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1 Introduction

The objective of Cognitive Radio (CR) is to maximithe usage of the spectrum at any place and
any time. The PHYDYAS project contributes to thigextive in two aspects

* Maximizing the bit rate in a given bandwidth;
* Enhancing the flexibility of spectrum access thioungw scenarios.

The first aspect has been dealt with in the wordkpges 2-7 and the documents which have been
issued as deliverables and articles. The seconectagp mainly the subject of work package 8
(WP8), in which the technical issues of CR havenbiegestigated and the feasibility of a scenario
with opportunistic access and limited regulatios haen demonstrated.

Now, the work carried out in the project must bé ipuerspective and the objective of the present
document is to review the main contributions of dieéiverables [D8.1] [D8.2], provide updates and
figure out how the developed Filter Bank Multicarr{FBMC) spectrum layer can be promoted and
exploited in future cognitive radio systems andvueks.

The document is organized as follows. First, itnieresting to position the work of WP8 in the
field of cognitive radio and it is the subject afcion 2. A huge research effort is dedicated to
cognitive radio, but most of the outcome is thewith little concern for real life constraints. K i
felt that a good balance between theory and apitais provided by the standardization teams
and particularly the ITU-R team, because it refiebie vision of the entire world. Then, section 3
provides a review of the main characteristics & BEBMC physical layer, in comparison with
OFDM. Spectrum sensing and monitoring are the stdbj@f section 4 and an overview of the main
results is provided. Section 5 is concerned wittmes@pecific cross layer aspects. The importance
of burst shortening in the time division duplex reofbr cognitive radio is recalled and some
additional results are presented. Also, some camghés to the work reported in deliverable [D8.1]
about the contribution of the MAC layer are presdntSection 6 is dedicated to the “Good
Neighbour” strategy which is a major contributiohWP8. After a brief overview of the main
features of the approach and some additional detdélsign and implementation aspects related to
beamforming and interference mitigation are devedbNow, considering the PHYDYAS project
as a whole, it is claimed that FBMC is the enabl@chnology for the most advanced concept of
cognitive radio, namely the opportunistic unsyndiwed network. Then, section 7 lists some
potential applications and section 8 discusses smmaditions for the successful introduction of this
new communication paradigm and its proliferation.

2 Positioning of the Work of WP8

On the international stage, the evolution of comitations is ruled by the World Radio
Conference (WRC), which has introduced cognitivdiadan its agenda at the 2007 meeting. Then,
guestions have been put to the technical arm, ITikRpreparation of the WRC’2012 meeting.
Within ITU-R, the subject is treated by study grdupvorking party A (5A) and a report entitled
“Cognitive radio systems in the land mobile serVisebeing prepared [ITU-R-A19]. Participants to
the work (from 34 countries from all continentsklide administrations, registered operating
agencies, scientific and industrial organizationse PHYDYAS project has submitted (through
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URSI and Alcatel-Lucent) a contribution which wasadissed at the May 2009 meeting of the
group [ITU-R-5A].

Within the land mobile service allocation, workipgrty 5A are considering 5 scenarios for the
deployment of Cognitive Radio Systems (CRS)

« Use of CRS technology to guide reconfiguration ohreections between terminals and
multiple radio systems;

« Use of CRS technology by an operator of a raditesydo improve the management of its
assigned spectrum resource;

* Use of CRS technology as an enabler for cooperapeetrum access;

* Use of CRS technology as an enabler for opportigrégectrum access;

* Use of CRS technology as an enabler for opportienggtectrum access in bands shared
with other systems.

The results of the PHYDYAS project can be explotie@dvantage in all these scenarios, however,
in the 4" and %' scenarios, the FBMC physical layer appears asnabler for the opportunistic
spectrum access.

Regarding operational techniques, the first itemsadered is “obtaining knowledge” and two
approaches are listed

» Listening to the wireless channel, i.e. a cogniteatrol channel, a cognitive pilot channel
or a common signalling channel;
* Spectrum sensing.

The wireless channel implies connection to a cérdeda base, coordination and cooperation
between the systems and the networks. The scepasented in [D8.1] [D8.2], which proposes
decentralized dynamic spectrum allocation, relesectrum sensing.

The next item is “decision making and adjustmenbpérational parameters and protocols”, for
which the cases of centralized and distributed sil@ei making are distinguished. The text about
distributed decision making reads

“A distributed approach is based on localized deaision distributed network entities. An
example is an ad hoc cognitive radio network wheistributed dynamic spectrum access
would be required. Each user has to gather, exchangd process the information about the
wireless environment independently. The decisionstle actions need to be carried
autonomously based on the available information.

