
allocate the transmission opportunities to the teas itself.

4.3.3 Fusion centre
The fusion centre functionally connects the senstwork and the communication network.

The fusion centre acts as an aggregation pointigbaggregation may also be performed locally iy $ensors
of the sensor network while collecting sensing iinfation towards the fusion centre) for the datanfrihe
sensors in the sensor network. Based on the sdatareceived, the fusion centre estimates therspeaisage
in the geographical area covered by the sensoronketw

The sensors can either send sensing informatitimetéusion centre unsolicited or the fusion cectia poll the
sensor network for sensing information. In theclattase a sensor will send a message to the fosire when
it connects to the sensor network with informatidiout its sensing capabilities and, if it is knows position.
The fusion centre will then respond with a messidjing the sensor whether to sense or not andilpgss
instruct the sensor on how to sense e.g. whichuéegy range to sense, which primary system(s)ak for, the
sensing policy etc. During operation the fusiont@oan give new instructions to the individual s@s. In this
way the fusion centre gets the sensor data it neeafsler to utilize the sensor network optimaltyal times.

The sensors integrated in terminals operating ih@mode can ask the fusion centre(s) for infoionadbout
the spectrum usage in the area they are locathdy dan also operate without interactions withftiséon centre
in a distributed manner, but the fusion centre nalstys be informed about the ad hoc network’s tspec
usage.

With respect to the communication network, the dascentre can act as a source of information abwait
spectrum usage in the area and/or as an entitgrparfg some level of control of the communicati@twork.

If the fusion centre only acts as an informatioarse, the base stations allocate transmission tymities to the
terminals based on spectrum usage information gleé§rom the fusion centre. The level of contraltth fusion
centre can have on the communication network rdrga simple control like instructing the communioat
network to use specific frequency ranges to detaitntrol of specific parts of the communicatiotwark like
controlling behaviour of individual terminals.

The 'cognitive actuation' function will decide tfrequency and bandwidth to be used by cognitivéorad
terminals but will also decide, in a refined arebture, some other parameters (like for examplévibeulation
and Coding Scheme (MCS), the retransmission schetog,to optimise the spectrum use. The correspgnd
decisions may be taken at different levels of tystesn architecture (at Fusion Centre level, Bastidis level,
Ad hoc Cluster Heads level or cognitive terminadsel). For instance, it can be more optimal to ctele
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frequencies at a high level of hierarchy (typicatyusion Centre level) while it can be more optito select
MCS at a link level (typically at Base Stations dfv Therefore, the ‘cognitive actuation' function
implementation may be distributed on the systerhitacture.

A cognitive radio network might have more than &mgion centre which will communicate with each othad

share informatio
In the following,

n about the spectrum situatiomairtareas and the network’s own usage of spectesources.
we define the generic interfadeadusion centre:

Instructions and requests

Information requested fro > S —
third party databas individual sensol
Information pushed fro N » | Information and _

: . > instructions to base stations
third partie
Information from the sens . - > Ir;for:matlon about own u:
network FUSION of the spectrul
Requests for informatic CENTRE |—— | Information to other fusic

from local at-hoc network

v

centre

Information from othe
fusion centre network:

Information ani
L | instructions to local €-hoc

v

Information from bas _ _ _
stations aboutov =~ |eooooo-- I A » | Information and instructior

spectrum us

to individual terminals

Figure 6 Fusion centreinputs and outputs

IFusion centre in

puts

e Information requested from third party databases
Some examples are:

0

[0}
[0}
[0}

Information from the regulator’'s databases abaguencies where cognitive radio operation
is allowed and which primary system can operatdifierent frequency bands

Information about spectrum usage from primary syst@erators databases

Information about available spectrum from specthroker databases

Information from other cognitive radio operatorgtabases about their spectrum usage

e Information pushed from third parties
Some examples are:

(0]

0

(0]

(0]

Information sent from the regulator containing uedainformation about regulatory issues or
instructing a specific behaviour of the cognitiystem

Information from a primary system operator informebout time/frequency slots that is made
available for cognitive spectrum usage

Information from a spectrum broker about which freqcies can be used for cognitive radio
operation during a certain time interval

Information from other cognitive radio operator®abtheir presence in the area and their
spectrum usage

* Information from the sensor network

Sensor i

nformation from the fixed sensor networks &iom sensing integrated in the terminals.

