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Introduction

In the last decade, the enormous growth in thelegseindustry has come from using only a
small part of the wireless spectrum, nominally l#em 10% under 3 GHz. Nowadays, the vast
majority of the available spectral resources hdready been licensed. It thus appears that there
is little or no room to add any new services, ulesdme of the existing licenses are
discontinued. The current spectrum allocation essidn a static approach in which each radio
communication system has its own fixed frequencgdsawithin the transmission power is
limited in order to reduce the radio coverage aatemtial interference. This type of approach
leads to a paradox situation in which much of theegl spectrum lies idle for most of the time.
Furthermore, the large guard bands nowadays obsaeé to the technological progress
diminish even more the mean utilization of the érexgcy spectrum.

Measurements made by the Federal Communication Gssion (FCC) have shown that a
great part of the spectrum, although allocatedirisially unused [1]. Such spectrum portions
vary from place to place and time to time. Emblecwais the case of the average TV market in
the United States which used approximately 7 higivgy channels of the 67 that it was
allocated. The US government passed in 2009 leligiring television broadcasts to switch
from analog to digital and the 700 MHz band (chds @2 to 69) was cleared of programming
and moved to lower frequencies (channels 2 toAlsh in the UK studies commissioned by the
“Independent regulator and competition authority the UK communications industries”
(Ofcom) revealed that over 50% of location in thatedd Kingdom have more than 150 MHz of
TV spectrum virtually available [2].

For all this reasons, in the last years, severaht@s have already (USA) or are in the
process (EU [3], China [4], Japan [5], South Kd@&a of switching off analog TV broadcasting
in favor of Digital Terrestrial Television (DTT) badcasting systems [7] and digital switchover
plans have driven a thorough review of TV spectaxploitation. The resulting unused channels
within this band are called “TV white spaces” (TVWS

Even after the redistribution of the digital TV cimels, the problem of an efficient utilization

of the allocated frequencies is still far from leisolved. For example, there are still large



territorial areas on which, although allocated, T\é channels result unused, due to coverage
problems.

New spectrum allocation approaches such as themdgrepectrum access method have been
studied. This new concept implies that the radimieals have the capacity to monitor their own
radio environment and consequently adapt to thestnégssion conditions on whatever frequency
band are available (adaptive radio). If this comcep supplemented with the capacity of
analyzing the surrounding radio environment in cle@f white spaces, the term adaptive radio is
extended to Cognitive Radio. The term Cognitive iR4E€R) was initially proposed by Joseph
Mitola in his doctoral thesis [8] as an intelligamteless communication system that is aware of
its surrounding environment. Further extensionthi term lead to a more extended definition
[9] which presents a CR as “an intelligent wirelessnmunication system that is aware of its
environment and uses the methodology of undersigray-building to learn from the
environment and adapt to statistical variationghm input stimuli, with two primary objectives
in mind, namely highly reliable communication wheaeand wherever needed, and efficient
utilization of the radio spectrum”. CRs may adaptious functional parameters such as used
frequency, type of modulation, transmission powed aantenna characteristics. The CR
paradigm has emerged in the last years as a madsegdralternative for counterbalancing the
overcrowded radio frequency spectrum suffering ftbencurrent static frequency allocation.

The spectrum management rule of CR is that all nsers for the spectrum are secondary
(cognitive) users (SU) and requires that they ndgséct and avoid the primary (licensed) users
(PU) in terms of used frequencies, transmission ggoand modulation scheme. A critical
operation in the architecture of a CR is the sureéyhe radio surrounding, the so-called
spectrum sensing. Particular issues are the relddtiection of radio transmissions in a particular
frequency band and accurate classification of #tealed radio signals. The spectrum sensing
techniques focus on primary transmitter detectioth @sually can be classified as in three main
categories: matched filter, energy detection agdaifeature detection [10]. The matched filter,
also known as pilot detection, is considered asiden optimal spectrum sensing method
because it maximizes the received SNR. The drawbhskich a method is that there is the need
of an a-priori knowledge on the primary source ahtaristics and also a dedicated receiver for
each type of PU. Energy detection is the most comisensing method because of its low
computational burden. It is a non-coherent apprabahdoes not need knowledge of pilot data,
but has the disadvantage of setting a thresholdetermine whether a frequency sub-band is
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occupied or not. Thresholds are difficult to defiae they are susceptible to noise, fading and in-
band interference. Another drawback of this metlsothe incapacity to differentiate different
signal types. The signal feature detection metisdoiased on the fact that primary signals have
non-random components (features) that can be wséds¢riminate the signal from noise and
also to classify the signal, even for very low sigto noise ratios (SNR). One disadvantage of
the method is that it still requires some prior Wiexige of the type of PU. Another shortcoming
concerns the computational complexity, a bottlefeckhe practical implementations. In order
to achieve good results in terms of sensitivitynpatational time and signal classification, two-
stage spectrum sensing is proposed initially in @rid then refined in [12] and especially in
[13]. The proposed two-stage schemes perform aseadstection based on the energy detection
method, followed by a feature detection stage peréd on the sub-bands that have been
declared free by the previous stage.

In the TV bands specifically, the presence of Pélg.(TV broadcasters) can be revealed both
performing a spectrum sensing operation and consgléhe information provided by the
external databases called “geo-location databg€:s’DB). In the United States, the FCC has
already named several operators and performedfidst tests with such GL accessible to CR
devices at no operational cost. The database meyvidr a certain location, the list of the free
TV channels and the allowable maximum effectivetriguc radiated power (EIRP) for
transmitting without harmful interference to incuenmb users [14]. In other countries such as the
UK the management of Program Making and SpecialnEvéPMSE) band already makes
extensive use of similar databases to license madtoophones and in-ear monitor (IEMs) users
within the UHF band. The drawback of using GL-DBgen upgraded on a daily basis, resides in
the values corresponding to a specific geograplpoadt that are still the results of calculations
based on a certain signal propagation model ancha&std power level. Due to this static (for
short term at least) approach, the provided datgninie inaccurate for different reasons such as
variable atmospheric conditions or multipath artirfg phenomena.

Decision thresholds are still a critical paramdtarprotecting services in a scenario where
cognitive devices would be operating. There areescashere the approach based on GL
Spectrum Occupancy DB might not be available, eibezause the database does not exist for
that area (for example in non densely populatedsarer in the case that access to the database is
not possible (deep indoor operation, low populasedas etc.). Several studies [15] have
suggested that radio noise has increased signiffcaver the last decades and consequently the
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assumptions about decision thresholds and interdererotection ratios might be outdated. The
Hidden Node Margin (HNM) is a parameter that quatithe difference between the potential
interfered signal values at the location whers itneasured or estimated by the cognitive device,
and the actual value at the location where theivegeantenna for this signal is located. HNM is
a key parameter to define the protection requirdsnémat cognitive devices must comply in
order not to create any harmful interference taboast receiving systems.

The BBC conducted a study [16] on compatibility ldeams for broadcasting networks and
devices operating in the Digital terrestrial TV (DTband. The study identified the joint use of
spectrum sensing techniques, GL-DBs and EIRP coasoa possible way to effective safe
communications. This conclusion is being suppordsb by a research conducted by the
Electronic Communication Committee (ECC) [17] asdimplemented by the first worldwide
TVWS cognitive radio standard, the IEEE 802.22 WRIAR, 19].

In this context, this thesis goes in a precisedtima, with four main topics related to the
feasibility of communication cognitive systems ayigrg in the TVWS, considering coexistence
as the main operational issue.

The first topic studies new spectrum sensing amtresin order to improve the more critical
functionality of CRs. In the first part the implentation of a new two-stage spectrum sensing
method is is described: it is based on the use ietrBte Wavelet Packet Transformation
(DWPT) instead of classical Fast Fourier Transfdroma(FTT) methods for analyzing and
calculating the signal power in the TV frequencydbalt is an iteratively method in which the
free channels can be used for further communicatibite the channels which have a signal
power that surpasses a certain threshold are passé® second detection stage, the feature
detector for distinguishing between PU (in the #pecase DVB-T transmitters) and possible
SU. The feature detection method used here expglwt®ormalized histogram generation of the
coefficients of the DWPT. An application scenariodaa Test Bed have been proposed for
performing a series of test in order to validate pinesented method and to compare it with the
best methods presented in the literature [20, 21].

In the second part a new cooperative spectrum rsgrasichitecture [22], based on sensor
networks is presented. This scenario is applichioiln for outdoor and indoor applications.
Cooperative spectrum sensing is typically dividetb ioperational networks, handling cognitive
transmissions, and sensing networks. In concrepeoaf-of-concept on the use of spectrum
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sensing for populating a GL-DB by implementing aseploying a sensor network — based
sensing architecture and extending the functionalitthe GL-DB towards human users. This
approach features the concepts of cluster radiopmgpand natural sensing information
perception through 3D Virtual Reality (VR) repretgions of the GL-DB relevant information

for the benefit of a spectrum manager or developer.

In the second topic we carry out an unlicensedondtort-range distribution system for the
wireless retransmission in the DTT band of Highiddeébn TV (HDTV) contents with
immediate implementations as home entertainmenemsygs For this practical project we start
considering the study conducted by the BBC [16] aompatibility challenges for DTT
broadcasting networks and devices operating irDfh€ band. The study identifies the joint use
of spectrum sensing techniques, GL-DBs and EIRRrabas a possible way to effective safe
communications. This conclusion is supported byr@adber research conducted by the ECC
within the European Conference of Postal and Tehmsonications Administrations (CEPT):
Report 159 [17] aims at providing appropriate techihand operational requirements for radio
systems in the frequency band 470-790 MHz to enguotection of the incumbent radio
services which are DTT broadcasting, PMSE, radisoaemy (RAS), aeronautical radio
navigation (ARNS) within the band and mobile/fixggtvices in bands adjacent.

By the light of that, spectrum holes in TV bandgthwespect to certain limited low power
applications, can be a candidate to reduce, in plarthe congestion in the 2.4 GHz band. For
all this reasons a proof-of-concept DVB-T/T2 corapti prototype [23] has been implemented
on a test-bed based on commercial DTT receive®mbination with software defined radio
(SDR) hardware devices. The system relies on th#egie knowledge of the spectrum
opportunities irrespective of the techniques (e@L;DBs and spectrum sensing) adopted to
obtain them. To assess the feasibility of the psegosystem extended measurements in real
indoor environments have been performed with raspecthe protection of the existing

broadcasting TV services which verify the suitapifor multi-floor environments.

The third topic of this thesis is about a particul@atabase developed in order to provide
information to easily calculate HNM values and assted statistics, TV Channel Occupancy
and Man Made Noise Upper Limits. The empirical dimathis work has been recorded in
different locations of Spain and Italy during 20drid 2012 thanks to the partnership between the
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Department of Electrical and Electronic Engineer(Bd.E.E.) of the University of Cagliari and
the Department of Electronics and Telecommunicatmfithe University of Bilbao (UPV/EHU).
The database is composed of three different ddta each one associated to one of the
measurement bandwidths and resolutions: 8 MHz, Z Mkt 100 kHz. The 8 MHz bandwidth
measurements provide the typical spectral inforomathat a potential cognitive device could
achieve by typical spectral sensing techniques. ThdHz and 100 kHz measurements, not
feasible for typical cognitive radio implementatsprhave been carried out having in mind
further spectral analysis of the UHF band as wsllaacrosscheck benchmark for correctly

evaluating the 8 MHz results.

In the last topic we focus on the IEEE 802.22 WRHAIS] standard. The objective is to
evaluate the performance of an 802.22 system opgriato the same coverage range of a DTT
receiver. We performed extended measurements falu&ing the protection of the existing
broadcasting services. In order to evaluate thiopeance of DTT systems interfered by 802.22
transmissions in their adjacent channels their Bitor Rate (BER) levels were monitored
changing the 802.22 signal power level for eacfedkht transmission bandwidth. The goal of
the study is to find the maximum transmission polegel of an 802.22 signal in an adjacent
channel of an active DTT transmission in orderdspect the condition for the minimum BER
level of the DTT receiver, according to the staddaiThe maximum transmission power levels
of an 802.22 signal transmitting in adjacent chésmoéan active DTT system in order to respect

the condition for the minimum BER level of a DT Tcedver are shown.
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Chapter 1

Cognitive Radios in the TV White Spaces

Current spectrum allocations are based on a comiaaddontrol philosophy; that is,
spectrum is allocated for a particular applicafiery., TV broadcasting), and such allocations do
not change over space and time. There have beerat@nportant developments in the past few
years in the spectrum policy and regulatory domamsaccelerate opportunistic uses of
spectrum. The most recent of these are the puidicaf the National Broadband Plan (NBP) in
March 2010 [24], the publication of the final rules unlicensed devices in the TV bands in
September 2010 [25], and the ongoing proceedingséaondary use of the 2360-2400 MHz
band for medical body area networks (MBANS) [26].

The NBP is a policy document that was the culmarabf almost a year’'s worth of work by
the Federal Communications Commission (FCC) witbuinfrom industry and government
agencies on how to formulate spectrum policy ineortb facilitate broadband usage for the
coming years. One of the main recommendationseof\fBP is to free up 500 MHz of spectrum
for broadband use in the next 10 years with 300 Meing made available for mobile use in the
next five years. The Plan proposes to achievegbas in a number of ways: incentive auctions,
repacking spectrum, and enabling innovative spettaccess models that take advantage of
opportunistic spectrum access and cognitive teclasido better utilize spectrum. The Plan urges
the FCC to initiate further proceedings on oppdstin spectrum access beyond the already
completed TV white spaces (TVWS) proceedings.

The major worldwide regulatory agencies involvedi@veloping rules for the unlicensed use
of TVWS are the FCC in the United States, the @fti€ Communications (Ofcom) in the United
Kingdom, and the Electronic Communications Comrei(feCC) of the Conference of European
Post and Telecommunications (CEPT) in Europe.

The FCC released the final rules for “Unlicensece@pon in the TV Broadcast Bands” in
September 2010 [24]. This was the culmination ohyngears of deliberations on the subject,
starting with the first NPRM in May 2004 and folled by laboratory and field testing of sensing
devices through 2007 and 2008 and the second rapdriorder in 2008 [24]. A recent study
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shows the opportunity provided by TVWS showing te potentially of the same order
(~62MHz) as the recent release of “beachfront” 76laMpectrum for wireless data service [26],
while New America Foundation has another estimétse40 channels available in major cities
[27].

CR technology plays a significant role in making thest use of scarce spectrum to support
the increasing demand for emerging wireless appdics, such as TV bands for smart grid,
public safety, broadband cellular, and the MBAN d&or medical applications. In order to take
advantage of these new opportunities, a numbertasfdards (e.g. IEEE 802.22 [28], IEEE
802.11af, ECMA 392 [29], IEEE SCC41, and ETSI RRBE]] are either in development or have

already been completed. An overview of these staisdzan be found in chapter 5.

1.1 Cognitive Radios

The first definition of cognitive radio was giver B. Mitola [8]. He defined cognitive radio
as follows: “The term cognitive radio identifiesetlpoint at which wireless personal digital
assistants and the related networks are suffigiecdimputationally intelligent about radio
resources and related computer-to-computer comratioins to: (a) detect user communications
needs as a function of use context, and (b) toigeoradio resources and wireless services most
appropriate to those needs.”

The definition of CRs developed by Working PartyRYM.B of the ITU Radiocommunication
Sector (ITUR) represents this common understandiagadio system employing technology
that allows the system: to obtain knowledge ofoiperational and geographical environment,
established policies and its internal state; toadyically and autonomously adjust its operational
parameters and protocols according to its obtakremlvledge in order to achieve predefined
objectives; and to learn from the results obtair{éd].

The following key capabilities of the CRs are utided in the ITU-R WP 1B definition: the
capability to obtain knowledge, the capability thust operational parameters and protocols, and
the capability to learn. Within the CR paradigm,aakighly praised alternative for overcoming
the inherent limitations of the radio frequencypem, the current worldwide situation of the
VHF and UHF TV channels is an excellent applicasoanario.

One of the most prominent features of CRs is thétyalto switch between radio access

technologies, transmitting in different portionstbé radio spectrum as unused frequency band
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slots arise. This dynamic spectrum access is otteediindamental requirements for transmitters
to adapt to varying channel quality, network cotiges interference and service requirements.
CRs also need to coexist with legacy PUs, whichehtle right to their spectrum slice and thus
cannot accept interference.

In order to obtain knowledge, CRs can use variggsaaches, including:

* Collecting information from component radio systemgpically perform a lot of
measurements, such as received signal power, digiaterference and noise ratio, and
load. Also, they are aware of their current stéde example, frequency bands and radio
access technologies (RATSs) used by base statiahseaminals, and transmission power
values. All this information contributes a lot teetknowledge of the CRs.

* Geolocation methods for obtaining positions of oadje.g., base stations and terminals)
that are components of the CRs and other radicesigst Can be performed during
professional installation or using a localizatiorstem (e.g., Global Positioning System
and wireless positioning system).

* Access to a cognitive pilot channel (CPC) is alsp/ymportant in some CRS deployment
scenarios. The CPC serves as a means to exchdongaation between components of
the CRs.

* Spectrum sensing and geolocation databases (GL-&8)very important in some
deployment scenarios of the CRs. These two appesaate used to identify white spaces

and detect Pus or even SUSs.

Within this topic, spectrum sensing plays a crumé, along with GL-DBs [24]. In the US,
the FCC has already commissioned the creation eD8&, free to access for any CR device.
The database entries provide, for a certain looafgeographical coordinates), the list of
available channels and the allowable maximum effegsotropic radiated power (EIRP) useful
to transmit without providing harmful interferen]. Even if the GL-DBs are up-to date, the
values provided for a specific geographical poirg atill the results of applying a signal
propagation models and estimated power levels. tDubis static approach, the provided data
might be inaccurate for different reasons suchagable atmospheric conditions or multipath
and fading phenomena [11, 12]. Therefore, therstiilsthe need of a validation in terms of

frequency occupancy and maximum EIRP of the freguency channels provided by the
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GLDBs, using specific spectrum sensing methodsndrt section the most known spectrum

sensing methods are shortly presented.

1.1.1 Spectrum Sensing

Spectrum sensing is a critical functionality of @Rowing unlicensed SUs to detect spectral
holes and to opportunistically use under-utilizedgtiency bands without causing harmful

interference to legacy systems.

1.1.1.1 Problem Formulation

Spectrum sensing is based on a well known techregiled signal detection. In a nutshell,
signal detection can be described as a methodlémtifying the presence of a signal in a noisy
environment. Signal detection has been studiedafdar purposes since the fifties. Analytically,
signal detection can be reduced to a simple ideatibn problem, formalized as a hypothesis
test:

o n(k): H,
709 = {5y e Hy @)

wherey(k) is the sample to be analyzed at each instan{k) is noise (not necessarily white

Gaussian noise) of varianeg, s(k) is the signal the network wants to detect, HpéindH, are

the noise-only and signal plus noise hypothesaspgectively.

P(Ho|Ho)

H

P(H1|H1)

Figure 1 Hypotesis test and possible outcomes with theiresponding probabilities.
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H, and H; are the sensed states for absence and presesggnal, respectively. Then, as
shown in figure 1, four possible cases for the ctetksignal can be defined:

1. declaringH, whenHQO is true {, | Hy);

2. declaringH; whenH1 is true {; | Hy);

3. declaringH, whenH1 is true {, | H;);

4. declaringH; whenHO is true {, | Hy).