The delay is substantially shorter to facilitatendynic change of situations compared with
centralized approach. However, there may be anreisgith stability (especially when entities
act independently without coordination) as it i¢fidult to prove that the proposed solution
will always behave in a predictable manner....”

The PHYDYAS approach allows distributed decisionkimg and it avoids the stability issue
through threshold regulation. The behaviour of pheposed solution has been analyzed through
Markov theory and convergence has been proven.
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Coexistence is an important chapter in the ITU-Butieent, which lists two cases
» Coexistence with existing radio systems (vertitarsg);
» Coexistence of CR systems (horizontal sharing).

Possible technical solutions for coexistence andrish are described. The properties that
coexistence mechanisms should have are presentethey are a reference to assess the “good
neighbour” scheme of [D8.1] and [D8.2].

Overall, the subject of WP8 and the work carried oy the partners fit well into the vision that
ITU-R have expressed about cognitive radio systantsnetworks. It brings potential solutions to
some of the issues which have been raised, paigutegarding techniques for opportunistic
networks.



ICT-211887 Page 9 Deliverable 8.3

3 Characteristics of the FBMC Physical Layer

Until now, cognitive radio systems, either in thetaral research or in experiments, are mainly
based on OFDM. Therefore, it is appropriate to rSOFDM as the reference when recalling and
assessing the characteristics of the FBMC phy&gar. It is worth pointing out that WP7 in the
project was dedicated to the compatibility of FBMIG OFDM.

3.1 FBMC vs. OFDM in Cellular Wireless Systems

The characteristics of OFDMA are generally con®dems an almost perfect match to the
requirements of today’s broadband cellular wirelgsamunications radio interface:

* Robustness and simplicity of channel equalizatiomhich facilitates efficient
implementation of advanced multi-antenna transminsschemes;

» High flexibility in allocating resources in the texfrequency domain for different
users/purposes, supporting effective adaptive godamd modulation schemes and
scheduling methods, and providing means utilizeatiffely time and frequency diversity.

As downsides, we can mention:

e Overheads due to the Cyclic Prefix (CP) and guardb&®etween transmission channels;

* Tight requirements for timing and frequency syndimation between uplink users,
requiring complicated overall synchronization sckermand tight coordination of the radio
network elements of a cell;

* High peak-to-average power ratio which is, howewgnificantly relieved by the SC-
FDMA (or DFT-S-OFDM) approach adopted by the 3GPRELuplink.

FBMC, in large extent, inherits the benefits of QW Dwhile exhibiting the potential to significantly
enhance the spectral efficiency of the radio iaieef PHYDYAS has demonstrated a gain in
spectral efficiency in the order of 20% in a WiMAXe scenario [Rin10]. This is achieved through
the elimination of CPs and through the use of amrably narrower guardbands allowed by the
high spectral containment. In FBMC, channel eqga#itim is, no doubt more involved than in
OFDM, but workable schemes also for cases withifstgmt subchannel frequency selectivity have
been proposed by PHYDYAS partners [D3.1] [D3.2]pé&mally, the frequency sampling based
per-subcarrier equalization approach can be stifaigbard and efficiently extended to multiple
antenna scenarios [D4.1] [D4.2], allowing OFDM-likeceiver antenna diversity and spatial
multiplexing techniques to be applied.

In general, the somewhat higher implementation dexily can be regarded as the main downside
of FBMC, together with the higher conceptual comtleand unfamiliarity to the engineering
community. However, it can be argued that the imgletation complexity of FBMC is still
acceptable, when considering the overall complexitseceiver implementations where the channel
decoding part is usually dominating.

Another downside of FBMC is due to the usage of INstgpulse-shaping principle at subcarrier
level, with overlapping symbol pulses extendingravéew symbol intervals. This introduces ‘tails’
to the transmission bursts and leads to increasetheads due to the required time-domain gaps
between transmission bursts originating from défgrstations. Significant truncation of the burst
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tails may be tolerated, as studied in [D2.2]. Iy aase, the time-domain gaps between transmission
bursts from different stations need to be increasedomparison to OFDM, if the subcarrier
spacing remains the same. To reduce the overhesd®dhis effect, the utilized frame structures
should be redesigned, avoiding tightly time-muéiy@d operation. For example, some of the
WIMAX uplink transmission modes are not practicabe directly adopted for an FBMC version of
WIMAX.