* Requestsfor information from local ad hoc networks
Local ad hoc networks can request information alfmispectrum usage situation in the area they are

located.
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» Information from other fusion centres
This includes both sensing information and infoiioraaibout their own spectrum usage.

e Information from base stations about own spectrum use
This input will only exist if the allocation of theansmission opportunities is performed by theebas
stations and not by the fusion centre itself.

IFusion centre outplts

e Instructionsand requeststo sensors
The fusion centre can send instructions to theviddal sensors (both fixed and integrated in
terminals) in the sensor network about which fezguy they shall sense, which primary system they
shall look for, the sensing strategy etc. In thés/whe fusion centre can optimize the use of the
available sensor network.

* Information and instructionsto base stations
The fusion centre sends information about the spettisage to the base stations in the cognitive
radio communication network. It can also send iretions to the base stations and in this way perfor
some level of control of the behaviour of the comination network.

* Information about own usage of the spectrum
This information can be sent to different parteeg,. to the operator who owns the spectrum (asia ba
for later payment), to other cognitive radio operator to a spectrum broker.

« Information to other fusion centres
A cognitive radio network can have several fusientoes which may share sensing information and
information about the system’s own spectrum usage.

* Information and instructionsto local ad hoc networks
The fusion centre can send information to locahad networks about the spectrum usage in the area
they are located. It might also send instructianthée ad hoc network about how it should behawg, e.
which frequency range to use. The scheduling ofrtféic within the ad hoc network is however done
locally within the ad hoc network, for example b tcluster head node in a clustered ad hoc network.

* Information and instructionsto individual terminals
The fusion centre sends information about the spectisage to individual terminals in the cognitive
radio communication network. It can also send irettons to individual terminals and in this way
perform some level of control of the behaviourtad terminals.

4.3.4 Cluster head

In the local ad-hoc networks, one of the termimglsppointed as the Cluster Head (CH). The cludstad has a
similar role in the local ad hoc network as theidoscentre has in the SENDORA network as a whole.
Information from the sensing taking place in theaload hoc network terminals (i.e. in the terminaith
sensing capability) is collected by the CH. The Gsés this information to decide on how the ava@abl
spectrum should be allocated to terminals in tleallad hoc network and instructs the ad hoc netwerkinals

on which frequency/time slots they can use.

It should be noted that the CH is not an autonomamits in the SENDORA network, but rather handles a
functional part of the Fusion Centre (FC). The FGsheither allocate a set of available frequentiethe CH
which the CH can then allocate to individual teraténlocally, or the CH must ask the FC for acceggaio use a
particular set of frequencies locally. The FC clao anstruct the CH to behave in a particular wag, to stop

all local transmissions in a particular frequencgnd when a primary user using this band is detected
somewhere else in the network.

Figure 7 shows the functional architecture of al@d hoc network.
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Fusion centre

Cluster head

Local ad hoc

ot Local ad hoc
communication

network

sensor network

Figure 7 Local ad hoc network architecture

The CH that plays the role of interface betweenldloal ad hoc network and the centralised netwarid (which
may also be the gateway for broadband access mowis the ad hoc network) is one of the termiraishe
local ad hoc network. If this terminal is switchefd or has low batteries, then another terminalldbea elected.
This CH election is classical in ad hoc topologi€hen the new CH handles the roles of the previGHs

terminal.
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5 SYSTEM REQUIREMENTSAND CONSTRAINTS

This section gives the requirements and constraiiish are crucial for the design of the SENDORAs®
network aided cognitive radio system.

In addition to the requirements and constraintggin this section, there are also several paramatees and
assumptions that the different WPs need but whighreot crucial for the system concept. These wagrkin
parameter values and assumptions need to be catadimacross the SENDORA project, and are givemén t
appendix.