Case 2 is known as a correct detection, wherea&s Gaand 4 are known as a missed detection
and a false alarm, respectively. Clearly, the ainthe signal detector is to achieve correct
detection all of the time, but this can never befgmtly achieved in practice because of the
statistical nature of the problem. Therefore, digietectors are designed to operate within
prescribed minimum error levels. Missed detectiaresthe biggest issue for spectrum sensing,
as it means possibly interfering with the primaygtem. Nevertheless, it is desirable to keep the
false alarm rate as low as possible for spectrunsisg, so that the system can exploit all
possible transmission opportunities.

The performance of the spectrum sensing techngusually influenced by the probability of
false alarm P= PH, | H,), since this is the most influential metric. Usyathe performance is
presented by receiver operation characteristicsQR@urves, which plot the probability of
detection R= P{H; | H,) as a function of the probability of false alarm P

Equation 1 shows that, to distinguisly andH,, a reliable way to differentiate signal from
noise is required. This becomes very difficulthe tase where the statistics of the noise are not
well known or when the SNR is low, in which case #iignal characteristics are buried under the
noise. The less one knows about the statistichembise, the worse the performance of any
signal detector is in the low SNR regime.

Clearly, the noise characteristics are very imptrfar the spectrum sensing procedure. Most
works on spectrum sensing consider noise to be AWS§iiNe many independent sources of
noise are added (central limit theory). Neverthgles realistic scenarios, this approximation
may not be appropriate since receivers modify tbesenthrough processes such as filters,
amplifier non-linearities and automatic gain colgro

Poor performance in a low SNR regime means thatofalthe techniques available are
negatively affected by poor channels. In the caserapiable channel gains, equation 1 is

rewritten as:
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_ n(k): H
y() = {h(k)s(k) + n(k): H(i ! 2)

where h(k) is the channel gain at each instant k. In a waeleadio network, since it is
reasonable to assume that the spectrum sensingeddwes not know the location of the
transmitter, two options arise:
* A low h(k) is solely due to the pathloss (distance) betwdmenttansmitter and the
sensing device meaning that the later is out cj@aand can safely transmit;
* Alow h(k) is due to shadowing or multipath, meaning thatsesing device might be

within the range of the transmitter and can caasenful interference.

In the later case, a critical issue arises. Thethmfading plays an especially negative role in
the well known “hidden node” problem. In this preiw, the spectrum sensing terminal is deeply
faded with respect to the transmitting node whawihg a good channel to the receiving node.
The spectrum sensing node then senses a free medidmnitiates its transmission, which
produces interference on the primary transmissidius, fading here introduces uncertainty
regarding the estimation problem.

To solve this issue, cooperative sensing has besmyoped. In this approach, several sensing
terminals gather their information in order to ma#ejoint decision about the medium

availability. Cooperative spectrum sensing willeoglored in section 1.1.1.6.

Spectrum sensing methods can be generally dividetio categories differing for their
approach:

* in the receiver centric approach an interferencet lat the receiver is calculated and
used to determine the restriction on the powerhef transmitters around it. This
interference limit, called the interference tempan® is chosen to be the worst
interference level that can be accepted withoututhéng the receiver operation
beyond its operating point. Although very intenegti this approach requires
knowledge of the interference limits of all recesran a primary system. Such
knowledge depends on many variables, including viddal locations, fading
situations, modulations, coding schemes and sevideey have been ruled out by the
IEEE SCCA41 cognitive radio network standard.
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* In the transmitter centric approach, the focushifted to the source of interference.
The transmitter does not know the interference satpre, but by means of sensing,
it tries to detect free bandwidth. The sensing @doce allows the transmitter to
classify the channel status to decide whether nt ttansmit and with how much

power.

Therefore spectrum sensing techniques mainly foousrimary transmitter detection and can
be classified in three categories: matched filegrergy detection and signal feature detection
[10]. The matched filter, also known as pilot détat is considered as being an optimal
spectrum sensing method because it maximizes twvesl SNR. The drawback of such a
method is that there is the need of an a-priorMkadge on the primary source characteristics
and also a dedicated receiver for each type ofEidrgy detection is the most common sensing
method because of its low computational burderms & non-coherent approach that does not
need knowledge of pilot data, but has the disadgmtof setting a threshold to determine
whether a frequency sub-band is occupied or natesholds are difficult to define, as they are
susceptible to noise, fading and in-band interfeeenother drawback of this method is the
incapacity to differentiate different signal typ@se signal feature detection method is based on
the fact that primary signals have non-random corepts (features) that can be used to
discriminate the signal from noise and also tosfgghe signal, even for very low SNR. One
disadvantage of the method is that it still requiseme prior knowledge of the type of PU.
Another shortcoming concerns the computational derily, a bottleneck for the practical

implementations. b

1.1.1.2 Matched Filter

The optimal way for any signal detection is a mattHilter, since it maximizes received
SNR ratio. However, a matched filter effectivelyjuees demodulation of a PU signal. This
means that CR hasa priori knowledge of PU signal at both PHY and MAC layees].
modulation type and order, pulse shaping, packedd Such information might be pre-stored
in CR memory, but the cumbersome part is that Bnadulation it has to achieve coherency
with primary user signal by performing timing andrrer synchronization, even channel
equalization. This is still possible since most Rldse pilots, preambles, synchronization words
or spreading codes that can be used for cohereecta®. For example: TV signal has
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narrowband pilot for audio and video carriers; CDMystems have dedicated spreading codes
for pilot and synchronization channels; OFDM paskieve preambles for packet acquisition
and so on [32].
If a pilot signal is known, then the matched filteignal detector achieves the optimal
detection performance in AWGN channel, as it mazewsithe SNR. Let us assume that:
» the signal detector knows the pilot sequen€¢&) the bandwidth and the center
frequency in which it will be transmitted;
« the pilot sequence is always appended to each prigyatem’s transmission (uplink
or downlink);

* and the signal detector can always receive cohgrent

Then, if y(k)is a sequence of received samples at instagt{1,2,...., N} at the signal

detector, the decision rule can be stated as:

decide for {ZO Z:); i g
1, =
where
¥ = Zih=1y (k) x(k)* 3)

is the decision criteriong is the threshold to be compared angk)* is the transpose
conjugate of the pilot sequence. The hypothesissiecis simplified as the matched filter
maximizes the power gf as seen in equation 3. This means it performs ewelh in a low SNR
regime.

The main advantage of matched filter is that dueotzerency it requires less time to achieve
high processing gain since only a little numbesaiples is needed to meet a given probability
of detection constraint. However, a significantvdoack of a matched filter is that a CR would
need a dedicated receiver for every PU class.

1.1.1.3 Energy Detector

One approach to simplify matched filtering appro&ho perform non-coherent detection
through energy detection. This sub-optimal techaibas been extensively used in radiometry.
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An energy detector can be implemented similar spectrum analyzer by averaging frequency
bins of a FFT [33]. Processing gain is proporticidFFT sizeN and observation/averaging time
T.

It is based on the principle that, at the recepttbe energy of the signal to be detected is
always higher than the energy of the noise. Theggndetector is said to be a blind signal
detector because it ignores the structure of theasi It estimates the presence of a signal by
comparing the energy received with a known thresfipderived from the statistics of the noise.

Let y(k)be a sequence of received samples{1,2, ...., N} at the signal detector, such as in

equation 1. Then, the decision rule can be staed a
decide for {

where
y = Elly(k)|?] (4)

is the estimated energy of the received signal@igichosen to be the noise variamce In
practice, one does not dispose of the actual redesnergy powey. The energy detector uses,

instead, the approximatighfor y, with

7= STl (ol (5)

IncreasingN improves frequency resolution which helps narrovebsignal detection, then by
the law of the large numbefsconverges tg. Also, longer averaging time reduces the noise
power thus improveSNR. Thus, the performance of the energy detectoiréilly linked to the
number of samples. Furthermore, the energy deteet@ms completely on the variance of the
noises? which is taken as a fixed value. This is generatly true in practice, where the noise
floor varies. Essentially this means that the epatgtector will generate errors during those
variations, especially when the SNR is very low.

There are several drawbacks of energy detectotts ntight diminish their simplicity in
implementation. First, a threshold used for primaser detection is highly susceptible to
unknown or changing noise levels. Even if the thoés would be set adaptively, presence of
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any in-band interference would confuse the energgalor. Furthermore, in frequency selective
fading it is not clear how to set the thresholdhwiéspect to channel notches. Second, energy
detector does not differentiate between modulaigdats, noise and interference. Since, it
cannot recognize the interference, it cannot berfebm adaptive signal processing for
cancelling the interferer. Furthermore, spectruricgdor using the band is constrained only to
primary users, so a cognitive user should treaten@nd other secondary users differently.
Lastly, an energy detector does not work for sprepectrum signals: direct sequence and
frequency hopping signals, for which more sophagéd signal processing algorithms need to be
devised. In general, we could increase detectoustoiess by looking into a primary signal

footprint such as modulation type, data rate, beosignal feature.

1.1.1.4 Cyclostationary Feature Detector

Another method for the detection of primary signal€yclostationary Feature Detection [33]
in which modulated signals are coupled with sineevearriers, pulse trains, repeated spreading,
hopping sequences, or cyclic prefixes. This resutduilt-in periodicity. These modulated
signals are characterized as cyclostationary bec#usir mean and autocorrelation exhibit
periodicity. This periodicity is introduced in tlsggnal format at the receiver so as to exploit it
for parameter estimation such as carrier phaséngdior direction of arrival. These features are
detected by analyzing a spectral correlation fumctirfhe main advantage of this function is that
it differentiates the noise from the modulated algmergy. This is due to the fact that noise is a
wide-sense stationary signal with no correlatiowéeer modulated signals are cyclostationary
due to embedded redundancy of signal periodicity .

Spectral correlation function (SCF) is also knowvencgclic spectrum. While power spectral
density (PSD) is a real valued one dimensionalstaam, SCF is a complex valued two
dimensional transform. Because of the inherenttsgleedundancy signal selectivity becomes
possible. Analysis of signal in this domain retaisgphase and frequency information related to
timing parameters of modulated signals. Due to, thigrlapping features in power spectral
density are non overlapping features in cyclic sp@ec. Hence different types of modulated
signals that have identical power spectral dertsityhave different cyclic spectrum.

The works by Gardner [34] in 1991 and Enserinkakt[35] in 1995 have studied this signal

detection scheme in detail. The work of Enserirlofes the same line of the one by Gardner, in
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which the cyclostationary feature detector is basedhe magnitude- squared of the spectral

coherence, which for any random proc&ds given by

lox ()] = — O 6)
[sx)(F+5)x)(F-3)]?

whereSy is the spectral correlation density function,hie tyclic frequency and f is the spectral
frequency. In the specific case of the cyclostatigrfeature detector, substitutipg®(f) by
px*(f) and Sy by Sy, which are the estimated versions of the same tifiemn we have the

decision metric:

i = 1py*(f)| = — L (7)
[(Sx0(r+3)8x(r-5)]

NP

which goes into the decision statistic, given by

SES)

decide for {ZI: ii]/: ; ﬁ

Among the advantages of the cyclostationary featle&ection we can enumerate the
robustness to noise because stationary noise &xmmbi cyclic correlations, better detector
performance even in low SNR regions, the signassifecation ability and the flexibility of
operation. The disadvantages are a more complecepsmng needed than energy detection and
therefore high speed sensing cannot be achievesl.nidthod cannot be applied for unknown
signals because an a priori knowledge of targetasigharacteristics is needed. Finally, at one
time, only one signal can be detected: for multgymal detection, multiple detectors have to be

implemented or slow detection has been allowed.

1.1.1.5 Two Stage Spectrum Methods

Since cyclostationary feature detection is somehomplementary to the energy detection,
performing better for narrow bands, a combined ap@n is suggested in [12], where energy

detection could be used for wideband sensing ard, tfor each detected single channel, a
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feature detection could be applied in order to midee final decision whether the channel is
occupied or not. First a coarse energy detectiagesis performed over a wider frequency.
Subsequently the presumed free channel is analyitkdhe feature detector in order to take the

decision.

1.1.1.6 Cooperative Techniques

Detection of primary user by the secondary systegritical in a CR environment. However
this is rendered difficult due to the challengesagturate and reliable sensing of the wireless
environment. Secondary users might experience da$se to multipath fading, shadowing, and
building penetration which can result in an incotreudgment of the wireless environment,
which can in turn cause interference at the liceériBe) by the secondary transmission. This
arises the necessity for the cognitive radio tailglly robust to channel impairments and also to
be able to detect extremely low power signals. €hsisingent requirements pose a lot of
challenges for the deployment of CR networks. Highsitivity requirements on the cognitive
user caused by various channel impairments andplomer detection problems in CR can be
alleviated if multiple CR users cooperate in segsthe channel. [36] suggests different
cooperative topologies which can be broadly classiinto three regimes according to their level
of cooperation.

In Decentralized Uncoordinated Techniques the ¢ognusers in the network don’t have any
kind of cooperation which means that each CR uslémadependently detect the channel, and if
a CR user detects the primary user it would vaiteehannel without informing the other users.
Uncoordinated techniques are fallible in comparisath coordinated techniques. Therefore, CR
users that experience bad channel realizationsi¢sved regions) detect the channel incorrectly
thereby causing interference at the primary receive

In Centralized Coordinated Techniques an infrastinecdeployment is assumed for the CR
users. CR user that detects the presence of a rgritrensmitter or receiver informs a CR
controller. The CR controller can be a wired imnekdevice or another CR user. The CR
controller notifies all the CR users in its rangg fmeans of a broadcast control message.
Centralized schemes can be further classified ¢oraing to their level of cooperation into

« Partially Cooperative: in partially cooperative wetks nodes cooperate only in

sensing the channel. CR users independently détectchannel inform the CR
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controller which then notifies all the CR users.eGuch partially cooperative scheme
was considered by [37] where a centralized Accedst PCR controller) collected the

sensory information from the CR wusers in its rarged allocated spectrum

accordingly;

» Totally Cooperative Schemes: in these networks)adles cooperate in relaying

each other information in addition to cooperativeinsing the channel. For example,
the cognitive users D1 and D2 are assumed to beni#ting to a common receiver:

in the first half of the time slot assigned to DIransmits and in the second half D2
relays D1's transmission. Similarly, in the firsalhof the second time slot assigned

D2 transmits its information and in the second bAlfrelays it.

For Decentralized Coordinated Techniques variogerdhms have been proposed for the
decentralized techniques, among which the gossiplggrithms [38], which do cooperative
sensing with a significant lower overhead. Othecettralized techniques rely on clustering
schemes where cognitive users form in to clusterd these clusters coordinate amongst
themselves, similar to other already known senstwark architecture (i.e. ZigBee).

All these techniques for cooperative spectrum sgngiaise the need for a control channel
[39] which can be either implemented as a dedicamiency channel or as an underlay UWB
channel. Wideband RF front-end tunersf/filters carsbared between the UWB control channel
and normal cognitive radio reception/transmissiearthermore, with multiple cognitive radio
groups active simultaneously, the control chanrehdwidth needs to be shared. With a
dedicated frequency band, a CSMA scheme may beabési For a spread spectrum UWB
control channel, different spreading sequencindccba allocated to different groups of users.

Combinations of these methods are used for aclgegood results in terms of sensitivity,
computational time and signal classification, incatled two-stage spectrum sensing schemes
proposed initially in [11] and then refined in [12hd especially in [13]. The mentioned two-
stage schemes perform coarse sensing based ory ele¢egtion, followed by a feature detection
performed on the signals in the sub-bands declaeedoy the previous stage.
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Chapter 2

New Spectrum Sensing Approaches

This chapter consists of two main sections thatmles the study and implementation of two
new spectrum sensing methods. In section 2.1 astage spectrum sensing approach is
described: it is based on the use of Discrete Véa\Rdhcket Transformation (DWPT) instead of
classical Fast Fourier Transformation (FTT) meth@misanalyzing and calculating the signal
power in the TV frequency band. At the end of fir& section the application scenario, test bed
and the consequently series of test performed deraio validate the presented method and to
compare it with the best methods in the literaf{28, 21]) will be shown.

Section 2.2 introduces the implementation of a kied of approach, far from that previously
analyzed: a cooperative spectrum sensing archigecf@4], based on sensor networks.
Cooperative spectrum sensing is typically dividetb ioperational networks, handling cognitive
transmissions, and sensing networks. In concrepeoaf-of-concept on the use of spectrum
sensing for populating a GL-DB by implementing aseploying a sensor network — based
sensing architecture and extending the functionalitthe GL-DB towards human users. This
approach features the concepts of cluster radiopmgpand natural sensing information
perception through 3D Virtual Reality (VR) repretdions of the GL-DB relevant information

for the benefit of a spectrum manager or developer.

2.1 New Two Stage Spectrum Sensing Method

Within this section a different two-stage spectrgensing approach is described; it is
implemented using the DWPT for dividing the anatyf®/B-T frequency band and calculating
the signal power in the resulting sub-bands (chiajn€he free channels can be used for further
communication while the channels which have a sigower that surpasses a certain threshold
are passed to the second detection stage, thedeadtector for distinguishing between PU (in
this specific case DVB-T transmitters) and possiillé The feature detection method used here

exploits the normalized histogram generation ofdbefficients of the DWPT.
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2.1.1 Wavelet Packets Sub-Bands Analysis

After reviewing the sending methods previously préed in section 1.1.1, the energy
detection method was chosen to be implementeceideiign of a new spectrum sensing system.
Instead of using the FFT for analyzing the powentent of the spectrum, we opted for an
alternative method based on the wavelet transfoomaind its discrete application, the DWPT.

The spectrum sensing technique proposed in [40¢hvperforms an energy detection based
on wavelet packets sub-bands analysis, has beehn Tise analysis is performed by deploying
polyphase IIR filter banks which reduce the comportel complexity and makes the method
feasible for dynamic spectrum access communications

The 52-69 channels in the 700-MHz TV band exteminfl698-806 MHz. Each of the 18
channels is 6 MHz wide. Therefore, to cope withdbeve constraints an initial band 192 MHz
wide has been considered, starting from 698 MHz emdting at 890 MHz, which includes the
52-69 TV channels under analysis. A 5-level depéivelet decomposition tree [41] is performed
on this “enlarged” band producing 32 sub-bands. B&wed is divided by means of a wavelet
decomposition tree into sub-bands with a bandwsgcific to the various DTT standards (from
6 to 8 MHz). Only 18 selected sub-bands of theltiegu32, match with the 52-69 TV channels
and, thus, have been considered. The matching $gdseperformed taking into account the
discrepancy between the TV channels order in thguigncy domain and the corresponding sub-
bands order in the wavelet domain.

Figure 2 shows the schematic tree for the caserudigieussion and highlights the labeling of
the effective 18 UHF channels, displayed in asagandliequency order. Within each identified
sub-band the power level can be estimated in theela domain, and then compared to
opportune threshold values so as to identify spectpportunities (TVWS).
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Figure 2 Schematic tree and view of the 18 UHF channeldalyspl in ascending frequency order.