One decisive difference is that there is more Haixy in the parameterization of FBMC systems.
Compared to OFDM, considerably larger subcarriecsm, i.e., shorter symbol duration, can be
considered while using multitap subcarrier equasiz@ith reasonable complexity. This helps to
reduce the Carrier Frequency Offset (CFO) problemfast-fading channels and alleviates the
mentioned problem of increased guard intervals éetwtransmission bursts. On the other hand,
increasing the subcarrier spacing increases theheads due to the guardbands between groups of
subcarriers used asynchronously. It also reducesgthnularity in the frequency direction in
spectrum sensing and utilization of spectral wipaces. A suitable compromise between these
aspects should be sought when designing an FBM€rays

Regarding the transmitter power amplifier issuebas been demonstrated in [D5.1] that the PAPR
characteristics of OFDM and FBMC are quite simifaorresponding to the reduced PAPR scheme
of DFT-S-OFDM, a similar scheme, FB-S-FBMC has bemveloped in PHYDYAS [D5.1].
Further, it has been demonstrated that traditicmagle-carrier waveforms, with significantly
reduced PAPR in comparison to DFT-S-OFDM, can bppsued in an FBMC based radio
interface by using the analysis filter bank and ceuber equalizers as central elements in
frequency-domain equalization [Iha09]. This woultbwa very simple and low-power devices for
low data-rate communications to be supported irsttmee air interface with FBMC.

3.2 FBMC vs. OFDM in Dynamic Spectrum Access Cases

Let’'s us turn now our attention from cellular systewith high level of coordination of different
users of the radio interface to opportunistic DSA&r&rios and cognitive radio. Such systems are
expected to support different independent secondagrs (SU) ‘cells’ operating in the same
geographical region and contending for the transimisopportunities in the same spectral white
spaces. In this case we cannot assume close cabodirof different transmitters which would be
required to reach quasi-synchronous operation whichturn, is one of the corner-stones of
OFDMA. In quasi-synchronous operation, differenéngs transmissions are time-synchronized in
such a way that the multipath channel delay spreedsibined with timing offsets between
different transmissions, all fit within the CP oFDM symbols.

Now if we consider scenarios where quasi-synchrsraperation is not feasible, OFDMA looses
many of its benefits: orthogonality of differenteus’ subcarriers is lost and it can only be restore
if substantial guardbands are inserted betweeprdifit users’ groups of subcarriers. In contrast, in
FBMC one unused subcarrier is sufficient as a duard to isolate different groups of subcarriers
operating with arbitrary timing offsets. Furthenvaleband receiver (e.g., in base-station) is &ble
process multiple asynchronous groups of subcar(igrs different uplink users) efficiently based
on a single analysis filter bank and multi-tap suber equalizers. The orthogonality of OFDMA is
quite sensitive also to the CFOs, with typical sig@tions for maximum CFO in the order of few
percent of subcarrier spacing. In FBMC the orthadjtynis based on guardbands, and CFO in the
order of 10...20% of subcarrier spacing can be easlgrated, depending also on the filter bank
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design. Such CFOs can also be compensated by taylégualizer based subchannel processing in
a wideband receiver, as demonstrated in [D2.2].

3.3 Filter Bank Design Aspects

In the FBMC system design, the number of subchanral subcarrier spacing, is the primary
parameter. As a rule of thumb, as long as the dlatetay spread is less than quarter of the OQAM
symbol interval, three-tap subcarrier equalizersvigie sufficient performance if they are not
expected to compensate synchronization offsets.cborpensating channel delay spreads of the
order of OQAM symbol interval, as well as worstedsactional timing offsets and CFOs, we
anticipate that 5 ... 9-tap equalizers are requideghending on the order of the modulation. Basic
synchronization and offset compensation techniduze® been developed in PHYDYAS based on
scattered pilots [D2.1] [D2.2]. However, there tdl soom for significant improvements with
respect to the compensation performance and regppihase ambiguities to allow sparser pilot
structures.

The second main parameter in FB design is the appirhg factorK. In PHYDYAS, a highly
frequency selective filter bank design based orilJBeand [Mar78] was adopted, and throughout
the project it was found out to be an excellentiaoMostly the overlapping factor #f=4 has
been utilized, resulting in very good stopbandratégion. Smaller overlapping factor, 3 or even 2,
with lower implementation complexity, could be sci#nt in well-controlled cellular network
scenarios, similar to WiMAX or 3GPP-LTE.

However, we feel that the benefits of FBMC are taizied in dynamic spectrum access scenarios
where high spectral containment of subcarrierssgyaificant asset. Using overlapping fackcr3
would significantly reduce the dynamic range inctpen sensing and degrade the quality of
isolation provided by one-subcarrier guardband witalistic power level differences of the
different subcarrier groups.