The selected scenario is cognitive radio based dam@oadband in urban and suburban areas withbaichy
architecture. Hybrid architecture means that théleboth be deployed an external independent senstwork
and sensing integrated in the user terminals.

REQUIREMENTS AND CONSTRAINTS RELATED TO THE COGNITIVE COMMUNICATION NETWORK
As described in Section 4.3, at any time the nétwan be divided into a centralized access parieoal ad
hoc network parts. The requirements below mayitberent for the two parts of the network. If thatthe case,
it will be explicitly stated.

1. Usage model
Nomadic, i.e. the terminals are stationary whegy tire communicating with the network but the users

can move between sessions.

2. Network topology
The network will at any time consist of two parts:

a. acentralized access network with dedicated §tasiens. In this case all wireless broadband
communication is directly between the terminal tmelbase station. The base station has a
connection both to the fusion centre and the lierfhese connections are typically wired.

b. local ad hoc networks where all cognitive teratsrare equivalent and organize themselves in
a network. One (or several) cognitive terminal@) also be connected to the centralized
access network and play the role of gateway foother terminals to communicate with the
centralized network part (e.g. for Internet access)

The topologies for the two parts of the network specified in 4.3.

3. Terminal types
The terminal types will be laptops, Ultra-Mobile ®DAs and smartphones. The main focus in
SENDORA is on laptops and ultra-mobile PCs. Furttare, three functionalities are identified for the
terminals:
- Cognitive centralized communication (requirensesiéscribed in this section)
- Cognitive ad hoc communication (requirementscdbed in this section)
- Sensing (requirements described in next section
A terminal may have one or more of these functiitiealas described in Section 4.3.

4. Capacity for each user
The capacity experienced must be sufficient todreceived as broadband by the users. The capacity
requirements are expected to increase by aboutes@¥b year.
a. For the centralized part of the network, theiiresnent for 2010 is an average bitrate of 5
Mbit/s for downloading and 1.3 Mbit/s for uploadinfjdata. It is also expected that there will
be greater symmetry between uplink and downlinlacéjes in the future.
b. For the ad hoc parts of the network, a few Mh#/assumed in both directions, i.e. receiving
and transmitting.

The capacities offered to each user will depentheramount of spectrum available and can be
significantly higher than the minimum figures givalnove if sufficient spectrum is available. Indeed,
the capacity of the cognitive network depends miy on the network load like in a classical network
but also on the primary network activity.
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10.

11.

Servicesand QoS

The main services will be Internet access and atbeiices without real-time constraints. Real-time
services might be offered on a best effort badie Jystem may offer some kind of QoS guarantees to
the users, e.g. minimum average bitrate measwedzorelatively long period.

Operating frequency range

The operating frequency range will initially be saof the frequency range below 3 GHz increasing to
6 GHz or more later as the capacity requiremermtiease. In most cases it is expected that onlg pért
this spectrum range will be allowed for cognitiaelio usage in a given country or area. In addition
there will probably be different constraints rethte cognitive operation in different frequency tan

Coverage
Outdoor and indoor coverage is required.
a. For the centralized part of the network, iikelly that an operator will start with deployment
of hot spots or hot zones. Then the hot spots/zewielke extended to cover large parts of
cities or finally whole cities with suburbs latétris therefore important that the sensor network
is extensible to larger areas and scalable to kaamincreasing number of customers. Finally,
the network can be extended into rural areas te lianket coverage or at least coverage
along the main roads and in villages.
b. Inthe ad hoc parts of the network, the covesdgdl be lower (maximum a few hundred
meters) as the ad hoc network will provide connégtio a more restricted area of the system.

Available power

Most terminals will be battery operated. The cdgaitadio should not empty the battery faster than
conventional technologies like Wi-Fi. It should hewer be taken into account that battery technology
can improve significantly in the coming years.

Dynamic power control
The cognitive user terminals must have dynamic paeatrol.

User terminal and base station range
a. The centralized part of the network should sgieed for a typical base station separation of
1 km.
b. The ad hoc parts of the network should be desigrith a typical maximum distance between
the nodes of a few hundred meters.