2.1.2 Energy Detection and Signal Classification in DWPT Domain

This new two-stage approach is based on the wadtikliy proposed in [42]. As previously
introduced in section 2.1.1 is a method based onPDVWWub-bands analysis. An initial band
centered on the region occupied by the TV charniealensidered. The band is divided by means
of a wavelet decomposition tree into sub-bands aithandwidth specific to the various DTT
standards (from 6 to 8 MHz). The power level of theeived signal in the wavelet domain is
calculated by summing the corresponding squareceleteoefficients for each sub-band. The
resulting values are compared to opportune thrdshalues [43] to mark the channels for the
frequencies corresponding to the TV channels efrest as free (“white”) or occupied.

As known the drawback of the energy detection nekilsahe reliability of the power level
thresholds. Therefore, in the second stage ofsipextrum sensing method, for all the channels
that previously were identified as not “white”, itigitly having a signal power surpassing the
noise threshold mentioned in [43], we estimate tvbiethey are occupied by PUs or SUs using a
modulation classifier. The wavelet transform has gpecial feature of multi-resolution analysis
(MRA), which provides the necessary parameterxti@aet the feature of the modulated signals.

The modulation types used by the DTT broadcastystess are standard, so a feature-based

classifier for the modulation schemes typical ferréstrial communications can be used to
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classify a possible modulated signal. The propasteme supports the classification of QPSK,
16QAM and 64QAM modulations, specific for the Eugap DVB-T standard. The algorithm is
similar to that proposed in [43]; the normalizedtbgram generation of wavelet transformed
coefficient is used to classify MPSK and MQAM maahions.

The analysis can start initially considering thermalized histogram generation of the

wavelet-transformed coefficients with N samplethia particular process
p(x;) =Ni/N  (8)
whereN; are the samples in the particular process; thmalared histogram shows only one
peak for DVB-T signals. For the classification weed statistical parameters such as moments

and medians. For this reason, from the n-th ordememt for the normalized histogramix; )

given by equation 9

() = 30— ) p(x) 9)

the first-order and the second-order moment of dtaistical process, that respectively

represent the mean and the variance, shown irafi®j11)

u (x) = XI55 X p(x) (10)
2
ty = >IN eil? — [ 2 e | (11)

need to be calculated. In 1d are the wavelet coefficients in each single sutdbalhe
constellation type, circular (M-ary PSK) or in quattire (M-ary QAM), can be detected by

comparing the mean with a first thresh@jd

H1,M-QAM U2, M—PSK+HU1,M—PSK'H2,M—QAM
T, = ¢ ¢ (12)
U2,M-QAMtTHU2 M—PSK
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computed using known, pre-calculated mean and nvegiavalues for M-ary QAM and M-ary
PSK signals. Subsequently, based on the same mend the modulation is a M-ary PSK we

can compare the variance with a second threshgld

U1,QPSK'U2,PSK+THU1,PSK'U2,QPSK
Tpy = -2 - ¢ (13)

H2,0PSKktH2,PSK

to find if it is a QPSK or a different PSK order dutation. If the modulation is an M-ary
QAM, we can detect if it is a 16QAM or a 64QAM coanimg the variance of the signal with a
third threshold’y, given by equation 14.

_ M1,16QAM 'H2,64QAMT11,64QAM H2,16QAM
Tos = (14)
H2,16QAM T H2,64Q04M

The variance and thresholds mathematical formuksesd uo implement our classification
algorithm can be found in [20], but opposed to twisrk, in our new approach the wavelet

coefficients are singularly considered in eachhefsub-bands. Figure 3 presents the flowchart of

the proposed feature detection method.

DTT SPECTRUM

Histogram
Calculation

M-ary PSK < H1<Tq » M-ary QAM
YES NO
Hz < Tp2 . i H2 < Tps 1.8
v 4 v
Q-PSK Qthat 16-QAM 64-QAM

Modulation

Figure 3 Flowchart of the functionality of the proposed featdetection method.
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If the channel is identified as being occupied byPHd, the corresponding channel is
definitively marked as “black”, meaning it is undwedly used by PUs and therefore not suitable
for transmission. If the statistical analysis fassidentify a known type of modulation (QPSK,
16QAM, 64 QAM), we categorize the channel as bémgy”, which means that there is no
broadcaster transmitting, but still the channelotupied, most probably by another SU.
Therefore, the channel is not completely discardedig a potential candidate to be analyzed
again after a certain amount of time in order todevaluated and eventually included in the
white list.

The channels marked as “black” are not suitabl@rforsmission and therefore, after the first
energy and feature detection, we have to considbr the “grey” and “white” channels, thus
reducing the number of operations and making tgersthm suitable for the use with real, live

signals.

WPDM Sub-Bands
Decomposition

1 -E ‘l { : YES

u j I 1 @ . Psup-Band < threshold —_— WHITE List

lNO

Signal Classification

Is DVB-T? —YES | BLACK List

NO

» GREY List

Figure 4 Flowchart of the two-stage spectrum-sensing scharnte DVB-T UHF band.
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Furthermore, the wavelet transformation has to &dopmed only once for both the two
stages of the spectrum sensing scheme, the ceeticused for energy detection and signal
classification being the same. A schematic of tfteppsed two-stage spectrum sensing method
performing in the DVB.T band can be seen in figlire

2.1.3 Software Simulation

The proposed spectrum sensing method is implemersied a two-stage algorithm in which
an energy detection based on discrete wavelet tmskb-bands analysis followed by a feature
detection stage is performed, as shown in sectibi2.2

The algorithm was implemented in Simulink / Matl&imulink (Simulation Link) is a
toolbox of the popular mathematical software Mafi@bmodeling, simulating and analyzing of
dynamic systems. Through a graphical interface hsodan be created in the form of block
diagrams, thanks to a rich library of built-in coomegnts (input signals, linear and non-linear
components, connectors, outputs etc.). After angadimodel, a simulations can be performed by
changing various parameters and the results caedre in real time or stored in the MATLAB
Workspace to rework them..

Simulink has a rich library of various DSP compadsess signal generators, filters, lines and
transmission channels, modulators, transformatiookls and also a toolbox for both continuous
and discrete Wavelet transformation. Other impartammponents are the Simulink toolbox for
rapid prototyping and implementation of signal mesors (Infineon, Texas Instruments,
Freescale) and platforms (FPGA Xilinx and Altera).

In this considered algorithm the coefficients ie #ub-bands are generated using two-channel
Butterworth IR polyphase filters, which have a gdexity in the order of3(Mlog, M ), M
being the number of the samples of the originahaiglf the number of DWPT levels is
considerably lower than the number of samples énittitial signal, as it is in our case here for 5
DWPT levels [ = 5), the complexity can be reduced further to theeof 3ML. In analyzing
the feature detection complexity the first goabishow how the mean score can be calculated as
in (3) with a simple algorithm. In every step ihih component of the processis multiplied by
the correspondent normalized histograifx; ) and this value updates the mean score. This
operation cycle is callefy times (V is the number of wavelet coefficients in a singld-band)

and during the whole execution we comp2ieoperations§ for sum andv for multiplication).
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The second goal is to calculate the variance oDWHPT, as shown in (11). During the whole
execution we computé2N + n + 4) operations ZN for the first sum anav for the second
one). The channels marked as “black” are not sheitbdy transmission and therefore, after the
first energy and feature detection, we have to idensonly the “grey” and “white” channels,
reducing furthermore the number of operations.

The test signals for the system’s functionality evgenerated using the Agilent SystemVue
Software: is a focused electronic design automafifidA) environment for electronic system-
level (ESL) design. It enables system architectd algorithm developers to innovate the
physical layer (PHY) of wireless and aerospaceftsfecommunications systems and provides
unique value to RF, DSP, and FPGA/ASIC implementéss a dedicated platform for ESL
design and signal processing realization, SystemMpéaces general-purpose digital, analog,
and math environments.

8 signals, spaced evenly at 8 MHz on 7.61 MHz valdannels, with constant additive white
Gaussian noise (AWGN), were modulated on carri¢ghénupper UHF band in order to simulate

the behavior of a real terrestrial DVB-T systengufe 5 depicts one of the test signals.

Power (dBm)
&

| | "
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Ereguency (MH2)

Figure 5 Testsignal composed by 8 DVB-T signals with differetarelard modulations.
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Different modulation schemes were chosen even dpacant signals in order to test the
capacity of the system to correctly compute theeghold values needed for the signal
classification.

The first step consisted in the calculation of tttmeshold of the energy detection stage based
also on the results from [43]. The next step inplalculating the reference thresholds for the
modulation classifier based on the simulated irgighals with known modulation type and
signal to noise ratios (SNR). Based on these tbtdshpre-set in the simulator, we tested the
reliability of the proposed application scenario.sAries of test consisting in changing the
amplitude of the signals, their SNR and the modutatype has been performed. A total set of
200 different test signals has been fed to the lstonu For SNR values higher than 5 dB and
specifically for the signals in the 700 MHz barttk proposed method equaled the best methods
presented in the literature [20,21]: for the typi€&/B-T standard modulations the signal

classifier had an identification percentage of 6.5

2.1.4 Hardware Set-Up

After testing the functionality of the software ilementation and calculating the appropriate
threshold values for both the energy detector &edmodulation classifier, we validated these
results with real DVB-T signals acquired using Rffdware. The hardware set-up consisted of
USRP2 software defined radio (SDR) boards equippid WBX wideband daughterboards
covering a spectrum range from 50 MHz to 2.2 GHe EDRs were connected to a PC running
a Simulink model that commands the RF hardware amolements the entire baseband
processing.

Appropriate antennas for the frequency band ofréstewere used during the tests. The
measurements on the power of the DVB-T signals andtheir modulation type were
crosschecked using as reference the Agilent EXAB02€ctor Signal Analyzer, the 89600VSA
software and the instrument’s onboard softwarau(@g). In next sub-sections the USRP2 SDR
and the Agilent EXA9020A VSA.
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Figure 6 Flowchart of the functionality of the proposed featdetection method

2.1.4.1 USRP2 Software Define Radio

A SDR system is made up of a SDR hardware platiamohits associated software framework
and functionality. The term software defined radias coined in [44]. Mitola introduces the
concept of applying digital signal processing (D®#R) general purpose hardware and using
digital to analog converters (DAC) to build digitabmmunications systems. GNU Radio
founder Eric Blossom, states in [45] that SDR is tachnique of getting code as close to the
antenna as possible. The concept is to turn radidware problems into software problems
which are more flexible and manageable. SDRs gémaradulate / demodulate the transmitted
/received waveforms, contrary to most radios, whilch their processing through analog or
combined analog and digital circuitry. To sum u@SRBR or frequency-agile radio, module is
capable of reconfiguring and switching to newlyestéd frequency bands. It can be
programmed to tune to and operate on specific &eqy bands over a wide range of spectrum
[46].

The USRP2 (figure 7) consists of a motherboardsatoing an FPGA for high-speed signal

processing and interchangeable daughterboardsadkiat different frequency ranges. Together,

35



they bridge between bits in a host computer and @nenore antennas. The USRP2 even

contains:
» Gigabit Ethernet interface.
 Two 100 MS/s, 14-bit, analog-to-digital converters.
* Two 400 MS/s, 16-bit, digital-to-analog converters.
e Secure Digital (SD) card reader.
* Fully coherent multi-channel systems (MIMO capabléh up to 8 antennas.
* Modular architecture supports a wide variety ofddaghterboards.

* 2 Gbps high-speed serial interface for expansion.

Figure 7 Universal Software Radio Peripheral 2 (USRP2) SDR.

2.1.4.2 Agilent EXA9020A Vector Signal Analyzer

Analog, swept-tuned spectrum analyzers use sumgdidine technology to cover wide
frequency ranges; from audio, through microwavantiimeter frequencies. FFT analyzers use
DSP to provide high-resolution spectrum and netwarialysis, but are limited to low
frequencies due to the limits of analog-to-digitainversion (ADC) and signal processing
technologies. Today's wide-bandwidth, vector-mothda(also called complex or digitally
modulated), time-varying signals benefit greatlynfirthe capabilities of FFT analysis and other
DSP techniques. VSAs combine superheterodyne témgwavith high speed ADCs and other

DSP technologies to offer fast, high-resolution ctpen measurements, demodulation, and
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advanced time-domain analysis. A VSA is especiadlgful for characterizing complex signals
such as burst, transient, or modulated signals ilsedmmunications, video, broadcast, sonar,

and ultrasound imaging applications.

b

71 SEcEnEl

| ) E@E @@ @ ®
| |

Figure 8 Agilent EXA 9020A Vector Signal Analyzer.

The Agilent EXA9020A VSA, in figure 8, implements & ery different measurement
approach than traditional swept analyzers; theoan#f section is replaced by a digital IF
section incorporating FFT technology and digitginsil processing. The traditional swept-tuned
spectrum analyzer is an analog system; the VSAimsldmentally a digital system that uses
digital data and mathematical algorithms to perfolaia analysis. For example, most traditional
hardware functions, such as mixing, filtering, ateiodulation, are accomplished digitally, as
are many measurement operations. The FFT algoighosed for spectrum analysis, and the
demodulator algorithms are used for vector analyggdications.

A significant characteristic of the VSA is thati# designed to measure and manipulate
complex data. In fact, it is called a vector sigaahlyzer because it has the ability to vector
detect an input signal (measure the magnitude aadepof the input signal). Similar to an FFT
analyzer, VSAs cover RF and microwave ranges, ptiditional modulation-domain analysis
capability. These advancements are made possitdagi digital technologies such as analog-
to-digital conversion and DSP that include digitaermediate frequency (IF) techniques and

fast Fourier transform (FFT) analysis. Becausestpgeals that people must analyze are growing
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more complex, the latest generations of spectruatyaers have moved to a digital architecture
and often include many of the vector signal analgapabilities previously found only in VSAs.

Some analyzers digitize the signal at the instrungout, after some amplification, or after
one or more downconverter stages. In any of theses; phase as well as magnitude is
preserved in order to perform true vector measunsn€apabilities are then determined by the
digital signal processing capability inherent i thpectrum analyzer firmware or available as
add-on software running either internally (measuwmeimpersonalities) or externally (vector
signal analysis software) on a computer connectede analyzer.

A traditional swept-spectrum analyzerl, in effestieeps a narrowband filter across a range
of frequencies, sequentially measuring one frequeica time. Unfortunately, sweeping the
input works well for stable or repetitive signalsjt will not accurately represent signals that
change during the sweep. Also, this technique opigvides scalar (magnitude only)
information, though some other signal charactessttan be derived by further analysis of
spectrum measurements

The VSA measurement process simulates a parallét bé filters and overcomes swept
limitations by taking a “snapshot,” or time-recoad,the signal; then processing all frequencies
simultaneously. For example, if the input is a siant signal, the entire signal event is captured
(meaning all aspects of the signal at that momenime are digitized and captured); then used
by the FFT to compute the “instantaneous” compfgecta versus frequency. This process can
be performed in real-time, that is, without missarny part of the input signal. For these reasons,
the VSA is sometimes referred to as a “dynamic aiganalyzer” or a “real-time signal
analyzer”. The VSA’s ability to track a fast-chamgisignal isn’t unlimited but depends on its
computational capability.

The use of DSP also yields additional benefits gliag time, frequency, modulation, and
code domain measurement analysis in one instrurfiaving these capabilities it improves the
quality of a measurements. FFT analysis allowingyeand accurate views of both time and
frequency domain data. Although the VSA clearlyyides important benefits, the conventional
analog swept-tuned analyzers can provide higheuéecy coverage and increased dynamic

range capability.
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2.1.5 Results

A set of 50 real DVB-T signals, each one 30 secdonlg, with different signal characteristics
(modulation, symbol rate, FEC, SNR) were recordaethe Matlab environment using the RF
hardware and an appropriate antenna. The signaks semtemporary fed to the Agilent Vector
Signal Analyzer for identifying their features.

The Simulink / Matlab set-up presented in secti®dris3 and 2.1.4 was tested with the real

recorded signals in terms of detection reliability.
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Figure 9 Receiver operation characteristics for the propaaedstage spectrum sensing method.

Figure 9 presents the receiver operating charatitesi(ROCs) of our combined spectrum
sensing approach, for both simulated and real Ogiiass. While the system performed well for
simulated signals with a SNR as low as 10 dB, wi&ced a degradation of the detection curve
for real signals. It can be seen that the ROC f@ahsignal with a 10 dB SNR is worse than the
ROC curve for simulated signals with the same SN#&e discrepancy is due to the calculation

of the initial thresholds values of the featureedbn stage, done based on simulated signals.
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2.2 Cooperative Spectrum Sensing for Geo-Location Databases

Another possible approach could be the implentiemtaof a cooperative spectrum sensing
architecture [22], based on sensor networks. Ttemario is applicable both for outdoor and
indoor applications. Cooperative spectrum sengrtgpically divided into operational networks,
handling cognitive transmissions, and sensing netsvd he latter would involve a set of sensors
deployed in an area of interest, which would sdhsespectrum and would relay the process’
results to a Cognitive Radio Controller (CRC) [48]. The CRC further processes the collected
data and sends the sensed area of interest’s wpeotcupancy information to a GL-DB, to
which it is connected, in a transparent way, thiobgture Internet typical infrastructure [49].

The database centralizes all the sensing informdtmm its attached CRCs and serves as a
general register that SUs, who no longer requiegr tbwn dedicated sensing equipment, can
inquire for accessing sensing information for thwarticular area of interest. The focus of this
paper is a proof-of-concept on the use of spectsansing for populating a GL-DB by
implementing and deploying a sensor network — bassing architecture and extending the
functionality of the GL-DB towards human users. sTapproach features the concepts of cluster
radio mapping and natural sensing information paerea through 3D Virtual Reality (VR)
representations of the GL-DB relevant informatian the benefit of a spectrum manager or
developer.

Radio Mapping techniques are employed in an attampiredict and graphically represent
network coverage on the basis of a number of cdrmmemeasurements from locations in an
area of interest. A cluster is defined by an arbéare there is an active CRC and a number of
deployed spectrum-sensing sensors. This transtdatea real-time electromagnetic profile of the
specific area where the sensing sensors are depldyes profile serves for the design and
development of radio architectures over the comedi@area, and reveals such data as optimum
transmission pathways, radio propagation obstasids especially, sensing information.

The idea was to implement an architecture ablecturalize the real time statistical sensing
information, normally intended for secondary coigeittransmitting users who no longer
perform the sensing stage, from different areastefest, in a GL-DB. Also, the next goal was
to employ novel perceptual representation in otdegrovide a radio spectrum manager with a

way of perceiving and assimilating this statisticébrmation in a natural and efficient way.
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2.2.1 Conceptual Application Implementation

The sensing sensor network employed for the funatianplementation of the conceptual
application is a Crossbow ZigBee Wireless Sensdwbi& (WSN) that uses wireless sensor
nodes know as MICAz Motes [50]. Although it is lted to central frequencies between 2.405
and 2.485 GHz, with low throughput, ZigBee doesehsixteen 5 MHz channels that we used for
testing the sensing algorithm. In other words, t@gting scenario involves limiting the concept
of radio frequency spectrum to the 2.405 GHz - 2.&81z domain, and its 16 channels. All the
sensors of the WSN have in their transmission sti®drames a Received Signal Strength
Indicator (RSSI) slot, which reveals a numericalugeaof the gateway’s signal power as
perceived by that particular network node, which ve® interpret as a power measurement,
equivalent to the energy detection spectrum sensiethod. The RSSI is a naturally available
resource when dealing with wireless nodes, andbeamsed to implement obstacle and position
detection and estimation algorithms, in dealinghviabth primary and secondary users of a CR
Network [51].