On the other hand, higher stopband attenuatioryiggd by K=5 or higher, has little use in the
presence of various non-idealities introducing spéteakage in the transmitter end (notably power
amplifier nonlinearity), and receiver end (analogireuit and ADC nonlinearity). As a matter of
fact, it is a great challenge for the analogueutirand ADC design not to degrade the performance
provided by th&k=4 filter bank design.

Various generic criteria for fine optimization dfet filter bank were considered in [D5.1]. These
ideas can be used for example for optimizing therfbank design for a specified maximum CFO
range between different asynchronous users. ThiddMoe needed in cases where the expected
CFOs might cause significant performance degradatith the basic FB design.

3.4 Channel Filtering Considerations

Another significant potentiality of FBMC is the usé the synthesis filter bank in the transmitter
end and analysis filter bank in the receiver entbats for extremely flexible waveform processing
in the spirit of software defined radio [Saa08]. tDa receiver side, high spectral selectivity a& th
analysis bank helps to separate effectively thetegagroup(s) of subchannels from the other ones.
In this context, the filter bank also effectivelyppresses any spectrally localized interferences
which might appear in the frequency band enterimg AFB. These may contain narrowband
interferences or adjacent channel signals utilizi@MC, OFDM or any other communications
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waveform. In fact, FBMC allows fragmented use & #pectrum where the used frequency band
contains sections of completely unrelated, nondsgorized transmissions [Fet09]. In contrast, the
plain FFT processing of OFDM is ineffective agaiasy interferences which are not synchronized
to the CP structure of OFDM.

If we consider the example of 3GPP-LTE, in the basedesign the channel selectivity for
alternative bandwidths is implemented through apmfible analogue filtering, and the baseband
digital signal processing after the ADC starts Wiit? removal and FFT [Tos09]. However,
commercial chip designs based on digital chanitterifig have also been announced [Fuj10]. This
is one example of the progress of SDR ideas towprdstical implementations, also for latest
cellular wireless technologies. On the other hamaase of DSA, flexible digital channel filtering,
with capability to suppress strong spectrally covgd interferences on the DSP side, is a crucial
enabler. Now considering receiver designs whiclizatithe digital channel selection filtering
approach, the analysis filter bank of FBMC is aolemplement significant portion of the needed
channel filtering. In such solutions, signal prateg complexity is moved from the multi-rate
digital channel filtering section to the analysitef bank processing. This basically pays back the
higher complexity of the filter bank approach igral detection.
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4 Spectrum Sensing with FBMC

Spectrum sensing is an essential enabling fundiipna cognitive radios to detect unoccupied
spectrum holes and then dynamically adjust theoragierating parameters accordingly. In the
following, first studies on spectrum sensing teqgmes reported in [D8.1] and [D8.2] are
summarized in section 4.1. In PHYDYAS, special eagid has been put on the spectrum
monitoring functionality, which is targeted at rdpdetection of reappearing primary users (PUs)
during secondary transmission. A spectrum monitpratheme based on continuous sensing
subbands, proposed in [D8.2], is summarized ini@ect.2 including various updates and
enhancements to the basic scheme. In Section He3Candidate Spectral Estimation (CASE)
spectrum sensing approach, reported in [D8.2], \artbus extensions to the earlier studies are
presented. The method presents very good perfoenoiicFBMC primaries. Also, section 4.3
includes a brief review of multiband spectrum segsiSection 4.4 summarizes the PHYDYAS
spectrum monitoring concept.

4.1 Summary of Spectrum Sensing Studies
The main criteria for spectrum sensing are

 Minimum detectable signal levels and required sensime to achieve the desired
probabilities of detection and false alarm;

* Robustness to noise uncertainty and backgroundenéace;

* Implementation complexity and feasibility.

The different spectrum sensing schemes can bearaed into matched filter detection, energy
detection, cyclostationary feature detection teghes, etc., each with its individual pros and cons.
In [D8.1] these different techniques have beenwatadl and tested with a special emphasis on
energy detection, cyclostationarity detection andtifiband sensing.

Spectrum sensing on a single frequency band hatatvely rich literature however multi-band
sensing which monitors multiple frequency bandsudiameously is an important issue from a
practical point of view. The basic concept of mbkind sensing is to firstly estimate the Power
Spectrum Density (PSD) and then perform energyctietein the frequency domain based on the
observed power spectrum.

The PSD can be estimated using Polyphase Filtek BiB) since it is well known that PFB is an
efficient tool for spectral analysis. In our cortteRFB can be used without additional cost since
each secondary user is equipped with PFB at theveacfront end. Initial works using PFB and
energy detector for multi-band sensing can be foimdShe09] [Kim09]. PFB with suitable
subband spacing can also be used flexibly in tiectlen of different types of primary signals and
different SNR values by adjusting the integratiange.