Resour ce allocation

The transmission opportunities are allocated baseskensing information from the sensor network and
other information (e.g. from the primary networkfmm other database). The cognitive radio ternsinal
might be instructed to use a particular set ofdnaigsion parameters (e.g. modulation, FEC scheme,
transmission power, etc.).

In the centralized part of the network the transiois opportunities are allocated by the base siatw

by the fusion centre. In the ad hoc parts of thevok more distributed resource allocation algarith

will be considered.

REQUIREMENTS AND CONSTRAINTS RELATED TO THE SENSOR NETWORK

1.

M obility

The sensors in the external sensor network wifbteal and their placement will usually be the residl
careful planning by the entity that deploys thessemetwork. The sensing in the user terminals may
communicate with external sensors or base staiees when the terminal moves. But there are no
handover functionalities involved; the sensing infation is just communicated to other sensors or
base stations that are able to pick up the correpg transmissions of the terminals as they pgss b
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Topology for sensor network communication
WP&6 in cooperation with WP5 is currently proposamgl studying topologies for the sensor network
communication.

Power for the sensors
The external sensor network can be assumed towerpd from the mains, while the terminals with
integrated sensing will be powered from batteries.

Geogr aphical layout and planning of the external sensor network

The geographic layout must at least encompass#aecavered by the cognitive nomadic broadband
network. WP6 has produced outcomes regarding tigos@etwork dimensioning that allows the
optimal placement of the external sensors.

The coverage of the sensor network shall be langegh to cover the area of cognitive operation. In
particular, it shall be extensible and scalablevel.

Frequenciesfor communication between the sensors

In order to guarantee the availability of the segsnformation and decisions, it will be assumeat th
the wireless sensors can use a narrow licensedfbaodmmunication. No specific bandwidth will be
assumed for this communication, but it is importhat this sensor network communication must be
spectrum efficient.

In addition it will be assumed that the sensor ekwcan use cognitive radio communication for
capacity extension to transmit signalling inforroati

Minimum probability of detection
The probability for a sensor to detect a primamgruwsithin its coverage area is at least 0.95 for a
channel without shadowing between the sensor angrimary user.

The detectors are designed such that the testetaBmains the same and the threshold can change
depending on the constraints on error probabilifieerent sensors cooperate so that the missed
detection and false alarm probabilities are minediz

The aim is to maximize the probability of detectishile constraining the false alarm probability.
Therefore the probability of detection of 95% isimimum value and not fixed. To qualify for sensing
the minimum SNR of the sensor should be the SNResponding to the probability of detection of
95%. If the SNR is more than the qualifying SNRe firobability of detection at the sensor will be
more than 95%.

Diversity gain in cooperative detection is hightyportant. Cooperative detection helps in simplifyin
the individual sensors. Therefore even though tbeability of detection is 95% per sensor, the esyst
probability of detection value for 2, 3, and 4 sesscooperating is 99.75%, 99.87% and 99.99%
respectively.

Scalability of the fusion centre
The fusion centre must scale with the number ofaguers served, so that the coverage area of the
network can be extended e.g. from a hot-zone tb@encity in a cost efficient manner.

CONSTRAINTS RELATED TO THE PRIMARY NETWORK

1. Primary technologies

The cognitive radio based nomadic broadband netwiltloperate over a large frequency band which
encompasses several frequency bands, each asdogititea specific primary technology. The
frequency bands and their associated primary tdobganight vary from country to country, or even
from area to area. In SENDORA, the primary techgie that will be targeted are Wi-Fi, UMTS
(including HSPA), LTE and DTT.
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CAPACITY OF THE DEMONSTRATION PLATFORM

This section provides some general characterisfitise demonstration platform, especially of its [REt. The
objective of the demonstration is to prove the senstwork aided cognitive radio concept and irtipalar the
feasibility of the targeted scenario. The hardwamestraints of the RF part shall therefore be taktmaccount
for the design of the enabling techniques to begrated in the demonstrator.