The total number of utilized wireless nodes is ITB2e area of interest is split into 1.5 m side
squares, disposed as 16 in length and 12 in wigilbh square is the sensing area of a specific
sensor, positioned in the middles of the squafeGmeters from the floor. The position of each
node represents an increment of the measuremgntasté.5 meters. Theoretical values of the
detected signal power (and implicitly of the sensigthal RSSI) can be found out by utilizing the
logarithmic correlation between received signatrsith and distance as was previously done in
[52].

It is at this point that we will consider a theacat division of the WSN Gateway into two
distinct functional entities. The first will be ceidered as an entity that gathers the sensing
information from the WSN nodes, and therefore, apmrforms the CRC characteristic
functionality of GL-DB update, while the other whlandle the WSN Gateway’s transmission
and will be considered a typical CR primary trartting user, using one of the typical ZigBee
channels. To sum up, the measurement and validatzenario enforces the following
suppositions:

» the radio spectrum is the ZigBee standard frequeoayain with its 16 channels;
» the WSN Gateway is a primary transmitter;

* the sensors are secondary users who employ enetggtion sensing (RSSI);
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« the WSN Gateway’s data gathering and GL-DB updateansparent.

The primary user (WSN Gateway) is placed in theeorcorrespondent to row 0 and column
0 of the sensors grid in the area of interest,&n®from floor level. All the sensing information
gathered by the sensing sensors is real-time pedeand forwarded by the WSN Gateway
entity, playing the CRC role, towards the GLDB,b® made available for secondary users or
spectrum managers.

As previously stated in the definition of the copigeour functional implementation aims at
modeling and developing a real-time natural pefoapiand interaction GUI that brings
additional functional uses for the GL-DB concepheTdata, contained in the GL-DB, that was
originally intended for cognitive users can be ewgpt by spectrum and network managers in
order to better understand, develop and utilizelabl@ channels and spectrum resources. For
perceptually representing the gathered GL-DB d#te authors implemented a 3D VR
Environment build upon traditional desktop equipmemhich portrays the available sensed
information. Inside the GUI, along with informatigerception, the user can interact with relays
and switches that control actuators from the afeaterest, in so enabling the reconfiguration of
the sensing architecture to better suit the usef@mational needs. The consequence of the
interaction inside the GUI and its implicit sensiggnsor pattern reconfiguration is a real-time
change in the sensed information and accordinglisinepresentation. Also inside the 3D GUI,
there is a navigation menu that allows the usendwe inside the virtual environment in order to
gain better perspective and perception of the aglewnformation. The deployed 3D Virtual
Environment is supported by the VR Media’'s XVR wat reality framework [53]. The virtual
environment is a 3D replica of the real world anéaterest, starting from the RSSI information
interpretation, upon which, obstacle and positi@iedtion and estimation algorithms were

based, can be implemented.

2.2.2 Results

A view of the 3D representation of the gatheredadatpresented in figure 10. The graphic
representation describes a Cognitive Radio Netwmrknary user's (WSN Gateway) signal
power distribution as received by a sensing WSNs Thdio signal is on a typical ZigBee

frequency channel, having 5 MHz of bandwidth. Téeresented values are expressed in [dBm]
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and they are subject to the propagation constrarggided by typical electromagnetic indoor

obstacles, disposed in the area of interest.

Lel
Right Lateral view Above View
D IEfCustom Wiew
PR\ ;!

Figure 10 Radio Map representation of the signal power digtion with smooth transition
between colors, inside the area of interest (ford e highest value to Violet the lowest);

The green sphere represents the WSN Gateway prinsary

The highest RSSI values are color-coded red, amdji@en a high value on the Y axis (the
orthogonal direction from the wireless sensor nadangement geometry represented as a blue
grid plane), in the representation, while the lowaee color-coded violet, and have a value of O
(null) on the Y axis. Between the two extremes Wadues are interpolated, for a smooth
transition. The green sphere marks the locatiorthef transmitting primary user, and, as
expected, has the highest RSSI value. While theakigower distribution profile is loosely
consistent with Friis’ model equations, the inhé@momalies signify electromagnetic obstacles,
typical to indoor environments. The measured GayeR@&SI values were in between a -60 dBm
and -100 dBm. The WSN'’s PER (Packet Error Rate)egsablished to be 3.4%.

The main result is the added value derived from Hilerid implementation of the Radio
Spectrum Management field with Virtual Reality repentation and multimodal interaction
methodologies. The first tests, performed in ordevalidate the proof-of-concept application,
using a single frequency, showed that merging eepbally developing domains such as Virtual
Reality and its characteristic techniques and dsviwith the field of spectrum sensing and,
generally, dynamic spectrum management, resultslded functionality and significant added

value for the latter. The idea is to continue thegel tests by analyzing a more extended range
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of frequencies and by implying more intelligent sennodes, for example software-defined

radios.

Coordinated Techniques that involve CRCs, if openal networks would be implemented
on top of sensing networks (collocated) and addtidunctionality (from the point of view of
the transmission and processing power) would begohfom the CR Controller to the sensor
nodes, which can be implemented by employing SDafqrins (USRP2) [54]. This is not an
evolution of the Sensing sensor networks approathdsher a parallel alternative for a better-
suited purpose scenario, both collocated and segheachitectures approach having their pros
and cons.

Because of the immersive nature, high interactiahd powerful sense of presence, the
authors’ 3D GUI complies perfectly with the 3D Inmtet [55] component of the Future Internet
that offers users an augmented interaction andgatisn metaphor. Also, the wireless nodes
network features a functionality that emulates rimé¢ of Things specific scenarios, while the
whole conceptual application offers a radio spestmnanagement service particular to the
Internet of Services.

The VR environment could be further developed byleying advanced visualization, sound
and haptic devices specific to immersive VR appiices (i.e. CAVE [56]). The first tests,
performed in order to validate the proof-of-concepiplication, using a single frequency,
showed that merging exponentially developing domasuch as Virtual Reality and its
characteristic techniques and devices with thel figlspectrum sensing and, generally, dynamic
spectrum management, results in added functionality significant added value for the latter.
These initial tests will be continued by analyzagnore extended range of frequencies and by

implying more intelligent sensor nodes, for exangaéware-defined radios.
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Chapter 3

A Real Cognitive Radio System in the TVWS

The evolution of wireless communication systems aativorks in recent years has been
explosive. This trend had an enormous impact afsshort-range indoor consumer applications.
Today’s TV broadcasting industry is rapidly facingw challenges to chase the technological
progress if compared to the previous fifty yearsitefexistence [57]. The analog to digital
migration of the broadcasting technologies, haswal broadcasters offering interactive
services and tailored applications to users whietiude interactivity, different levels of
personalization, and innovative location-basedyel as context-aware, services [58]. Recently,
several new means for delivering services, such\avideo streaming over IP (IPTV) based
either on XDSL or in the forthcoming near future\&iMAX, LTE or LTE-A access are arising
beside traditional terrestrial and satellite syste®9]. All these new access techniques are
providing broadband services, enabling the stregnoh high definition video and audio
information [60]. The new generation set-top boaes provided with the multiple access feature
being able to decode heterogeneous TV input sigeays, DVB-T, DVB-S, IPTV) whereas the
promise of multi-room digital video recording (DVRps well as the ability to deliver
commercial content to more devices within the sasoenestic environment, excites both
consumers and service providers. Within this cdntéhe Digital Living Network Alliance
(DLNA) has developed a robust set of technical eglimgs for high-quality streaming of
multimedia content over both wireless and wiredwogk connections between home
entertainment and mobile devices [59]. The DLNAdglines provide for a homogeneous and
universal infrastructure through Wi-Fi 802.11 foireless connectivity and Multimedia over
Coax Alliance (MoCA) for wired connections. MoCAeassan infrastructure based on coaxial
cable for providing reliable distribution of videontent [61].

On the other hand, wireless connectivity throughR\Mgpots raises overcrowding issues. The
significant advances and the growing interest irel@ss technologies have resulted in a wide
range of standards and applications, especiallyottess operating in the unlicensed 2.4 GHz
Industrial Scientific and Medical (ISM) band. Theeocrowding of the ISM band is becoming in
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fact a serious challenge for the development ofrigae-generation networks operating in these
bands (e.g., ad-hoc, low-power networks). Thesélpmos are even more accentuated in urban
morphologies such as dense cities with near malfipbr buildings. In the EU, for instance, the
proliferation of indoor Wi-Fi networks operating tine ISM band, has led to a situation in which
every flat has its own Wi-Fi spot, leading to coeyptoexistence problems.

In order to limit this congestion, especially fadoor applications, the first proposed solution
was the use of the currently non-congested 5 Ghizl.benfortunately, working at such high
frequencies does not allow indoor systems to pevety high data rates and adequate coverage
in indoor environment such as multi-floor houselserefore, a valid alternative would be to use
lower frequencies (below 1 GHz),for which the sigpaopagation in indoor environment
improves, avoiding phenomena related to the presehobjects, walls and other obstacles, even
in big buildings with multiple floors.

Worldwide, lots of countries have already finishedare in the process of switching off
analog TV broadcasting in favor of DTT broadcastiygtems [7]. Even after the redistribution
of the digital TV channels, the problem of an eéit utilization of the allocated frequencies is
still far from being solved. For example, there sti# large territorial areas on which, although
allocated, the TV channels result unused, due tecerege problems. In these conditions a
transmitter operating at a low antenna height atwivapower level such as for a typical indoor
application, could reasonably operate without aagigxisting interference to TV services, due
to its much restrained service and interferencgeaido dynamically exploit the nominated
spectral opportunities (i.e., TVWS), such a dewsbeuld have the capability of monitoring its
own radio environment and adapt accordingly. Thregabilities are typical for CRs.

In the TV bands specifically, the presence of Pélg.(TV broadcasters) can be revealed both
performing a local survey of the occupied spectriihe “spectrum sensing” operation) and
considering the information provided by the exté@a-DB if available. In the United States,
the FCC has already named several operators aridriped first field tests with such GL
accessible to CR devices at no operational costalfsady seen the database provides, for a
certain location, the list of the free TV channafgl the allowable maximum effective isotropic
radiated power (EIRP) for transmitting without h&wivinterference to incumbent users [17]. In
other countries such as the UK the managementagfr®m Making and Special Events (PMSE)
band already makes extensive use of similar da¢sbi@slicense radio microphones and in-ear
monitor (IEMs) users within the UHF band. The drawak of using GL-DBs, even upgraded on
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a daily basis, resides in the values corresponiiregspecific geographical point that are still the
results of calculations based on a certain signgbggation model and estimated power level.
Due to this static (for short term at least) apphpahe provided data might be inaccurate for
different reasons such as variable atmosphericitonsl o 'and fading phenomena. Furthermore,
GL based on the exact position of a cognitive deviehich especially for indoor applications
may not be accurate [17]. The BBC conducted a s{6@y on compatibility problems for
broadcasting networks and devices operating irDfh€ band. The study identified the joint use
of spectrum sensing techniques, GL-DBs and EIRRrabas a possible way to effective safe
communications. This conclusion is being supporésb by a research conducted by the
Electronic Communication Committee (ECC) [17] asdimplemented by the first worldwide
TVWS cognitive radio standard, the IEEE 802.22 WRAN, 19]. By the light of that, TVWS
in the UHF bands, with respect to certain limited Ipower application, could be candidate to
reduce the congestion in the 2.4 GHz band for sljgionsumer indoor applications.

For all this reasons we decided to implement dicemsed indoor short-range distribution
system for the wireless retransmission of highrdigdn (HD) DTT-compliant contents in the
TVWS, with straightforward implementations as hometertainment system. The HDTV
content can be both free-to-air (FTA) and pay cle#nneceived by either DTT/SAT or cable
TV, IPTV, sources as well as auxiliary content oraging external inputs (A/V devices,
infotainment content, closed circuit cameras efthe DTT receivers do not require auxiliary
hardware, but a conditional access module (CAM) adays commonly incorporated in
consumer equipment. A potential consumer applinasicenario is indoor broadcasting of HD
DTT contents, redirecting several channels whicly beacquired from different sources (DTT,
SAT, IPTV, cable TV etc.). Unauthorized access iisvpnted by employing digital rights
management (DRM) scrambling techniques [63] implaie@ on a common interface (Cl) card
to be inserted in the CAM slot of the DTT receivEne system relies on the exclusive joint use
of GL-DBs and spectrum sensing. We focused on trealsmitting constraints such as the
Adjacent Channel Interference (ACI) issues, theepial direct radiation into the TV receiver
and the presence similar systems within the samerage range. To assess the feasibility of the
proposed system, extended measurements were pedommreal indoor environments with
respect to the protection of the existing broadegstV services which verify the suitability for

multi-floor environments.
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The rest of the chapter is organized as follow<ti&e 2.1 describes the design of
proposed technical solution and section 2.2 nts the actual implementation. Section
describes the te$ted, the performed measurement campaign togethbrtiae results of th
hardware implementation, to illustrate the systemfeasibility. Finally section 2.4 illustrat

some application scenarios.

3.1 System Description

Indoor HDTV A .
Multi-Vision System

i i TVs with integrated
| ! DTT decoder and
i = antenna

A ——————— | R

Figure 11 General view of the indoor system.

Before starting with the description of the systéne concepts of multiplex and transpon
for digital television transmissions need to beatesi. A multiplex (MUX), also called virtu.
sub<hannel in the USA, is a group of several TV ch#meixed ogether (multiplexed) ar
broadcasted over a DTT frequency. Many PPV TV beaatkrs offer to their subscribers sev
MUX packages (i.e. a dedicated MUX for sport eventevies etc.). Depending on the regic
DTT broadcast standards, a single MUX ile to broadcast up to 16 Tshannels with a tot:
transmission rate up to 40 Mbps (for example theofean DVE-T2 standard23]). This data
rate is divided between HDTV, Standard Definitioal&vision (SDTV), radio and additiot
information channels. Siihar to the terrestrial MUX, the satellite transplen includes sever.

video and audio channels on a single widebanderai typical transponder has a bandwi
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between 27 Mbps and 50 Mbps (D-S2 standard [G) This data rate is also divided betwe
HDTV, SDTV, radio and additional information chais)

The main idea is to use the TVWS to redirect sdvEvaMUXs/transponders, originatin
from terrestrial or satellite transmissions, to ange of authorized users in an ind
environment. Additional eantents from DVD/PC/mobile/camcorders or IPTV degiacan b
shared for home entertainment use or for infotamnegchitectures (resorts, hotels, airpc
malls etc.). Besides thactive use of G-DBs (encouraged both by European and US regul
boardsand IEEE standards), the proposed sysalso implements spectrum sensing as
additional resource. Sensing is used for validating local unused or underused char
information read from the standard database ancise, refining the terms of itse (e.g. EIRP
control).

This indoor multivision system is based on a central cognitive deaiting as a server a
in charge for receiving TV content and retransmgitit at low power to end devices that, in i
case, are commercial TV sets with orrd DTT decoders (figure 11). The system is assuto
be connected to a GDB which provides information on the unused chasirelailable in
particular location and, thanks to the spectrunsisgnapproach, is able to validate the resu
this query inan exclusive manner [14]. The four main tasks peréal by the ceral device are

illustrated in figure 12.
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Figure 12  General view of the indoor HDTV multiision systen
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The first task is to receive digital broadcastingntent and to translate it from radio
frequencies to baseband (RF/BB modules). Eacheohtmodules can handle the TV programs
contained in one DTT MUX or Satellite TranspondAdditional modules are needed for
simultaneously receiving more MUXs or transpondererder to allow the users to build up a
list of desired TV channels.

Based on this list, the central block (DMUX/S-TRANJX) handles the n received digital
contents and bundles the chosen channels intorome@ MUXs/transponders compliant to the
opportune standard. The number m of generated MlUEssponders depends on the number of
the desired channels and their characteristics {§IDTV, radio etc.). The central block has
also the possibility to redirect additional contefrom external DVD/PC/mobile/camcorders or
IPTV devices (AUX streams) in the detected speatggortunities, as one or more channels
within a MUX.

Prior to the distribution, the TV content is encdfserambled by a proprietary Digital Rights
Management (DRM) - compliant system [65, 66], tieventing streaming by unauthorized
users. Only the TV sets equipped with a dedicateld@ional Access Module (CAM) paired to
the central device will be enabled to decode andew the retransmitted contents.

The decision block takes into consideration possittonsistencies between the GL-DBs and
the output of the sensing stage: for example, & #pectrum sensing stage detects no
broadcasting services or PMSE signals, but thebdatashows one or more channels used by
broadcasting services or PMSE, these channelsiaiilbe used until both content is congruous.
In the other case, if the spectrum sensing statgridesignals of broadcast services or PMSE,
but the database shows no used channels, the inateéd channels are discarded too [67]. The
validation analysis provides the optimal frequescand the maximum transmission power
values to be used by the m BB/RF modules, baseahcalgorithm which will be presented in
next section.

The last task implies the m BB/RF modules in thieative over-the-air DTT compliant
retransmission of the digital contents on the pesty chosen frequencies, using power levels as

to avoid interferences with the incumbent services.
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3.2 System Design

The proposed system involves the knowledge of tm@nisel occupancy for a particular
location to calculate the allowable maximum EIRBfukto transmit without providing harmful
interference to adjacent channels. Real transmittilevice constraints as potential direct
radiation into TV receivers, adjacent channel rietence (ACI) issues and the existence of

similar devices need to be taken into account dieioto find exhaustive values.

3.2.1 Adjacent Channel Interference

For indoor environments the distance between arfarence device and a DTT receiver is
relatively short and intermodulation effects camwc The tolerance of DTT receivers to ACI
has been quantified in several studies [67, 68fakng that transmission on adjacent channels
can cause harmful interference if the output powfethe transmission exceeds the maximum
received interference power tolerable by the DTdeneer, especially for indoor environments
where the distance between the interference dewmité a DTT receiver is short and
intermodulation effects can occur.

In [68] further measurements have been made ordarwange of receivers (including some
newer silicon tuner based designs). The wanted ifiWat and the interference signal were put
together using a directional coupler and a combinlee useful signalQ) versus interference)(
protection ratio€’ /I obtained are shown in figure 9. The protectiororat the minimum value
of the signal-to-interference ratio required toambta specified reception quality under specified
conditions at the receiver input [69]. For theseasueements, the reception quality was
guantified using subjective evaluation criteria, the absence of a picture failure (PF) [70, 71],
during a minimum observation time of 30 second§.[72

The first two curves (labeled “Si Tuner” and “CANiAer”) in figure 13 clearly show how the
power of an interfering DTT signal does not decagdgally on both sides starting with the
adjacent channel. Depending on the quality of #eeiver, the fifth and especially the ninth
channel can create interference problems, partigufar the older, so-called “CAN” tuners.
Most of the current TV sets use newer “silicon”dthaving a much smoother and predictable
protection ratio than CAN tuners across all chasirsgld do not suffer from the ninth image

channel weakness in protection ratio [68].
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All these measures found in literature have beeriopeed by coupling the useful and
interferer signals directly, using directional ctarp. Instead, real DTT systems implement over-
the-air transmissions. Starting from this consitlera we decided to validate the results in an
ideal radio environment using antennas for thestrassion of the wanted TV and interference

signal as described in section 2.2.2.
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Figure 13 DTT into DTT protection ratio (DVB-T signal, 8K 64KM 2/3 FEC) with C = -73 dBm for literature

references.