The main objective of the RF platform is to showtth highly reconfigurable RF transceiver is pdssikith
existing available components. Hence, the targetetbtype is very ambitious in term of frequencydts, since
the objective is to address from 200 MHz to 7.5 GWith a maximum bandwidth of 20 MHz. Hence, wel wil
be able to receive and transmit almost all thetiexjscommercial Radio Access Technologies. Conoegritie
transmitted power, the target is comparable totieysGSM terminals (+21 dBm). On the receiver sittes
objective is to have a noise figure from 8 to 12 dBpending on the frequency band. Since SENDORAs
considering Multiple Antenna Processing, the RFiggent will include up to 4 antennas and 4 RF chain
Finally, the key features of the targeted prototgpeethe following:
« It will integrate advanced re-sampling functioriakt
« It will allow to communicate at the same time iffelient bands and different waveforms
» The board by default is Time Division Duplex baskdneans that we use the same frequency bandxor R
and Tx on one chain, and that a switch is useleafront end. In other words, one can only eithemngmit or
receive. In order to implement a Frequency Divisibuplex system, one has to use 2 chains, one &r th
uplink, and one for the downlink.
The overall RF board is composed of 3 parts:
- TXANALOG PART
- LO DRIVES PART
- RXANALOG PART

Each part has a control interface that comes firdigital mother board. More over, TX and RX padse an
I/Q signal interface to the mother board, for AD/Bénversion. OL part feed the 2 other parts in tefrnocal
Oscillators for modulation/demodulation and freqeyenonversion.

A. Local oscillators
Since we address a very wide frequency band, e tscillator generation is a key feature of thie R
transceiver. The LO generation is based on a waahe irequency synthesizer (1.9 to 4.1 GHz) aneguincy
doubler. Hence the LO range is from 3.8 GHz to@#. The drawback of this solution is that the &reacy
step is quite large, but it can be compensatedadligon the base band signals.

B. Transmitter section
The base band signal (zero IF) is in I/Q format] fad to a quasi direct modulator. The chosen corapb
allows one to generate a signal directly from bzes®d to a frequency range from 4 to 8 GHz. The rated
signal is then filtered and amplified. Afterwardsswitch is used to separate low and high freqesndithe
signal shall be transmitted between 4 to 7.5 GHz

C. Receiver section
This part is certainly the most complex one, duthéovery wide addressed frequency band (from 4612 kb
7.5 GHz). As explained in section V, the LNA isréical part, since the performance of existing evizthnd
LNAs are not yet adequate (relatively high noiggife, non constant gain vs. frequency). Hencegveeall
frequency band is divided (by a switch) into 2 &a#mds, one from 400 MHz to 2 GHz, and another cora £
GHz to 7.5 GHz. After the LNA stage, the signdiiltered and the frequency bands are again spitt@dsub
bands. It gives us 4 sub-bands:

- 400 MHz to 1.2 GHz

- 1.2GHzto 2 GHz

- 2GHzto4 GHz

- 4 GHzto 7.5 GHz.
This approach is used to decrease the amount t&f band interference (one has to keep in mindizhsically
all existing RATSs are received at the antenna |es@hetimes with huge level of signal). After that, the
architecture uses basically the same principl®athe transmitter section. We up convert the digna a

Page 26/38



Project: SENDORA | Deliv. ref.: b2.1 o _

EC contract: 216076 Deliv. title: Scenario descriptions and systenumegments
Deliv. version: 5.0
Submission date: Siune 2010

frequency range of 4 to 7.5 GHz and the signabis/erted into base band thanks to an I/Q MMIC miXdée
base band signal is finally filtered and amplified.
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6 SUMMARY AND CONCLUSIONS

This report is the final version of the report D23cenario descriptions and system requirementsisied on
the SENDORA target scenario. In the original versaf the report the main goal was to define thgear
scenario that will be the basis for the system Wikitbe developed in the SENDORA project.

Another goal for this final version of the reporasthat it should be easy to use it as a referfemgaformation
about the chosen scenario, its architecture andytstem requirements and constraints.

The content of the current version consists maoflyfinal descriptions of the chosen scenario andhef
associated architecture and chosen scenario désorippdated lists of system requirements andtcaimgs and
an appendix with a snapshot of the working asswnptand parameter values used in the SENDORA prajec
the time of writing.