3.2.2 Anechoic Chamber Measurements

The measurements were performed in the anechomlmraof the Department of Electrical
and Electronic Engineering of the University of Gag in Italy. It is a room insulated from
exterior sources of noise, designed to stop refiestof electromagnetic waves and consists of
an outer casing of galvanized steel, which allovesiting an effective shield in order to make as
much as possible insensitive to electromagnetierfietence that may be present in the
environment. The combination of both aspects méasisulates a quiet open-space of infinite
dimension, which is useful when exterior influenaesuld otherwise give false results. We
tested three commercial DTT flat-screen TV receaivArPC running GNU radio software was in
charge to generate the wanted TV signal that wasessively transmitted by an USRP2 SDR
board covering the entire UHF band and connected @8L6143 indoor stub antenna. The TV
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sets were connected to a PCB WA5VJB log-periodierama. The DTT-compliant interference
signal was generated with an Agilent N5183A (figl#) signal generator using a Sirio SD
1300N discone antenna.

Figure 14  Agilent N5183A Vector Signal Generator.

The transmitted and received signal power was aedlyusing an Agilent N9010A EXA
Signal Analyzer. The main characteristics of theeanas are summarized in table 1.

TABLE |
CHARACTERISTIC OF THE ANTENNAS USED IN THE MEASUREMENTS
MODEL POLARIZATION TYPE FREQ. RANGE TX-GAIN RANGE RX-GAIN RANGE
[MHz] [dBi] [dBi]
PCB WAS5VJE Vertical PCE 400- 100C 0.2-4.2 0.06- 2.5
logperiodic
Schaffne Vertical X-Wing 30- 300(C 6-8 6-8
CBL6143 BiLog
Sirio SD 1300! Vertical Discone 25-130( 0-5E 0-6
BAF
121XSA2A Vertical Stub 470 - 870 0-2 0-2

The N5183A MXG microwave analog signal generatvers the performance needed
for broadband component manufacturing. This insamimprovides< 900 ps frequency
switching €600 pus typically) to improve test times for appliocas like antenna test and
manufacturing. All the antennas were properly pllaicethe anechoic chamber at a height of 1.5
m, in order to avoid antenna coupling (figure 15).
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Figure 15 Antennas disposition during measurements in thecAoie Chamber.

Optical fiber cables were used to connect the aaemo the generators, vector analyzer and

DTT receivers placed outside the chamber Usinggthédelines found in the literature [67] and

the ITU Recommendation 1368-3 [72] (fixéd variablel) the following test procedure was

used to measure tlt®/I protection ratios:

1)

2)

3)

4)

5)

6)
7

For each of the three DTT tested receivers we medstheir sensibility finding an
average level of -73 dBm. Thus the wanted chanaoelep levelC was set to -73 dBm.
This can be considered the worst operative case.

The wanted channel power level was measured usmd\gilent N9O10A Vector Signal
Analyzer (VSA) with a channel bandwidth of 7.61 MHz

The signal generator transmitting the interferingTDsignal was initially set to a power
level of -20 dB below the noise floor of the testedeiver.

The signal level of the DTT interference was thejusted at the output of the signal
generator to achieve the required degradation (6iRt)pof the received and decoded
MPEG signal.

The RMS power level of the interferer was measurethe channel bandwidth of the
receiver.

TheC/I protection ratio was calculated from steps 2 to 5.

Steps 2 to 6 were repeated for each of the chafmoehN — 9 toN + 9.
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The protection ratio for the DTT receiver testedn¢shoic 790 MHz) and used in the

implementation of the system is shown in figure 16.
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Figure 16 DTT into DTT protection ratio (DVB-T signal, 8K 64 2/3 FEC) with C = -73 dBm for literature

references (Si Tuner, CAN Tuner and ITU curves) medsurements performed in the anechoic chamber.

The results demonstrate that, even in real oveath&ansmission, the receivers under test
can be considered as having typical operating pedace for silicon receivers, more susceptible
to DTT interference on the N-1, N+1 and N+9 chasnd&lhe reference results found in the
literature for both silicon and can tuners wereaot#d considering a central frequency of 790
MHz (channel 61). For this reason we chose the saantre frequency for obtaining consistent
values.

The protection ratios were obtained taking intocaict the characteristics of all antennas and
cables used in the measure setup. The measuremehts anechoic chamber present a higher
C/I ratio than the previous studies, due to the faat the values were obtained in different

conditions implying over-the-air transmission.

3.2.3 Spectrum Sensing Method

Spectrum sensing in the TVWS needs to detect thgepce of different types of signals such

as DTT or wireless microphone (WM) in a particuldf channel. As known, spectrum sensing
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techniques mainly focus on primary transmitter cisd@. The present system uses the two-stage
spectrum sensing algorithm previously describeskertion 2.1.

The first stage performs an energy detection depipfiiter banks for sub-band division and
FFT for calculating signal power levels in each-balnds. The resulting values are compared to
DTT and WM specific thresholds values to mark tharmels as free (“white”) or occupied. The
second performs the signal classification: fortia channels that previously were identified as
not “white” it analyzes if they are occupied by BIUSU using a modulation classifier.

The modulations for DTT (QPSK, 16QAM, 64QAM etcy)daWM (FM) signals are known,
so a signal classifier for these typical modulatsmihemes can be used. Based on the signal
classification stage, the channels are completedgadded or added to the previously built
“white list” of TVWS.

3.2.4 Protection Ratio Mask

As described in section 2.2.1, in the proposedesgyst central cognitive device is in charge of
transmitting at low power on the free channelsha UHF bands to DTT TV sets, without
disturbing existing transmissions. These free chbnhave to be considered as interferers to all
DTT receivers present both in the home environnasrih the nearby environment (for example
neighbor apartments of a house). Thanks to thaqus\measurements we obtained information

of how DTT receivers can be interfered by actiamsmission over their adjacent channels.
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Figure 17  Silicon tuner protection Ratio.
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From the point of view of a potential transmittgrecating in one of these adjacent channels,
the C /I protection ratio in figure 17 can be turned intonask to be used for calculating the
allowed transmission power. The superior adjaclannels of a receiver represent inherently
the inferior adjacent channels of a potential tnaitter (figurel8).
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Figure 18 Inferior adjacent channels of a potential transmitt

At the same way, considering the Protection Ratives, the inferior adjacent channels of a
receiver represent the superior adjacent chanrieds pmtential transmitter. The new obtained

curve is shown in figure 19 representing the ptoteaatio curve of a potential transmitter.
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Figure 19  Protection Ratio for a potential transmitter.
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This mask is the reversed representation of theegtion ratios of figure 7. For a potential
transmitter operating in the adjacent channelsprotection ratio can be turned into a masl|

be used for calculating the allowed transmissione.

3.2.5 Adjacent Decision Algorithm

For dynamically choosing the best TVWS, in ordeavoid interference to the adjacent ac
channels, we implemented a particular algorithnbedaAdjacent Decision Algorithm (ADA
The algorithm uses as inpate the occupancy data (the list of avae channels obtained fro
the joint exclusive use of GDB and a spectrum sensing method), the channel peahees in
the UHF band (two-stge spectrum sensing of sectic.1), the number of channels to be u
(from the DMUX/S 9RAN/MUX block) and the adcent channel protection ratio mask (Al
Mask) shown in figure 20n order to obtain a list of availabTVWS and their correspondir
transmission powers.
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ADA Interference
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Figure 20 Schematic of the Adjacent Decision Algorithm.

We assume that a numberN free channels can be detected. Mie available channel ce
be seen as a potential interferer by its 18 adjadesnnels (fronN — 9 to N + 9 channels). At
the same way, a genelity + x)™* channel (withx from 1 to 9) sees the™ free channel as its

(N ¥ x)™* adjacent channel. Based on the knowledge of bathebeived pow: of all the 18
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adjacent channels and the ADA Mask Protection R@igure 18) the algorithm estimates 18
different potential transmission power values fog ¥™ free channel. Only the minimum value
of these 18 power levels guarantees an activertigs®n that does not generate interferences.

For example, for a generig™ free channel, considering one of its 18 adjacéwtnoels
characterized by a power lewef! = —52 dBm and aC/l = —52 dB, the algorithm calculates
the allowed transmission power for the considerefjacent channel ad =C —-C/I =
—4.5 dBm. Recursively, the allowed transmission power lgvate calculated for all the
remaining adjacent channels and the minimum poexezl lis chosen. This procedure is repeated
for all then free channels.

Multiple low-power secondary transmissions behave aingle high-power user when they
all are using the same frequency. Nevertheless realistic indoor scenario with more than one
secondary user, simultaneous secondary transmssswih have inherently different transmit
powers and will operate in different frequenciebug, their aggregated transmit powers cannot
be simply summed up and treated as a single higlepmterference. Measurement results [73]
showed how the tolerable interference level in gi@dar adjacent channel decreases when
multiple devices access different adjacent chanaethe same time. Based on the number of
channels used to retransmit the selected HDTV otstend a specific correction factor [73],
ADA is able to find the TVWS with the highest poti@h transmission power level, for
incrementing the performance of the indoor systenterms of coverage (distance) between a
transmitting and a receiving device.

As shown in section 3.2.2, the protection ratiogehaeen computed from measurements
under ideal conditions. Taking into account that, d& fixed channel power levé), the signal
level I of a DTT interference in a real environment wilhays be lower than the signal level in
an ideal environment due to propagation effectscare consider the obtained protection ratios
curve as a worst-case scenario. For this reas@edban the protection mask obtained from the
measurement previously shown, the ADA can perfannaireal scenario, without having its
performance affected.

3.3 Measurements and Results

This section is dedicated to explain the invesiigator experimentally determining the
conditions under which the co-existence of shamgea DTT receivers and transmitters is
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feasible for indoor environments. We investigatesl ¢overage of the central device, performing
a DTT MUX retransmission , considering a fixed saaission power level obtained by using the

described ADA algorithm in real environment.

3.3.1 Set-up

The set-up for the measurement campaign consistethmadband vertically polarized omni-
directional discone antenna “Sirio SD 1300N” corieddo a DTT compliant TV set, and two
USRP2 SDR boards connected to two PC running avawmdt model that commands the RF
hardware implement the entire baseband procesBagh board is connected to a vertically
polarized off-the-shelf omni-directional indoor anha (BAF-121XSA2A). One of the boards is
used as the main central cognitive device, whike gacond one, placed in an adjacent room,
plays the role of another multi system transmittoogntinuously for simulating the aggregate
interference scenario.

Omnidirectional Indoor Antenna Geolocation DB

SDR - USRP2 » baseband processing
* spectrum sensing
+ ADA implementation

Central Cognitive Device

Figure 21  Schematic of the hardware set-up for the centraicde

The central device of the proposed system, illtestian figure 21, is performing following
tasks:

* Running a decision algorithm (ADA) taking into aoobd all adjacent channel

interferences for choosing the optimal transmis§iequencies and power levels;

60



* Transmitting a DTT signal using the selected freupies.

The indoor measurements were performed inside #ggaiment of Electric and Electronic
Engineering (DIEE) located in Cagliari, Italy, ugithe 474 - 858 MHz frequency range (Italian
DTT spectrum). The central device is considerelgetdixed in location during all the tests, while
the receiving TV set has a variable position. Rengi a channel with a low power levél
implies that the useful power level to transmiignal in an adjacent channel needs to be lower
in order to respect the protection ratio valdgg For operating in a worst-case scenario, we
investigated the received power channel levelsffarént locations of the department in order to
find the worst conditions, before selecting thalfiposition of the central device.

The central cognitive device, using the ADA, caitatl the maximum available transmission
power for the selected best TVWS. By initially ptegcand operating a TV set close (more than
1.5 m to avoid antenna coupling) to the centralndoge device, we checked for interference
with the received existing transmissions, ensutiegcorrect functionality of the ADA.

From this moment the only variable during the measient campaign was the distance
between the central device and the receiving TV &t the investigated worst-case scenario a
transmission power of -22 dBm for the central deyimperating on channel 46 (674 MHz), was
calculated by ADA in order to not disturb a receiue proximity of the central device and to
avoid effects of aggregated interferences with lagromulti-vision system. This power level is
the output power level of the central device, priorthe antenna used for the effective

transmission.

3.3.2 Measurements

Initially we considered the TV set on the same fi@@round floor) with the central device.
We started by positioning the TV set in the neightmom of the central device reaching a
distance of 7 meters (TV1 in figure 22).

Incrementing the distance from the central deviee faund two position of the coverage
boundary corresponding to the TV2 and TV3 positiondigure 22. The slight difference in
linear distance (23 meters vs. 25.5 meters) isvatad by the presence of a different number of
walls in the two links, specifically the presenckeame supplementary wall for the TV set

positioned at 23 meters from the central devicebs8quently we positioned the TV set in
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different positions on the first floor of the build (figure 23), keeping the same position and

transmission power for the central device as inptfegious scenario.
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Figure 22  First indoor scenarios: the central device broasa@®TT signal to three TV sets situated on the
same floor.
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Figure 23  Second indoor scenarios: the central device braisleaDTT signal to three TV sets situated on a
different floor.

62



We changed the TV position until reaching the cager limit using the same subjective
evaluation criteria, the absence of a PF. We stdoyepositioning the TV set in the room directly
above the central device reaching a distance oéi&m (TV1 in figure 23). By incrementing the
distance from the central device we found that pusition of the coverage boundary,
corresponding to the TV3 position in figure 22alsout 19.5 meters.The environment where the
measurement campaign was performed has some pechbaacteristics: the height of the
ceiling (6 m) is bigger than for normal residengalvironments and the thickness of the walls (1
m) is also at least three times bigger than usuatnal walls. The propagation characteristics for
the test environment are therefore implicitly wotlsan for a residential environment. For these
reasons, we can conclude that the coverage ofrdsepted system is optimal for the extent of a
normal two-floor house.

The transmission power of the central cognitiveicevespects the previously measured
protection ratios, not disturbing a receiver plackmbe to it. Thus, by maintaining this fixed
transmission power level, no other receivers, planea more distant position, can be disturbed

by a new transmission.

3.4 Application Scenarios

In this section different application scenarios fbe multi-vision system described in the

previous sections is presented.

3.4.1 DTT Contents Redistribution

The first scenario is an indoor short-range distign system for the wireless retransmission
of free-to-air and PPV DTT contents, redirectingesal PPV channels from different DTT
MUXs in a centralized manner, with only a centraVide and subscription. The great advantage
to existing systems as for example MoCA, is thatehd TV devices do not require any changes
or additional set top boxes. The central cognitieice will enable users watching their PPV

contents all over their desired environment.
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3.4.2 Satellite Contents Redistribution

The second scenario is similar to the previous anendoor short-range distribution system
for the wireless retransmission of satellite cotgareceived by the cognitive HD decoder. The
central cognitive device receives the contents ofatellite transponders instead of m DTT
MUXs.

Additionally to the first scenario, dedicated exstUely to the indoor redistribution of PPV
DTT contents, the satellite version can enable @h&@bled TV sets to view also satellite

contents (free-to-air and PPV) without any suppletawy hardware components.

3.4.3 Auxiliary and Mixed Content Redistribution

The previous application scenarios can be approaetso in a combined manner, for
example by mixing satellite and/or DTT TV conteilitse appropriate RF/BB modules can be
randomly combined and replicated in order to me®t particular scenario. Furthermore,
additional contents from external DVD/PC/mobile/camters or IPTV devices can be fed into
the central device and combined with the mixed eatntfor enhancing flexibility of the system
and making it feasible for a wide variety of consunapplications. This approach can be
deployed for home entertainment use or in infot@ntrarchitectures (resorts, hotels, airports,
malls etc.).

We need to underline that unauthorized access egmdvented in all the presented scenarios
by employing DRM scrambling techniques using the stiit of the TV receivers[74]. The
hardware design of the central cognitive devicamplicitly more complex with respect to a
normal DVB-T decoder. From a consumer point of vieem enough versatile commercial
implementation should contain at least two saeéeldind two DTT receivers that can be
implemented in a hardware design with new generafigstem-on-a-Chip SoC decoders. The
scrambler, multiplexer and the decision block carebsily fit onto a powerful FPGA platform
connected to one or more RF modulators. Based esethonsiderations, the price of a mass-
produced hardware device appropriate for the ptedeapplication scenarios should be in an
accessible range, even though the hardware desigmpiicitly more complex with respect to a
normal DTT decoder. For scalable semi-professiamtions more RF demodulators and

modulators could be managed by a more powerful FEGA.
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Chapter 4

Hidden Node Margin and Man-Made  Noise
Measurements

The UHF band is mainly allocated for terrestriabdmcasting.. This is the primary service
over the frequency range froa¥0 MHz to 860 MHz, with Mobile Service for broadcasting
auxiliary as secondary service. Additionally, a feixed Service Allocation cases exist in the
range from 790 to 862 MHz.

The channel bandwidth allocation to each TV RF detepends on the ITU-R Region. In
Europe the allocation bandwidth is 8 MHz. Once #fletments and assignments have been
made in a certain area and to certain TV servitesfrequency management of the band in that
country is rather static. The usual approach ta ptarestrial broadcast systems in a certain area
is to select a number of channels amongst andhese frequencies to provide the TV service. In
this scenario, there will be a number of channedd will not be available for broadcast service
use within the target area, because they are hesed for other TV transmitters in neighbor
zones (usual Multiple Frequency Channel plannitrga majority of locations of the area under
study, those frequencies being used in neighbaorges appear as empty channels, or at least
with negligible power received from transmitterveong those neighboring areas. These empty
channels are the “white spaces” of the area undelysThese empty or almost empty channels
could be used as spectral resources for low powglications, provided their power does not
disturb the broadcast services that use those Baquencies in neighboring areas.

The objective of the study described in this thlaldpter was to carry out an analysis of the
UHF band to obtain realistic empirical values of fharameters upon which CR operation is
based. Consistent values from a carefully plannedsurement campaign are provided in next
sessions. These empirical data has been record#ffarent locations of Spain and Italy during
2011 and 2012. In concrete, two key areas for ¢covgnoperation were studied: on one hand, the
study will cover current values of UHF radio noiged perform comparison with realistic
receiver noise figures in relation to occupancyigien thresholds. On the other hand it will
study the statistics of the so-called “Hidden N&brgin” (HNM) [16].
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4.1 Hidden Node Margin

The so called Hidden Node (HN) problem is typichkpectrum sensing techniques. For a
sharing scenario between CR operating in the TVW8ite Spaces Device - WSD) and DTT
systems the HN problem is graphically describefigure 24. A rooftop mounted DTT receiver
is in Line of Sight (LOS) conditions with respectthe DTT transmitter (path 1). Nearby a WSD
is attempting to detect the DTT signal at stre®ellebut it is shielded by the surrounding
buildings (path 2). The WSD could then erroneousinclude that the specific sensed DTT
channel is available and hence it might cause hdnmterference (path 3) to the DTT receiver.

[\ Path 1

Path 2

Figure 24  Representation of the Hidden Node Problem.

A CR generally need to detect a DTT signal at ghiteof 1.5 m using allow gain omni-
directional antenna, whereas DTT reception is Wggdnned on the basis of a directional high
gain antenna at a typical height of 10 m. The diffiee signal strength at 10 m and 1.5m is
referred to as the hidden node margin and its valusportant as it determines CR detection
sensitivity.

Decision thresholds are a critical parameter fatgmting Broadcast Services in a scenario
where WSD would be operating. There are cases winereapproach based on Geolocation

Spectrum Occupancy Databases might not be availaliteer because the database does not
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exist for that area (for example in non denselyytaed areas) or in the case that access to the
database is not possible (deep indoor operatiawn,plopulated areas etc.). Several studies [15]
have suggested that radio noise has increasedficagiy over the last decades and
consequently the assumptions about decision thidsland interference protection ratios might
be outdated.

In order to mitigate the impact of the HN problewSD sensing thresholds have to be
properly set, considering a specific additional gnar The HNM is a parameter that quantifies
the difference between the potential interferediaiyalues at the location where it is measured
or estimated by the cognitive device, and the dcotalue at the location where the receiving
antenna for this signal is located. HNM is a keyap@eter to define the protection requirements
that cognitive devices must comply in order notteate any harmful interference to broadcast
receiving systems.

It depends on different parameters such as DT Tptesemodes (e.g. fixed rooftop, portable
indoor, portable outdoor, mobile TV) and the enniment scenario (e.g. urban, rural). Different
approaches can be adopted for its estimation. TR& KHan be evaluated considering either
deterministic or statistical propagation modelspaexrimental measurements may be used to
validate the simulation results. The values of M should be derived in order to assure
adequate protection of primary services in worsecenarios.

The two methods proposed in [17] are based on métestic propagation prediction models
(ray-tracing) and statistical propagation predittinodels (ITU-R P.1546) respectively:

* The deterministic approach is based on ray trasinwlations performed in several
environments (e.g. dense urban, urban). The HNMaisulated as the difference
between field strength levels at the DTT receiwsation (for different heights) and
field strength levels at the WSD location (for diént heights). Simulations provide
statistics for HNM values, which are employed td¢aob the wanted protection of the
DTT service, typically99 % and 99.9 % of cases.

* The statistic approach is based on the ITU-R P.I%8pstatistical model. According
to this methodology the HNM is calculated as tHédeince between the median field
strength received at different heights correspandio DTT receiver and WSD
locations. This difference is then modified witlp@per Gaussian location correction

factor, in order to guarantee an adequate protedbothe DTT service (primary
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service); in equation 16 the formulation is repdrer the case of 99.9% protection of

the primary service:

HNM = Eneaprr — Emeawsp + Hooy0 (16)

The previous work on this topic can be found in,[I6, 77, 78, 79]. A short project was
previously undertaken by ERA to determine indiaatwvalues of the HNM through direct
measurement. This trial estimated that the avektigiel for a CR to successfully detect a DTT
signal at 1.5 m, for approximately 90% of all laoas, was about 25 dB but in some situations a
margin of 30 dB or greater could be required.

A theoretical study from the BBC [16] has proposeceference value of 40 dB for outdoor
HNM (10 m to 1.5 m margin) and an additional 20 aB2nuation for the indoor case. Other
studies have obtained values that range from 1B.6d33 dB on channel 22. Additional work
has based the results on the field strength siedilaalues provided by different algorithms,
including results with 3D ray tracing and convendb UHF empirical and semi empirical
methods (ITU-R P.1546). In this case, the valuagedrom 4 to 46 dB.

4.2 Man Maid Noise

The background noise level of the electromagngtecsum in the 40 MHz to 3 GHz region
is dominated by MMN produced by a wide variety giggment. Electric motors, car ignition
systems, neon lights and many other devices prodpaeks as part of their normal mode of
operation. These spark discharges radiate acresdeafrequency range and can interfere with
radio receivers; the effects worsening as recebaerdwidth is increased. As well as these
impulsive noise sources, there are also a greay riatentional and unintentional) sources of
narrowband signals. Television viewers and radstefiers regularly experience the effects of
MMN, although they don’t always recognize it astsuc

Measuring the level of the MMN activity can giveefid information to receiver designers,
researchers and to those concerned with allocatiagRF spectrum. Currently the levels of
MMN are documented in the ITU-R recommendation [8l§e graphs in that document are
based on measurements made in the 1970s and eartigrnarrowband equipment in the United
States. Because technology has moved on consigesialge then and because Electromagnetic

Compatibility (EMC) regulations have changed, thereoncern that the [80] document may

68



now be out-of-date and even misleading. Such coscean only be addressed by measuring
today’'s MMN levels in the UK. A feasibility studyi2001 looked at the state of MMN research
and identified a way forward. That study [81] repdrthat [80] should be updated and that, in
order to do so, a new, wider bandwidth measuresyastem could be built.

The MMN which affects radio communication and rasiggtems is of a type generally termed
impulsive, and although the average noise levetldeto decrease with an increase in the
frequency of measurement. The impact of MMN ontédldgierrestrial transmission needs to be
considered when planning new broadcast networldesigning powerful receivers. The extent
of MMN heavily depends on the considered chanrsetha different sources of man-made noise
typically emit distortions only in a particular g of the frequency spectrum.

The intensity of MMN has been extensively analyziating the last decades in several
studies [82, 83]. Besides a dependency on theitwcaind the corresponding environment of
interferers, it has been reported that the chanatitss in the same frequency band at the same
location have significantly increased over the mtggears due to technological advances [84].
One example for this development is the increaaimgunt of electronic devices that are used in
office buildings as well as private households.

Apart from the particular characteristics of the MMdlistortions, the performance of
communication systems, which are affected by MMNther depends on the used modulation
scheme. An example is the application of orthogdreduency division multiplex (OFDM).
This scheme is used in most state-of-the-art brdsystems as DVB-T or DVB-T2, but is
known to be sensitive against impulsive noise distos [85]. Such impulsive noise events have
durations of fewus with very high noise levels that may significgrékceed the receiver’s input
level of the payload signal. Whilst this would cawmly few disturbed bits using single-carrier
modulation, the so-called noise bucket effect [8pleads the disturbance over the complete
OFDM symbol in the OFDM case. Hence, a single irmpuhay severely disturb the data within
one complete OFDM symbol, which may lead to deagpdiailures if the Forward Error
Correction (FEC) scheme is not able to handle lemgr bursts. Due to the missing time-
interleaver in DVB-T (which would normally distribeiburst errors into many single errors that
can be corrected more easily by the FEC) this stahis known to be quite vulnerable against
impulsive noise. In contrast, the sophisticatedetinterleaver concept of DVB-T2 offers a

higher level of robustness against impulsive noise.
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Besides the selection of a particular transmissimtem, the effects of MMN further depend
on the actual implementation of the receiver athoms, since e.g. several algorithms for

combating impulsive noise distortions in OFDM sys$eare known [87].

4.3 Measurements Methodology and Scenarios

This section describes the methodology used tdrotite empirical database used as the basis
for this study. The general principle has beenbiaio reference values of the power received at
the roof level. These values were obtained fothal DTV channels available at each building
location. Subsequently, the received power on BlFl¢hannels (occupied and unoccupied) was
measured in different rooms for each floor of thallding. By comparing both sets of
measurements, we were able to estimate the HNMesaldonsidering that the measurements
include void channels, the measurements have &so bonsidered for man-made noise level

estimations. At certain locations, the street lergboor values were also measured.

4.3.1 Scenarios

The first step of this survey was to elaborate mvirenment classification that would allow
extrapolation of the measurement results and ceiwlg to a number of real cases as wide as
possible. The study is based on two measurementaigns carried out in Spain and Italy. The
measurements in Spain were carried out in urbawrban and rural environments around city
of Bilbao. The measurements in Italy were carriatlio Sardinia, in different urban areas of the
city of Cagliari and surrounding suburban spote/alt as a rural location 50 km west of the city.
The measurement methodology was the same in bettagos. Table || summarizes the main
characteristics of the measurement sites.

Outdoor roof and indoor measurements were carngdrothe three environments. Indoor
measurements were performed in each floor of thidibg under tests, using a dipole antenna at
1.5 m. above the ground level.
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TABLE Il
CHARACTERISTICS OF THEMEASUREMENTSITES

Floor Number Environment
BI-00 4 Urban
BI-01 7 Urban
BI-02 2 Rural
BI-03 2 Suburban
CA-00 2 Urban
CA-01 2 Suburban
CA-02 1 Rural
CA-03 4 Urban

4.3.2 Methodology

The measurements consisted of three rounds of powasurements over the entire UHF
band using different channel widths in order toaobt picture of the received levels across the
band with three sensitivity thresholds. The fimimd gathered Root Mean Square (RMS) power
values using a filter channel equivalent to an 82Midndwidth, specific for the digital terrestrial
channels. The second and third round included nneamnts with 1 MHz and 100 kHz
respectively, in order to benefit from a lower gmuent noise floor.

The measurement system was composed of two anteanag-periodic calibrated antenna
and a dipole. The measurement equipment was a dteéshgth meter in Bilbao and a vector
signal analyzer in Cagliari. The equipment noisefflwas similar in both cases. Table Ill shows

the antenna gain values and equipment noise flakar. d
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TABLE lll
MEASUREMENTSYSTEM FEATURES

Bilbao Cagliari

Log-Periodic Antenna Factor (avg) 17 21
Dipole Antenna Factor (avg) 25

Discone Antenna Factor (avg) - 22
Field Meter Noise Floor (dBm,1 Hz) 150

Vector Signal Analyzer Noise Floor (dBm,1 Hz) 155 -149

This work has not considered potential changeserptopagation conditions and the number
of measurements at each frequency has been lirnotead minimum of 20 seconds. Further
analysis of the data proved the correctness ohypsthesis.

4.4 Data Processing and Detection Thresholds

The measurement files were first inspected to detessible errors during the data capture.
After this first file cleaning process, the datésseere normalized using the antenna calibration
data. The data was analyzed to obtain the thresradice that will be used for deciding if an 8
MHz channel is occupied or free. The procedurebtmia this threshold depends strongly on the
filter bandwidth used for the measurements, thgelathe bandwidth.

For every location we selected three channels adios UHF band for which we had the
guarantee that they were free, based on the dfickeupancy data. Subsequently we evaluated
the man-made noise for the three different freqigsnto determinate the channel occupancy
decision threshold. We noticed that the valuesni@n-made noise for the selected channels
range up to 3 dB over the instrumentation noisellev

Therefore, based on this consideration and on edssarch [78], we considered a threshold
of 5 dB over the noise floor, i.e. -75 dBm. Aftdstaining the reference noise value, for the
channels that are within a range of + 1 dB of thaB threshold we crosschecked the
measurements performed with a bandwidth of 8 MHth & second measurement round. The

supplementary measurements were carried out forctiamnels in doubt using a 100 kHz
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resolution bandwidth in order to benefit from a muower instrumentation noise floor and to

obtain more accurate data.

4.4.1 Database Description

The complete dataset has been arranged on a dataithsthe basic structure described in
Table IV. This database provides information talgaslculate:
* Hidden Node Margin Values and associated statjstics
e TV Channel Occupancy;
* Man Made Noise Upper Limit.

The database is composed of three different dag sach one associated to one of the
measurement bandwidths and resolutions: 8 MHz, Z Mkt 100 kHz. The 8 MHz bandwidth
measurements provide the typical spectral inforomathat a potential cognitive device could
achieve by typical spectral sensing techniques. rélalts in this paper focus on the spectral
analysis and the accuracy limits that can be aekiavsing this measurement bandwidth by
cognitive devices.

The accuracy of the Hidden Node Margin calculatiarisbe directly related to this cognitive
device behavior. The 1 MHz and 100 kHz measuremantsfeasible for typical cognitive radio
implementations, have been carried out having mdnfurther spectral analysis of the UHF band

as well as a crosscheck benchmark for correctljuatiag the 8 MHz results.

73



TABLE IV
DATABASE STRUCTURE

CH21 CH69
o c w =
s 12121218 1512|2
Locations |a |8 |§ |S T 8|3 |s
c [= |> | c = |5 |o
(_6 x [ &) (_6 é o a
T |8 | ; o = |5
0} = |8 0} = |8
= = ] = = n
- Roof
c
2 Floor X
©
(&)
o
-
Ground
= Roof
c
o Floor X
S
(&)
o
-
Ground

4.5 Results

4.5.1 Spectral Occupancy

Table V summarizes the results obtained for specitaupancy and standard deviation,
providing different data associated to the différeneasurement scenarios and reception
environments. The overall occupancy calculationswsithat the UHF band occupation in
Cagliari is on average twice as high as the ondiilrao. The result is an expected one and is
motivated by the differences between the Italiad #re Spanish TV market: the presence of
numerous private TV broadcasters offering both-feeair and pay per view services, increases

the use of the spectrum in lItaly.
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TABLE V
MEAN SPECTRALOCCUPANCY (%)/ STANDARD DEVIATION

Bilbao Cagliari
Site Rural Suburban Urban Rural Suburban Urban
Roof 27.0/5.7 32.5/0,2 28.2/4.5 83.3/50.5 62.0/29.2 54.2/21.4
4™ floor - - 21.5/11.2
3 floor - - 26.7/6 - - 54,2/21.4
; 18.0/14.
2" floor . 17.5/15.2 25.07.7 - 39.6/6.8 51.7/18.9
20.0/12.
1 floor . 20.0/12.7 25.0/7.7 39.6/6.8 20.8/11.9 50.0/17.2
Street - 22.2/10.5 - - 20.8/11.9 47.9/15.1
Basement - 3.00/29.7 7.50/25.2 - - -

For both the Spanish and Italian case the speat@ipancy in urban environments decays
gradually, as expected, from the roof of the buigi to the bottom. For the suburban scenario,
the rooftop occupancy is bigger than for the urbegnario, due to better propagation conditions.
The difference between the occupancy measured enobf and the various floors is more
accentuated than for the urban scenario. The soghario revealed a good occupancy on the
roof with a significant decay for the indoor measuents, due to the intersection of different
coverage areas.

The variation of the spectrum occupancy in Italprgportionally similar to those obtained in
Spain, especially for the urban and suburban smenarhe most relevant differences can be
noted for the rural scenario for which the roofiggues obtained in Italy represent more than
double the occupancy measured inside a rural hdimese values can be explained taking into
consideration the topology of the analyzed Itaharal scenario, with large open spaces allowing
the reception with rooftop antennas of signals fraore than one broadcast repeater.

4.5.2 Hidden Node Margin Calculation

The Hidden Node Margin parameter accounts for aisethat the primary service of the band
uses mainly roof top antennas for receiving TV algrand the potentially interfering cognitive
device is analyzing the spectrum picture not af top level but at street level. If the cognitive
device is operating in an indoor environment, theasion is even less optimistic. This means

that an existing primary service might not be detgcoy the sensing device (even if it is
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effectively present at the antenna) and using thlse unoccupied channel might cause
interference to the primary service.

The HNM has been calculated as the difference estgnal power measured at the roof and
all the power values measured in each floor. Tleragge values of the HNM are between 8 and
38 dB. There is a considerable variation of theamlgid values depending on each one of the

buildings, the floor number and the receiving eoniment. Table VI summarizes the results.

TABLE VI
HIDDEN NODE MARGIN
Bilbao Cagliari
Site Rural Suburban Urban Rural Suburban Urban
4" floor 17.53 12.64
3 floor 8.21 12.80
2" floor 17.14 16.30 8.85 19 15.44
1° floor 23.50 15.76 12.35 30.13 24 17.32
Street 17.91 26 18.31
Basement 28.86 38.34 - -

As for the mean spectral occupancy, the HNM forudman environment decays gradually
with the distance from the roof, for each floortbé buildings where the measurements have
been performed. For the Italian scenarios, the Hilllles are generally bigger than the ones
measured in Spain.

We observed a smoother variation for the HNM inuhgan area than for the variations in the
suburban and rural areas which can be explainedeébtopology of the dense urban environment
populated with tall buildings leading to an impattamount of attenuation for all the urban
scenarios.

The HNM varies with the channel on which the meassuents were performed in the range of

15 and does not present any variation rule as etifumof frequency.

4.5.3 Man Made Noise Limits

The measurements in void channels have providexnvation about the upper limit of the
Man-Made Noise levels within the UHF band.
The results should not be interpreted as definiivise data, as the measurement system was

not specifically designed for measuring noise Iev&he values provided here can be considered
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as an upper limit of the current levels. As it abble expected, in most cases, the measured
levels in void channels correspond to the intenméde floor of the receiver, which in the case of
8 and 1 MHz is relevant as previously shown on & &ibl

The frequencies where the noise has been evaldéfedfrom place to place, as the empty
channels are different in different measuremenasardable VII summarizes the frequencies

where noise values have been obtained and the levElestatistics are shown in Table VIII.

TABLE VII
FREQUENCIES FORNOISEANALYSIS (MHZ)
Rural Suburban Urban
Bilbao 408,520 408,520 408,520
Cagliari 466, 658, 842 466, 658, 842 570, 666, 834
TABLE VIl
UPPERNOISELIMITS (MAXIMUM VALUES) FOR8 MHZ MEASUREMENTS
Rural Suburban Urban
Frequency 500 600| 800| 500/ 600| 800| 500| 600/ 800
Bilbao - - - - - - - - -
(outdoor) | 81.9 | 80.8 | 80.6 | 81.5|81.8 | 80.7 |79.1 |78.2 | 79.4
Bilbao - - - - - - - - -
(lower floors) | 81.7 | 81.1 | 80.7 | 81.5 | 81.8 | 80.7 | 78.5 | 79.1 | 79.7
Bilbao - - - - - -
(upper floors) ’ ) " 815|818 |80.7 |81.5 818 |80.7
Cagliari - - - - - - - - -
(outdoor) | 81.7 | 80.2 | 81.2 | 81.5|81.8 | 80.7 | 78.2 | 78.1 | 77.6
Cagliari - - - - - - - - -
(lower floors) | 81.5 | 81 | 80.7 |81.5|81.8 |80.7 |81.5 |81.8 |80.7
Cagliari - - -
(upper floors) ’ ) ) N " |79.7 |79.8 | 78.9

As it can be seen, for the most of the analyzedastes, the values obtained do not vary with
frequency and are close to the noise thresholdhef measurement system, leading to the
conclusion that noise is well below the equipmesrfgrmance. This conclusion is confirmed by
the measurements we performed on the free chansielg a filter bandwidth of 1 MHz and 100
kHz, for which the noise level was still in the samange of the equipment noise, -90 dBm and -

100 dBm respectively.
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The only scenarios where the upper noise limiteeddhe noise threshold of the equipment
are the urban spots, where the man-made noiseois@r3 dB higher than the equipment

threshold, more accentuated at lower floors arekstevel.
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Chapter 5

Performance evaluation of IEEE 802.22 Standard in the
TV Bands

5.1 International Standardization of CRs

Due to very large interest in the CRs, its standatibn is currently performed on all levels,
including the ITU, IEEE, ETSI, and ECMA. In the ITUTU-R WPs 1B and 5A are currently
preparing reports describing the CRS concept aaddabulatory measures required to introduce
the CRS. In the IEEE several Working Groups (WG)Standards Coordination Committee
(SCC) 41 on Dynamic Spectrum Access Networks arel 802 LAN/MAN Standards
Committee are standardizing CRs and their compsnéamETSI, Technical Committee (TC) on
Reconfigurable Radio Systems (RRS) has been damglopeports describing different
components of the CRS, as well as reports on th® &Rcept and the regulatory aspects of the
CRS. In the ECMA, Task Group 1 of Technical Comeat?8 has standardized a CRS for TV
white space. In next sub-sections the currentlyHEETSI, and ECMA standards for CRs
performing in the TVWS are presented.