The updated information presented in this repotihésresult of an iterative process where the ssdescenario
and the corresponding requirements and constrhmte been refined as more results from the techaiud
techno-economical studies were obtained.

The report also includes initial results of thehtea-economical study. This study is still on-gosngd will be
reported in details in deliverable D2.2.

The innovative idea in SENDORA is to combine cogeitradio technology with sensor network technologyy
sensor network will be used for monitoring the ¢peu usage in an area and will significantly impeathe
system’s ability to detect primary users compacegure cognitive radio solutions.

The sensor network will consist of both an extdyndkployed sensor network and sensing capabitityger
terminals. The external sensor network will makedssible to guarantee that primary users will beected
with a certain high probability while the sensingthe terminals will enhance the system’s perforceahy
providing more detailed sensing information frora Hreas where the cognitive radio users are located

The SENDORA system architecture consists of thegéspa sensing architecture, a communication trctoire
and a fusion centre. The sensing architecturecantnunication architecture are connected together flasion
centre. The fusion centre collects sensor data frensensor network and estimates the spectrune issagtion

in the area covered by the sensor network baseatisinformation. The fusion centre also commurgsatith
the communication network providing it with the anfnation it needs to operate cognitively in an ojati way.
The fusion centre might also perform some levelcohtrol on the communication network, e.g. giving
instructions on frequency ranges the communicatietwork can use or even controlling behaviour athea
individual terminal.

The communication architecture consists of a cénith network of base stations through which thenteals

can get Internet access, complemented by termamatsmunicating directly with each other forming Ibea

hoc networks. A centralized solution is an efficiay of implementing Internet access with preditgaservice
(coverage, throughput, delay, etc.). Centralizing intelligence and the sophisticated hardware mlakes the
use of low cost terminals possible.

Ad hoc communication between terminals locatedectoseach other allows data to be transferredgitehibit

rates and with less power than if the communicatiad to be transferred via base stations. Thisce=sithe

interference generated by the cognitive radios ianteases the system capacity. In addition, thgeamnd

coverage of the network can be extended by allowérgninals that are not able to access the cergdhli
network directly to get access through nearby teatsiwith centralized access.

The SENDORA system will be best suited to providm meal-time services like web browsing and video
downloading. Real-time services like telephony amtko streaming can be provided occasionally, bt t
operator will not be able to give strict qualityagantees for such services.

It is assumed that the SENDORA system will utificmquencies below 6 GHz, but that cognitive radith enly

be allowed in some frequency bands within this deegpy range initially. Since it is important to kawndoor
coverage, it is important that the cognitive radias operate at frequencies below 3 GHz.
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Based on the selected target scenario, requireraedtgonstraints have been specified for the ciognitidios,
the sensor network and the primary technologidstoonsidered.

Finally, the report contains an appendix listingsuasptions and parameter values that are used in the
SENDORA project but which are not crucial for tlystem concept. The purpose of these tables issiorerhat

the same parameters and assumptions are used fgrimlérs and working groups in the project. Thakes it
easier to compare and combine results achievedfteyaht partners and working groups. This versidrthe
document presents the final status of these tables.
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APPENDI X 1: WORKING ASSUMPTIONS AND PARAMETER VALUES

Note: the tables in this appendix contain assumptiodspamameter values that are used in the SENDORjgrbut which are not crucial for the system cqnc&he
purpose of these tables is to ensure that the pamagneters and assumptions are used by all pagndnaorking groups in the project. This makesgier to compare

and combine results achieved by different partaadsworking groups.

Assumptions and parameters that are crucial teykm concept are given in chapter 5 “Systemireaents and constraints”.

Table 1: SENSOR NETWORK RELATED PARAMETERS

Parameter Description Value Justification/motivation Proposer WPs using the | Comments
name (WP) parameter
Pd An individual sensor’s minimum | 0.95 Initial assumption. WP2 WP3 Finally, the value for Pd has to be set to sati$fg required
probability for detecting a primary minimum probability of detection for the sensonmatk as a
user under non-shadowing whole (ref. D2.1 v4.0 chapter 5).
conditions
Pf An individual sensor’s maximum | 0.05 Initial assumption. WpP2 WP3
probability of false alarm
Primary The channel model with SCME (3GPP Spatial Channel In deliverable D5.4 WP3 WP3, WP4, Well documented Matlab codes are available on @GR
system corresponding propagation Model Extended)[Baum] WP5 web site.
channel parameters for each primary This channel model will be considered in the soofp@5.4
model system
fres Resolution of frequency scan 200 kHz Initial asstiomp WP3 WP3
Tuse Time for which a secondary user| Will be specified for each type WP3 WP3, WP4
can use the primary resource, oncef primary system later in the
it gets it study
Pprim A priori probabilities of the Will be specified for each type WP3 WP3, WP4

primary users being present

of primary system later in the

study
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Table 2: SENSOR NETWORK RELATED ASSUMPTIONS

Assumption name Assumption Justification/ | Proposer (WP) | WPs using the | Comments
motivation assumption
Sensing policy Empbhasis is on highly reliable dibecof primary users, less on The objective | WP2 WP3, WP4 There are a lot of challenges in connection wittectéon of and co-
detecting secondary users. is to use the existence with other cognitive radio systems inghme area.
Initially, the preference is to identify the chalmehich are less spectrum in SENDORA will not be able to study these issued,wifl focus only
used. an on coexistence with primary users.
Only one secondary system is considered, the deexis of opportunistic
secondary systems is not considered. manner
A'priori knowledge The primary systems that opeiiata certain frequency range in a | Initial WP2 WP3, WP4
given area can be assumed to be known by the fasiatne. assumption
Sensor statistics Initially it is assumed thatgbesor statistics that are sent to the WP3 WP3, WP5
fusion centre are log-likelihood ratios (LLRS).
WSN waveform The waveform of the sensor networgavey the sensed WP2 WP5, WP6, The project will assess which waveform is the bEse demonstrator
information can be an OFDM, CDMA or spread specthased WpP7 will use an OFDM waveform.
waveform
Licensed frequency | Itis assumed that the sensor network operatobées allocated (i.e{ Need to WpP2 WP4, WP5 This do not preclude that the sensor network conicates at much
band been given a license for) a 10 kHz wide frequerenyd. guarantee the higher bit rates using cognitive radio in othegfrency bands.
transmission The narrow frequency band is required for the sefithe WSN and to
of signaling guarantee the release of the spectrum when a yricoarmunication is
messages detected.
related to the
cognitive
process
Sensor radios The sensors will not transmit aneiveaata at the same time WP3, WP4
Interface to the Specification of a standard interface between tmerounication wWpP2 WP4, WP6 Interface defined in WP4.

communication
network

network and the sensor network must be establi@sesh more
when different actors are involved, e.qg. if thessemetwork is
owned by a spectrum broker).

Interface that may be potentially brought to stadidation.
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Table 2: SENSOR NETWORK RELATED ASSUMPTIONS

Assumption name Assumption Justification/ | Proposer (WP) | WPs using the | Comments
motivation assumption
Sensor antennas It will be assumed that the sewsles may use multiple antennas| Assumption WP3, WP4,
Sensors integrated in terminals will use maximuamténnas while | for the WP5
the fixed sensor nodes might use more than 4 aasenn definition of
sensing
strategies
Capacity and QoS for| The required capacity for communication of sensarmation WP5, WP6
sensor communication depends on the amount of information that has twarsferred and
QoS requirements (e.g. latency) for different typesensor
information.
WP3 and WP4 jointly assess the required sensor coneation
capacity and QoS requirements.
Sensor node The processing power of a battery operated sermste will be WP3, WP4,
processing power assumed to be at least the same as the processiieg @f a mobile WP5, WP6
phone today.
Sensor node If the sensor nodes use cognitive radio for comiation it is WP3, WP4
communication assumed that they cannot transmit and receiveeadine time.
capabilities
Link between global WP2 WP3, WP4
sensing and local Figure 5 shows a potential link between the glaeaising and the
sensing local sensing.
Exit strategy A node stops its transmission intthedwidth if a primary user has WP3 WP4
been detected locally in order to release the speauickly, and WP2

then it informs the Fusion Centre through the senstwork.
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Table 3: PRIMARY SYSTEM RELATED PARAMETERS AND ASSUPTIONS