5.1.1 Standardization in the IEEE

IEEE SCC 41 is developing standards related to mymapectrum access networks. The
focus is on improved use of spectrum, including rteehniques and methods of dynamic
spectrum access, which requires managing intedereand coordination of wireless
technologies, and includes network management afadmation sharing [88]. Currently, the
1900.4 WG is developing two new draft standards:

 P1900.4.1, “Interfaces and Protocols Enabling Ihisted Decision Making for
Optimized Radio Resource Usage in Heterogeneousl®8s Networks”, started in
March 2009. P1900.4.1 uses IEEE 1900.4 as a basstendard. It provides a

detailed description of interfaces and service ssg®ints defined in IEEE 1900.4.
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* P1900.4a, “Architecture and Interfaces for Dyna@pectrum Access Networks in
White Space Frequency Bands”, started in March 2@@@ther with P1900.4.1.
P1900.4a amends IEEE 1900.4 to enable mobile wsetecess service in white

space frequency bands without any limitation onréftko interface to be used.

On March 8, 2010 the ad hoc on white space radi® evaated within IEEE SCC41. The
purpose is to consider interest in, feasibility arfid necessity of developing a standard defining
radio interface (media access control and phydeyrs) for a white space communication

system.

512 Standardization in IEEE 802

The activity to define CRSs is currently performedhe 802.22 and 802.11 WGs, while the
activity to specify components of a CRs is curngmérformed in 802.21, 802.22, and 802.19
WGs [89].

» The draft standard P802.22 is entitled “Draft Staddfor Wireless Regional Area
Networks Part 22: Cognitive Wireless RAN Medium Ass Control (MAC) and
Physical Layer (PHY) Specifications: Policies andedures for Operation in the
TV Bands”. It specifies the air interface, inclugithe cognitive MAC and PHY, of
point-to-multipoint wireless regional area netwgorkemprised of a professionally
installed fixed base station with fixed and poréabker terminals operating in the
unlicensed VHF/UHF TV broadcast bands between 54 Mhd 862 MHz (TVWS)
In section 5.2 can be found a short view of thi& seandard.

» Draft standard P802.11af is entitled “IEEE StandfandInformation Technology -
Telecommunications and Information Exchange Betw&sistems - Local and
Metropolitan Area Networks - Specific Requirementart 11: Wireless LAN MAC
and PHY Specifications - Amendment: TV White Spaégseration”. It is an
amendment that defines standardized modificatiordmth the 802.11 physical layers
and MAC layer to meet the legal requirements fanttel access and coexistence in
the TVWS.

» Draft standard P802.22.1 is entitled “Standard thd@hce Harmful Interference
Protection for Low Power Licensed Devices OperaimdV Broadcast Bands.” It

specifies methods for license-exempt devices toigeoenhanced protection to low-
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5.1.3

powered licensed devices from harmful interferemdeen they share the same
spectrum.

Draft standard P802.19.1 is entitled “IEEE StandardInformation Technology -

Telecommunications and Information Exchange betw&gstems - Local and

Metropolitan Area Networks - Specific RequirementBart 19: TV White Space

Coexistence Methods”. It specifies radio-technolouwlependent methods for
coexistence among dissimilar or independently dpdrdV band device networks
and dissimilar TV band devices.

Standardization in ETSI TC RRS

In ETSI standardization of the CR is performed le tTC RRS [30] that is currently
developing two drafts:

5.1.4

A draft report titled “Operation in White Space uency Bands” will describe how
radio networks can operate on a secondary basisqnency bands assigned to PUs.
The topics currently considered are the operatibthe CRs in UHF white space
frequency bands, the methods for protecting PUs,sifstem requirements and the
use cases.

A draft technical specification titled “Coexistendechitecture for Cognitive Radio
Networks on UHF White Space Frequency Bands” thalt define system
architecture for spectrum sharing and coexisteretevden multiple CR networks.
The coexistence architecture is targeted to supggsondary users in UHF white
space frequency bands.

Standardization in ECMA

In ECMA, standardization of the CRs is performedask Group 1 of Technical Committee
48. Standard ECMA-392, “MAC and PHY for OperationTiV White Space,” was published in
December 2009 [29]. It specifies MAC and physicyelrs for personal/portable cognitive
wireless networks operating in TV bands. Also, EGIB92 specifies a number of incumbent

protection mechanisms that may be used to meelategy requirements.
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5.2 Overview of IEEE 802.22 WRAN Standard

In this section an overview of the IEEE 802.22 WRAfdndard with particular attention to
the physical layer is presented. It is the firgirely cognitive standard and is aimed at using CR
techniques to allow sharing of geographically uduspectrum allocated to the TV broadcast
service, on a non interfering basis, to bring bb@adl access to hard-to-reach low-population-
density areas typical of rural environments, anithésefore timely and has the potential for wide
applicability worldwide. IEEE 802.22 WRANs are dp®d to operate in the TV broadcast
bands while ensuring that no harmful interfererceaused to the incumbent operation (i.e.,
digital TV and analog TV broadcasting) and low-povieensed devices such as wireless
microphones.

The application for the IEEE 802.22 WRAN standarnt e providing wireless broadband
access to a rural area of typically 17—-30 km oremarradius (up to a maximum of 100 km)
from a base station (BS) and serving up to 255dfixaits of customer premises equipment
(CPE) with outdoor directional antennas locatedanhinally 10 m above ground level, similar
to a typical VHF/UHF TV receiving installation.

The minimum peak throughput delivered to CPE atetihge of coverage will be equivalent to
a T1 rate (1.5 Mb/s) in the downstream (DS) dimt{(BS to CPE) and 384 kb/s in the upstream
(US) direction (CPE to BS), allowing for videocordacing service. Due to the extended
coverage afforded by the use of these lower fregjgenthe physical layer (PHY) parameters
must be optimized to absorb longer multipath exckdays than accommodated by other 802
wireless standards. An excess delay of up ta8¢an be absorbed by the OFDM modulation
used. Beyond the 30 km for which the PHY layer I@sn designed, the medium access control
(MAC) layer will absorb additional propagation dgdafor coverage distances of up to 100 km
for IEEE 802.22 systems addresses the PHY and M&A€r$, and the interfaces to a station
management entity (SME) through PHY and MAC layanagement entities (MLMES), as well
as to higher layers such as IP, asynchronous &ansbde (ATM), and IEEE 1394 through an
IEEE 802.1d compliant convergence sub-layer. At EieY layer there are three primary
functions: the main data communications, the spattisensing function (SSF), and the
geolocation function, with the latter two providingecessary functionality to support the

cognitive abilities of the system. The PHY intedaowith the MAC through the PHY service
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access point (SAP), as well as to the MLME andSME through the PHY layer management
entity (PLME) and its SAPs.

5.2.1 Physical Layer

IEEE 802.22 compliant WRANSs will provide broadbaactess similar to asymmetrical DSL
(ADSL) and cable modems, but will support more econical deployment over sparsely
populated areas. The frequency range used in tHe/0WHF TV broadcast bands extends from
54 to 862 MHz depending on the various regulatamains around the world.

IEEE 802.22 will define a single air interface khsm 2048- carrier orthogonal frequency-
division multiple access (OFDMA) to provide a réla end-toend link suitable for NLOS
operation. A general description of OFDMA is easdynd in the literature [83]. Since it is not
always possible to have paired TV channels ava|dBIEE 802.22 is initially defining a single
time-domain duplex (TDD) mode, with plans to defan&equency-division duplex (FDD) mode
as a future amendment to the standard.

To support the various TV channel bandwidths in useghe world (6, 7, and 8 MHz
channels), the sampling frequency, carrier spa@ggbol duration, signal bandwidth, and data
rates will be scaled by the channel bandwidth forlewide operation. IEEE 802.22 systems
will use a common oversampling factor and the s&mamme/symbol structure, coding schemes,
interleaving, and so on.

Four different lengths of cyclic prefix are defined 1/4, 1/8, 1/16, and 1/32 of symbol
duration to allow for different channel delay sgieavhile utilizing the spectrum efficiently. Due
to the physical size of antenna structures at thewer frequencies, IEEE 802.22 will not
support multiple-antenna techniques such as meitngdut multiple-output (MIMO) or
beamforming.

Since WRAN systems are for fixed operation, traission channels are expected to change
very slowly, so there is little time diversity gaio be achieved through burst allocation across
different symbols. Therefore, the downstream buistsIEEE 802.22 will be allocated
progressively across subchannels in the frequeanyadh, as depicted in figure 24, to minimize
overhead by simplifying the downstream map. Thi also contribute to reducing decoding
latency. The upstream bursts will be allocated msgjvely across symbols to minimize the

number of subchannels used by CPE, hence redubmgnstantaneous effective isotropic
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radiated power (EIRP) to mitigate interferencertoumbent systems. The upstream bursts can
also be mapped on a 7-symbol column basis, as shofigure 25.

The physical subcarriers in each subchannel in IBEE22 are distributed across the channel
to increase frequency diversity. Transmitting astdu of adjacent subcarriers is not supported in
the IEEE 802.22 standard because it would incrédasepotential for harmful interference to

narrowband wireless microphones.
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5.2.1.1 Adaptive Modulation and Coding

IEEE 802.22 defines 12 combinations of three mdauia (quaternary phase shift keying
[QPSK], 16-quadrature amplitude modulation [QAM4-QAM) and four coding rates (1/2, 2/3,
3/4, 5/6) for data communications that can be figxchosen among to achieve various trade-

offs of data rate and robustness, depending omethamd interference conditions.

TABLE IX

PHY MODES AND THEIR RELATED MODULATIONS CODING RATES
AND DATA RATES FORTCP=TFFT/16

Spectral
Data
PHY ) ) Efficiency
Modulation | Coding Rate Rate
Mode (for 6 MHz
(Mb/s) )
bandwidth)
1 BPSK Uncoded -
2 QPSK % Repetition 4
3 QPSK % Repetition 3
4 QPSK % Repetition 2
5 QPSK 1/2 4.54 0.76
6 QPSK 2/3 6.05 1.01
7 QPSK 3/4 6.81 1.13
8 QPSK 5/6 7.56 1.26
9 16-QAM 1/2 9.08 1.51
10 16-QAM 2/3 12.10 2.02
11 16-QAM 3/4 13.61 2.27
12 16-QAM 5/6 15.13 2.52
13 64-QAM 1/2 13.61 2.27
14 64-QAM 2/3 18.15 3.03
15 64-QAM 3/4 20.42 3.40
16 64-QAM 5/6 22.69 3.78

As shown in Table IX, a total of 16 transmissionda® are supported in IEEE 802.22. Modes
3-14 are used for data communications; mode 1 ésl der transmission of code-division
multiple access (CDMA) ranging/bandwidth (BW) regumessage/urgent coexistence situation
(UCS) notification; and mode 2 is used for the ¢stexce beacon protocol (CBP). The peak
data rate and spectrum efficiency shown are fongles TV channel with BW 6 MHz. For other
BWs such as 7 MHz or 8 MHz, the numbers will sagdeproportionally. Convolutional coding

is the only mandatory mode of forward error con{fiEC) coding defined in IEEE 802.22. The
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data burst is encoded using a rate 1/2 binary datisoal encoder with constraint length 7.
Different coding rates are obtained by puncturing odutput of the convolutional coder. Three
optional advanced FEC modes are included to probeteer performance, but at the price of
increased decoding latency and complexity: two ards of turbo codes, duo-binary
convolutional turbo code (CTC) and shortened blocko codes (SBTC), and low density parity
check (LDPC) codes. It is worthwhile mentioningtttige bit interleaving process after FEC is a
departure from other IEEE standards such as 8Q#.862.11. The block interleaving algorithm
IS a turbobased structure using an interleavingt umtiegrated in an iterative structure.
Interleaving parameters are selected to optimizeititerleaving spreading between adjacent

samples and separated samples in order to achette frequency diversity.

5.2.1.2 Preamble, pilot pattern and Channelization

There are three types of preamble defined in WR#Wberframe preamble, frame preamble,
and CBP preamble, in order to facilitate burst cl&e, synchronization, and channel
estimation. All three preambles are one OFDM synibiog) in time with 1/4 cyclic prefix. All
CPEs synchronize to a BS, in time and frequenagpguse superframe preamble, which consists
of four repetitions of a short training sequenc@&3pfollowing the cyclic prefix. The frame
preamble is used for synchronization, channel edion, frequency offset estimation, and
received power estimation. It consists of two retjegis of a long training sequence (LTS). The
CBP preamble is used for CBP detection, synchrdinizafrequency offset estimation, and CBP
channel estimation. It has the same structureeasuperframe preamble but uses a different STS
to be distinct from the superframe preamble witli tyoss-correlation. In order to obtain robust
channel estimation and good tracking ability farguency offset and phase noise, one pilot is
placed on every seventh useful subcarrier in tegquiency domain, and the pilot positions are
changed from symbol to symbol to ensure that esabgarrier has been used as a pilot over the
period of seven OFDM symbols. The basic tiling e subcarrier by seven symbols for both
downstream and upstream. The repletion unit optlod pattern is shown in figure 26.

The elementary unit for resource allocation isghibechannel, which consists of 28 subcarriers
with 24 data subcarriers and 4 pilot subcarrietser@ are a total of 60 subchannels in each
OFDM symbol. In the downstream, all data subcasrierthe 60 subchannels will be interleaved
with block size 1440 (24 x 60) before transmisstonexploit frequency diversity. In the
upstream, two subchannels will be reserved for irepdgandwidth request message, or UCS
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notification. The remaining subchannels will beengaved with block size 1624 (28 x 58),
including both pilot and data. The frequency irgaxing algorithms for upstream and
downstream are the same as the bit interleavingrittign, but with different parameters. The
inclusion of pilots in the interleaving processtive upstream direction is to ensure that every
CPE burst that arrives at the BS will have onetmlo each subcarrier over the period of seven
OFDMA symbols, which is the minimum upstream bulestgth. On the other hand, the
exclusion of pilots in the interleaving processtire downstream is to allow fast channel
estimation (using fewer than seven OFDM symbols)CREs to allow for delay-sensitive

applications.

OFDMA Symbol

Subcarrier
w

Data Subcarrier Pilot Subcarrier

Figure 26  Repetition Unit of the Pilot Pattern

5.2.1.3 Cognitive Functions

In order to operate in TV broadcast bands withdtgcéing digital TV, analog TV, and
licensed wireless microphones operated by TV brastécs and other eligible licensees, 802.22
systems will have to be cognizant of all incumbepérations in their vicinity. The necessary
tools are being included in the standard to futhikse cognitive functions. First, the location of
each BS and CPE unit will be accurately establisiad is described in detail in section 5.2.1.5

below. The second tool is access to a channeladiity database that will provide reliable
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information on channel availability for WRAN use aty given location. The third tool is the
sensing capability included in the standard to setie presence and identify the type of
incumbent signals in channels of interest. Thepaludities will, by allowing the BS to control

channel usage and CPE maximum EIRP, constitutsehef cognitive functions needed to allow
operation of 802.22 systems in the TV broadcasd®amn a noninterference basis with the

incumbents.

5.2.1.4 Spectrum Manager

The spectrum manager is the cognitive functiorhatBS that will use the inputs from the
spectrum sensing function (SSF), geolocation, aedricumbent database to decide on the TV
channel to be used by the WRAN cell as well aEiirP limits imposed on the specific WRAN
devices. This entity is to be conceptually locaedhe MAC sublayer in the BS and will work
closely with the data path MAC to communicate wita CPE, and will interface with the PLME
to control the local sensing and geolocation fuumgj and with the SME to access the incumbent
database and for any local override. Various stegesl to be taken by the SM to declare that a
channel may be used for operation. Sensing ha® tdobhe on the operating channel (N) and
adjacent channels (N + 1) to make sure that nonmbant (digital or analog TV or licensed
wireless microphone) is present. Verification df thistance to the protected contour will need to
be done through access to the TV incumbent databfasés established that WRAN operation
on channel N may create interference to a broadeeasibent operating on a related channel,
the SM will have the following four options:

* Reduce the EIRP of the CPE by placing a limit oa ttansmit power control (TPC)
range to eliminate the interference in their lcoaa.

* If such a decrease in CPE EIRP renders the sewisastainable, disallow these CPE
units (i.e., these CPE units need to seek servicanother channel from the same or a
different service provider).

* Reduce the EIRP of the BS transmission to elimitieggootential interference.

e In many cases a reduction in the BS EIRP will nogkr allow proper WRAN operation
with distant CPE, and the SM will need to initi@echannel move (to its first backup

channel) involving the BS and all of its associaBiE.
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There will always be a manual override at the B$him unlikely event that an unexpected
interference situation occurs. It is assumed that WRAN operator will have the ultimate
responsibility for avoiding interference to incumb®e Any special event will be handled on a

case-by-case basis to avoid interference.

5.2.1.4 Geolocation and Databases

The IEEE 802.22 standard requires all devices e ritwork to be installed in a fixed
location and the BS is required to know its locatemd the location of all of its associated CPE.
The location of the BS must be known to within ard$adius while the location of CPE must be
known to within a 100 m radius. In order to meas tlocation requirement all devices in the
network are equipped with satellite-based geolooatechnology (GPS, Galileo, etc.). During
the initialization procedure of any new CPE on tlework, the geolocation unit in the CPE
must successfully lock to the necessary numberatdllges; and, in doing so, the CPE must
accurately determine its location before it camgrait. After the CPE determines its own
location, it can then attempt to associate to tBeAother requirement of the 802.22 standard is
that the BS must have access to an incumbent da&tadgavice. This service provides accurate
and up-to-date information describing protectedalloast operation in the area. It is expected
that the BS accesses through the incumbent datadmsee not only a database detailing
protected television operations and a databasdidgteow-power licensed auxiliary operations
in the area, but also a database detailing otheE 1802.22 operations in the area. When a new
CPE attempts to associate with a BS during in##ion, the CPE sends its location coordinates
to the BS. The BS then uses the location informdfiio the new CPE to query the database. The
latitude and longitude for the CPE gets passethg¢chigher layers at the BS. Other parameters
for the CPE, input from the higher layers, suchaatenna pattern, height, and EIRP, can be
provided along with these coordinates so that tieembent database service can determine the
expected area over which the CPE could potentiatirfere. A list of available channels and
their respective maximum EIRP at which the CPE operate without potentially causing
interference to the protected incumbent servicgeiserated and returned to the BS. An 802.22
network is prohibited from operating on any channet on this resultant list of available

channels or above the maximum EIRP level specftiedny available channel.
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5.2.1.6 Spectrum Sensing

Spectrum sensing involves observing the radio ®aqy spectrum and processing the
observations to determine if a channel is occupied licensed transmission. Spectrum sensing
Is included as a mandatory feature within IEEE 802.

In IEEE 802.22, both the BS and CPE sense the rspecfor three different licensed
transmissions: analog television, digital teleuisi@and licensed low-power auxiliary devices
such as wireless microphones. In addition to tisggeals, the Working Group is developing a
standard for a self-organizing network of beacovials (being standardized as IEEE 802.22.1)
which is intended to give additional protection flow-power licensed uses. The sensing
requirements are summarized in terms of four patensiesensing receiver sensitivity, channel
detection time, probability of detection, and prioitity of false alarm. All nodes in the 802.22
network will sense licensed transmissions using@enna with a gain of at least 0 dBi in all
directions. The sensing antenna must be outdolea; of obstructions as much as possible, and
at a minimum height of 10 m above ground level. $hasing receiver reference sensitivity is
specified for this 0 dBi antenna gain, and aftéfagises between the antenna and the input to the
receiver have been included. For digital TV, thessgg receiver sensitivity is =116 dBm. For
analog TV the sensitivity is —94 dBm, while for ®less microphones the sensitivity is —107
dBm. The channel detection time for all signal &/ji&e2 s. The probability of detection is 0.9,
while the probability of false alarm is 0.1 for aignal types.

The 802.22 spectrum sensing framework is builtaur pillars:

* Per-channel sensing
* Quiet periods
» Standardized reporting

* Implementation independence

Each television channel is sensed independentlweder, the standard will not preclude an
implementation that senses multiple channels sanalbbusly. This architecture was selected to
allow a low-cost design that tunes the sensingivecéo a single channel at a time. The second
component of the sensing framework is the use @tqeriods. The MAC supports scheduling
of quiet periods during which the BS and all CPaperarily cease transmission. The MAC also
includes signaling between nearby BSs that endbé=se BSs to synchronize their quiet periods.

Sensing is performed during these scheduled gergs to minimize any interference from the
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WRAN systems to the sensing receiver. The third mmment of the sensing framework is
standardized reporting of spectrum sensing. Sensipgrformed in both the BS and the CPE,
but the final decision on whether a given chanseavailable for use by the WRAN is made at
the BS. Therefore, the results of the spectrumisgnserformed at the CPE must be reported to
the BS in a standardized way. Also, the spectrunsisg in CPE is controlled by MAC
management messages sent from the BS indicatingritwétized lists of channels to be sensed
during CPE idle time or specific alternate sensiagks. The fourth and final pillar in the
spectrum sensing framework is spectrum sensingeimg@htation independence. No specific
spectrum sensing technique will be mandatory in shendard. Designers will be free to
implement whatever spectrum sensing technique thepse as long as it meets the specified
sensing requirements and reports the results istdrelardized format. However, descriptions of
a number of spectrum sensing techniques that ntighised are included as examples in an
informative annex within the IEEE 802.22 draft stard. Additional details on spectrum sensing
in IEEE 802.22 can be found in [90].

5.3 IEEE 802.22 Simulator

The IEEE 802.22 PHY layer has been modeled in SikuFigure 27 shows the schematic of
transmission hand of the simulator. In this sectiom main blocks and their functionalities are

explained.

Convolutional |~ Turbo

i Subcarrier Cyclic Prefix
— —  FFT —
Binary Source Encoder Interleaver

Allocator Adder —— Base Band Filter

— Modulator —— 1IN —

Figure 27  Schematic of the IEEE 802.22 PHY layer Simulinkngmaission software.

As depicted in figure 1, data bits for simulatiom g@roduced by a binary source that is a
Bernoulli binary generator block. The data is tkeded using convolutional coding, which shall
have a native rate of %2 with a constraint lengthaétp 7. The other code rates can be obtained
by puncturing bits.

Coded bits are then delivered to an interleavethis standard, a turbo-based algorithm is
utilized for interleaving, which uses the interlemy unit I(k) iteratively. Thej™" iteration for

the algorithm is:
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(g =

[X]x = floor (%),K

The values of the above parameters are listed BLEAX.

|K—p+q+ap|—k- pl(k)éfgl)]K]K

whereK presents the number of interleaved hitss an integer parameter setting the partition
size,q denotes an integer parametepresents the iteration number ands the position index

of samples 0, 1, ..K. The operationX], X modulo-K, is defined as the following equation:

(18)

TABLE X
BIT INTERLEAVING PARAMETERS
Coded Block
K (bits)
48

336,480, 1056,2016,2112,2304
96, 162,288, 768,1008,1248, 1632, 220
144, 240, 348, 528, 960, 1344, 1536

432

576, 1152, 1727
672

864, 1824, 1920

1440, 1680

16
16

18

36

48
40

in the DS direction interleaving is done beforepihsertion.
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Data bits are mapped to subcarriers after modulalfibe multiplier following the modulation
block is used to normalize the constellation-mapgath to achieve equal average power. The
buffer puts several data bursts together, e.g.r8stduo prepare 1440 data subcarriers. In the US

direction, data subcarriers are again interleavest the pilot subcarriers are inserted. However,

The subcarriers interleaving algorithm is similar hit interleaving. Since there are 60
subchannels each including 24 data subcarriershave 60x24=1440 data subcarriers to be

interleaved. In the DS direction an optional irgexling algorithm could be performed. This



includes three permutation rules, P1, P2, and Rfichware introduced for three consecutive
symbols and are repeated periodically, i.e. symiigdsand 7 are interleaved by P1, symbols
2,5and 8 by P2 and symbols 3,6,9 by P3. The iraerg parameters for the permutation rules
are shown in TABLE XI.

TABLE XI
SUBCARRIERINTERLEAVING PARAMETERS
Permutations K (Subcarriers) p q |
P1 1440 40 2
P2 1440 10 2
P3 1440 32 2

Static interleaving is used instead of the optianathod, using only P1 permutation for all
symbols. The latter method is used in our model.

After interleaving, pilots are inserted within tdata subcarriers. This standard uses a pilot
pattern presented in figure 26 which is repeatéel & symbols and 7 subcarriers. Utilizing this
pattern, all CPEs within a cell can have good ckhestimation after waiting for 7 OFDMA
symbols. After insertion of pilot, guard and DC satriers, the IFFT is operated on them to
create OFDM symbol. Finally, the last part of OFBymbol, as a cyclic prefix, is added to the

beginning. After all these operations, the data#ly to be delivered to the channel.
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Figure 28 IEEE 802.22 WRAN transmission RF Mask for the USa@nel spacing relative to the TV

bandwidth (Symmetrical about the channel center).
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The IEEE 802.22 standard specifies the transmittgp@ mask requirements authorized by
the various regulatory domains for the differengulatory classes. Figure 28 refers to the
appropriate figure which illustrate the RF Maskplagable to the IEEE 802.22 system in the
USA. The power spectrum density (PSD) measuremieali ¥e done over a measurement
bandwidth of 100 kHz and a video bandwidth of 10 kvith an average detector. For this
reason the last block is a baseband filter.

5.4 Measurement Method and Results

The tolerance of DTT receivers to ACI has been tfiath in several studies [67] [68],
revealing that transmission on adjacent channeisceaise harmful interference if the output
power of the transmission exceeds the maximum vedeinterference power tolerable by the
DTT receiver. In [68] further measurements havenbewde on a wider range of receivers
(including some newer silicon tuner based desighis¢ wanted TV signal and the interference
signal were put together using a directional cauplel a combiner. The protection ratio is the
minimum value of the signal-to-interference ragguired to obtain a specified reception quality
under specified conditions at the receiver inp].[6-or these measurements, the reception
quality was quantified using subjective evaluatariteria, i.e. the absence of a picture failure
(PF) [70] [71], during a minimum observation time30 seconds [72].

We focused on the co-channel and adjacent chamtetféerence of an 802.22 system
operating into the same coverage range of a TMvexcdn order to evaluate the performance of
DVB-T / T2 systems interfered by 802.22 transmisgsiithe PF levels has been monitored for
different operation modes of the 802.22 standardde Goal of the study was to find the
maximum transmission power level and bandwith gurtion of an 802.22 signal in the co and
adjacent channel of an active DVB-T / T2 system nele protecting the primary broadcast
system.

The wanted TV signal was generated using the Xa8trBektec software. The IEEE 802.22
PHY layer scheme has been modeled in Matlab/SIMW,Ids described in the previous
section, for generating 802.22 signals characteimedifferent bit rates. The wanted TV signals
and the interference signals are combined in theb&#d using two DTU-215 multi-standard
VHF/UHF Dektect modulators (figure 29) and a 3dBoduShuner Hybrid coupler.
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Figure 29  Dektect DTU-215 Modulator.

The useful TV signal is received using differentB®Y / T2 receivers. Specifically we used
two different DVB-T / T2 receiver: the “Humax HD-£d 2" receiver and the “Sharp TU-T2
receiver. A simple schematic of the measuremenésys shown in figure 30.

Desired DTT
Signal

PF Evaluation

T L System
Power and Directional S —
Frequency Coupler
Selector

802.22 Signal

Figure 30  Schematic of the measurement System.
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Thanks to the X-Stream Dektec software all the @@tV signals for all different DVB-T /
T2 transmission bandwidth (6, 7 and 8 MHz) wereegated. For each of the two tested
receivers and transmission bandwidth, the recepeaer level to obtain a modulation error
ratio (MER) level of -23 dB was calculated usinglaode & Schwarz (R&S) EFA40 DVB test

Receiver, shown in figure 31. Thus the wanted cebpower level C was set to -60 dBm.

P T T
RN eRSE .

Figure 31  R&S EFA40 DVB Test Receiver

EFA's powerful digital signal processing providastfand thorough analysis of the received
DVB signal. Analysis is performed simultaneouslyhybut independently of, demodulation and
decoding. The MPEG2 transport stream is permanevyable for decoding as well as for
vision and sound reproduction. Thanks to its reaétanalysis capability, the high number of
measured values necessary for the complex calenlatd display processes are made available
for subsequent mathematical/statistical processimg extremely short, as yet unequalled, time.

The maximum transmission power levels of an 802igaal transmitting in the co-channel
and the first adjacent channel of an active DT3teay in order to respect the condition for the
minimum PF level of a DTT receiver has been obtiiriEhe transmission frequency of the
wanted TV signal is fixed during all the measureteei®n the other hand the transmission
frequency of the interfering 802.22 signal is allyf set to the central wanted TV frequency
changing with a frequency step of 500 kHz up to ¢katral frequency of the first adjacent
channel. The following test procedure was used ¢asure the protection ratio of DVB-T and
DVB-T2 systems interfered by 802.22 cognitive desioperating in the UHF band:

1. the received power level to obtain a MER level 28 dB is evaluated for the TV
signal using a R&S EFA40 DVB test receiver;
2. the transmitting power level of the interfering 8 signal is initially set to a power

level of -20 dB below the noise floor of the testedeiver;
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3. the signal level of the 802.22 interference is tlejusted to achieve the required
degradation (PF point) of the received and decddédignal;

4. the RMS power level of the interferer is measuradthe considered channel
bandwidth using a R&S ESPI test receiver,

5. the C/I protection ratio was calculated from st2pes 4;

6. steps 2 to 5 are repeated varying the 802.22 sigegliencies from N to N+1 (N is
the considered TV channel) with a step of 500 kHz.

20
10 ————
0 —
g -10 \ DVBT 8MHz
= W \ ——DVBT 7MHz
< 20 ‘
O \ \ ——DVBT2 8MHz
-30 \ DVBT2 7MHz
40 X ——DVBT2 6MHz
-50

754 755 756 757 758 759 760 761 762

Frequency [MHz]

Figure 32  DTT into 802.22 WRAN protection ratio (DVB-T / T-2 signal).

The results (figure 32) demonstrate that the DTCRikers under test are more susceptible to
802.22 interference in the co-channel but alresldgwing a good protection ratio level in
proximity of the first adjacent channel. This trasdndependent from the signal bandwidth and
transmission mode. As it can be seen, the curvésingn for the DVB-T2 standard show a
lower Protection Ratio from 757 MHz also reachiriffedences of 5 dB compared to the case of
the DVB-T standard. For this reason the DVB-T2 dtad can be considered more robust to

802.22 WRAN adjacent and co-channel transmissions.
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Conclusions

This thesis has presented four main topics relatedhe feasibility of communication
cognitive systems operating in the TVWS, considgdoexistence as the main operational issue.

The first topic studied new spectrum sensing apgres in order to improve the more critical
functionality of CRs. After a short introduction @hapter 1, in chapter 2 the implementation of a
new two-stage spectrum sensing method has beenlsscThe system is based on a two-stage
spectrum sensing approach for white spaces idestiibn in the 470-790MHz band, combining
energy and feature detection methods in the wawkletain. The current work is specifically
adapted for PU signals compliant to the EuropearBOVstandard. Different from other
approaches we looked at the energy detection gmalstlassification in a combined way, both
at system level and at computational level. Firstimplemented the proposed sensing scheme in
a fully software simulator and calculated with #esmulated signals the thresholds for both
energy detection and the signal classificationegaghe simulations validated our design for the
next step, i.e. the tests with real DVB-T sign@sir spectrum sensing approach was tested in a
functional system consisting of an RF hardwaretfieord (USRP2 SDR platform) connected to a
computer running a Matlab/Simulink model. Real aignwere acquired and fed offline to the
computational model in order to test the systeméhavior in real conditions. The receiver
operation characteristics were slightly inferiorth@se obtained with the simulated signals. The
initial tests results and the obtained ROC curnvesved the need of improving the reliability of
the sensing method for much lower SNR. The firep swill be the calculation of new, more
accurate threshold values using a large set of D¥&-T signals with various characteristics.
Further steps will also include tests with diffaramvelet filters.

In the second part of chapter 2 a new cooperaeeteum sensing architecture based on
sensor networks has been described. Sensing setsmrks can be extended to the paradigm of
Centralized Coordinated Techniques that involve €RIE operational networks would be
implemented on top of sensing networks (collocased) additional functionality (from the point
of view of the transmission and processing poweslildl be passed from the CR Controller to
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the sensor nodes, which can be implemented by ¢mgl&DR platforms (USRP2). This is not
an evolution of the Sensing sensor networks apprdmt rather a parallel alternative for a
better-suited purpose scenario, both collocatedsapdrated architectures approach having their
pros and cons. Because of the immersive naturdy imteractivity and powerful sense of
presence, the authors’ 3D GUI complies perfectlihwihe 3D Internet [13] component of the
Future Internet that offers users an augmentedaiction and navigation metaphor. Also, the
wireless nodes network features a functionalityt teenulates Internet of Things specific
scenarios, while the whole conceptual applicatiiers a radio spectrum management service
particular to the Internet of Services. The VR emwment could be further developed by
employing advanced visualization, sound and hapiwices specific to immersive VR
applications (i.e. CAVE).

The first tests, performed in order to validate piheof-of-concept application, using a single
frequency, showed that merging exponentially deyalp domains such as Virtual Reality and
its characteristic techniques and devices with fielel of spectrum sensing and, generally,
dynamic spectrum management, results in addedifunatity and significant added value for the
latter. These initial tests will be continued byabzing a more extended range of frequencies

and by implying more intelligent sensor nodes eéoample software-defined radios.

For the second main topic of this thesis an indsfwrt-range distribution system for the
wireless retransmission of SD and HD DTT-compliemrtents in the free TV channels has been
proposed in chapter 3. A central device can simaltasly and independently distribute the TV
contents to several TV sets located in differeetarof a building. The system architecture is
based on a joint use of GL-DBs, two stage spectsensing and EIRP control techniques to
provide accurate protection to incumbents. Comnatiin between server and clients is
performed over the identified free TV channels gdime existing DTT standards. Unauthorized
access can be prevented by using DRM scramblingnigges via the CI slot of the TV
receivers. To obtain a valid proof-of-concept foe fproposed system we first investigated the
issues related to the allowable maximum EIRP usifuransmit without providing harmful
interference (ACI) and quantified them not only tbe first adjacent channel. Starting from
already performed investigations on commercial Dfieceivers, we conducted our own
measurement campaign with newer receiver typesirameal working conditions, over-the-air

transmission. These tests were performed in anhamechamber using antennas for the
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transmission of the wanted TV and interference aigiWe obtained the protection ratios for
over-the-air DTT transmissions, revealing a slightigher C/I ratio than the previous studies.
For dynamically choosing the best free channebroter to avoid interference to the adjacent
active channels, we designed a particular algoritafted ADA. The algorithm uses as input the
occupancy data obtained from the Agilent VSA arelddjacent channel protection ratio mask,
in order to obtain a list of useful frequencies &nratismission powers.

Based on these transmitting power values calculasaty the ADA algorithm, we used the
second part of our research study to experimendaiigrmine the conditions under which the co-
existence of DTT receivers and short-range tranersitis feasible for indoor environments.
Taking into account all the elements related topttesence of typical attenuation phenomena for
an indoor environment, we investigated the covediggnce between the central device and a
DTT receiver, using a fixed transmission power leVde implemented hardware test-bed is
based on commercial TV sets with integrated DTTetanand off-the-shelf antennas in
combination with SDR hardware devices on whichstygem prototype has been implemented.

The results of the indoor measurement campaignalettean extended coverage of the
wireless system suitable for a normal two-floor $muWe ensured that no other receiver can be
disturbed by a new transmission by respectingréngstnission protection ratio in order to firstly
not disturb the potential receivers in proximity thfe central device. By implementing a
functional prototype of the proposed system andopming an extended indoor measurement
campaign we delivered the proof-of-concept of tmeppsed indoor short-range distribution
system for the wireless retransmission in the fré¢echannels of DTT-compliant contents. The
measurements and assumptions were made using alihaysvorst-case scenario which
nevertheless delivered first satisfactory resufsture work will include the possibility to
enhance the system’s coverage by improving trarssomsprotection ratio using different

modulation techniques and different antenna pa#on.

The third topic of this thesis was about a particuatabase developed in order to provide
information to easily calculate HNM values and assed statistics, TV Channel Occupancy
and Man Made Noise Upper Limits. Chapter 4 preskmrte extended study on the spectral
occupancy, the hidden node margin and the manmaide of the UHF band allocated for TV

broadcasting through real measurements performatben, suburban and rural locations in and
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around the cities of Bilbao (Spain) and Cagliatalfl). The measurement methodology was the
same in both scenarios.

Results have shown that a top occupancy of 84%hefbandwidth can be achieved with
rooftop antennas in rural areas, where the coveaegges from different repeaters overlaps based
on the lack of obstacles. The mean occupancy ftr tites is 32% with a standard deviation of
18. The hidden node margin obtained range from3tdB depending on the environment. The
measurements of the man-made noise in the UHF Tiddhave shown that noise is below the
equipment performances with the exception of thEmrscenarios where the presence of noise
could be measured. From this point of view we canclude that further measurements are
required to have a statistically meaningful sedatf.

The overall conclusion is potential that cognitc@mmunication in the UHF TV band needs
to make a joint use of geolocation databases aectrsppn sensing techniques in order to avoid
harmful interference to the primaries serviceshaf broadcasters. Future work will be focused
on extending the measurements in the various sosnand on further in-depth statistical

analysis of the results.

In the last topic we focused on the IEEE 802.22 WRgtandard. The objective was to
evaluate the performance of an 802.22 system apgriaito the same coverage range of a DTT
receiver. We performed extended measurements f@ua&ing the protection of the existing
broadcasting services. In order to evaluate thiopaance of DTT systems interfered by 802.22
transmissions in the co-channel and adjacent clhatime reception quality was quantified
evaluating the absence of a picture failure (PRindua minimum observation time of 30
seconds. The goal of the study, shown in chaptevds to find the maximum transmission
power level and bandwith configuration of an 802skfhal in an adjacent channel of an active
DVB-T / T2 system whereas protecting the primamydocast system. From the obtained results
the DVB-T2 standard can be considered more rolmus€0R.22 WRAN transmissions in the

adjacent and co-channel frequencies.
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