Parameter Description Value Justification/ Proposer WPs using | Comments
name motivation (WP) the
parameter
Primary The primary systems that the Wi-Fi, UMTS/HSPA, LTE and DTT WP2 WP3, WP4
systems sensor network must be able to
detect

Interference The interference constraints for | See sub-table 3-1 See sub-table 3-1 WP2 WP3, WP#4
constraints each primary system
Interaction Interaction between the cognitive| There might be information exchange WP4
with cognitive | radio network and primary between the cognitive radio network and
radio system | technology networks the primary technology network, e.g.

information about the location of primary|

technology users.

Sub-table 3-1: Primary system related parameténserference constraints

(10% of thermal noise)

Parameter Wi-Fi UMTS/HSPA LTE DTT
Maximum response tirr 100 ms 10 ms/2 ms (TTI length 0.5 ms (one resohlock) 2 s (same as 802.22
requirements)
Detection threshold -82 dBm over 5 MHz -117.3 dBmover 5 MHz -121.2 dBm over 200 kHz | -116 dBm over 6 MHz

(same as thermal noise)

(same as 802.22
requirements)

Acceptable level of

< -76 dBm over 20

<-117.3 dBm over 5

< -121.2 dBm over 200 kHz

<-116 dBm over 6

interference MHz (from Wi-Fi MHz MHz
standard)

Maximum outage 0.001 1.39e-6 (10 TTIs every] 1.39e-6 (10 TTIs every hour) 3.5e-4 (30 sec per p4

probability hour) h)

Maximum transmitted 20 dBm (ISM 43 dBm 43 dBm 43 dBm

power requirements)

Signal bandwidth 5 MHz (one channel) 5 MHz (one carrier) 180 kHzgoesource block) 6 MHz (one TV
channel)
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Table 4: COMMUNICATION NETWORK RELATED PARAMETERS

Parameter Description Value Justification/motivation Proposer | WPs using | Comments
name (WP) the
parameter
Nusers Number of users that 10 a. For the centralized part of the WP2 WP4, WP5,| The maximum number of cognitive users that mustdreed will
must be served network at least 10 simultaneous user: WP6 depend on the required outage probability thatguiirantee the
simultaneously should be supported for initial QoS of the primary system. WP3 and WP4 studiesigiecsome
deployments. Later the system must be indications about this.
able to support a significantly higher
number of simultaneous users per base
station.
b. In the ad hoc parts of the network, 10
simultaneous users should be supported.
Channel modell The channel model for | The propagation environment {sSee deliverable D4.1 WP2 WP4 This channel modébeiconsidered in the scope of D4.1

the communication

urban and suburban non line-

network of-sight (i.e. with reflections

mainly from buildings), both

indoor and outdoor. The

following channel models will

be used: Cost-Hata (path-loss),

log-normal (shadowing),

Rayleigh (fast fading).

Table 5: COMMUNICATION NETWORK RELATED ASSUMPTIONS
Assumption Assumption Justification/motivation Proposer | WPs using Comments
name (WP) the
assumption
Location It will be assumed that 50% of the user terminaleehan wWpP2 WP4
information integrated GPS (or Galileo) receiver. Note howekat GPS
information will not be available indoor.

Communication | The waveform of the cognitive network to convey tiser Coherence with demo WP2 WP5, WP6,
network communications can be an OFDM based waveform WP7
waveform
Interface to the Specification of a standard interface between tmerounication WP4, WP6 This interface is considered in the saufp/NVP44 task
sensor network network and the sensor network must be established.
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Table 5: COMMUNICATION NETWORK RELATED ASSUMPTIONS

Assumption Assumption Justification/motivation Proposer | WPs using Comments
name (WP) the

assumption
Accountability It is assumed that the SENDORA network has mechenibat WP2

and enforcement

ensure proper accountability and enforcement atirel to
interference infringements. However, the develapraad
specification of such functionalities are outside scope of the

SENDORA project.
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