The decision is a binary hypothesis testing probl&woth cases follow chi-squared probability
distribution, but can be well approximated by Gassunctions. The primary SNR and the
number of independent observations determine holivtiae distributions are separated. In [D8.1]
the sensing time has been expressed for a given 8Ngertainty of the noise variance, missed
detection probability and false alarm probabiliijie main disadvantage of energy detector is that
its performance is limited by SNR levels and naiseertainty.
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In [D8.2] we have investigated the PFB based spetanalyzer to show its applicability for multi-

band sensing in cognitive radio context. Our stumyudes theoretical and experimental analysis
for three kinds of spectrum analyzers: conventioRatiodogram Spectrum Estimator (PSE),
PHYDYAS based PFB and Prolate Sequence Window (Pi8M¢d PFB. The numerical results
reveal that PSE based spectrum analyzer is sengitithe spectral leakage. Conversely, PFB
exhibits more efficient and reliable detection perfance by taking advantage of its low spectral
leakage property, which further enhances the nhaltid sensing application of PFB in cognitive
radio networks. From the view of computational ctexjty, the performance gain obtained by PFB
doesn’t come with the penalty of increased compyetdiie to the inherent parallel structure of PFB.

Finally, in [D8.1] detection of FBMC signal basedam Cyclostationary Signature (CS) has been
proposed and investigated. The cyclic spectraletation of both OFDM and FBMC signals has
been analyzed. Using a Linear Periodically Timeiaar (LPTV) model, we have derived the
explicit formulas of nonconjugate and conjugatelicyautocorrelation and spectral correlation
functions for OFDM and FBMC signals, which provitlee theoretical basis for further signal
detection. Secondly, a strategy for the detectibiM@M signals by embedding cyclostationary
signature at the predefined cyclic frequency i®stigated. Using the LPTV structure of the FBMC
signal, the explicit formulas of nonconjugate arahjagate cyclic autocorrelation function and
spectral correlation function with CS for FBMC sigirare derived and CS can be accordingly easily
inserted into the FBMC signal at some predetermifredquency position. A low-complexity
conjugate detector has been proposed for deteEtBigC signal by embedding the CS at zero
cyclic frequency in the AWGN and Rayleigh fadinguations, respectively. Experimental results
show that CS is a robust tool for signal deteciiortognitive radio network. Using flexible CS
position design for different MCM signals (diffete@R networks), identification among different
modulated signals can also be implemented in tine sgay.

4.2 Spectrum Monitoring Using Sensing Subbands

In contrast to most of the spectrum sensing liteeggtin PHYDYAS significant emphasis has been
put on spectrum monitoring, i.e., rapid detectidnpossibly reappearing primary users (PU),

instead of focusing only on initial acquisitionsgectrum holes. The spectrum monitoring function
is crucial, and can be considered to be even moadenging than the basic initial acquisition

setting. The reasoning here is that in the momigppghase, the monitoring functionality introduces
some overhead in the utilization of spectral resesir and this overhead should be minimized. In
the basic initial acquisition scenario, all partghe spectrum can be used for sensing PUs, dad it

easier to collect sufficient statistics for the &pem decisions.

Furthermore, in a sensible DSA scheme, like the deeloped in PHYDYAS, the existence of
independent uncoordinated SU systems operatindiensame geographical region have to be
assumed. It should be emphasized that the detestiand coexistence with other SU systems is a
part of the DSA scheme, and not considered hetbdnspectrum monitoring context. In such a
scenario, it can be argued that the pure initigjuasition setting is seldom relevant. Even if the
user's own SU system is silent, it is necessafyet@ble to detect weak PU signals in the presence
of SU transmissions at a somewhat stronger levliclwwould correspond to an acceptable
spectral reuse case between the secondary systems.

Spectrum monitoring basically requires some wayse@fsing the spectrum for the presence of
potential PU signals while the secondary transmissiare ongoing. It would be extremely
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challenging to consider spectrum monitoring simnétausly in a transmitting station of a secondary
system, but various schemes for simultaneous recephd spectrum monitoring can be conceived.
Especially using FBMC waveforms for secondary tnaission, commonality of data reception and

spectrum sensing functions is achieved. In [D&ltgrnative spectrum monitoring techniques were
discussed, including also residual interferenceetbatechniques and scattered O-pilot based
techniques. However, these approaches are praatiigl in case of single-user secondary

transmissions, and would become extremely chaltengi the uncoordinated SU system scenario.
Therefore, these ideas have not been elaboratdwfumder PHYDYAS.

Instead, we explored approaches based on the wellsk idea of using silent blocks in time-
frequency domain in the secondary transmissionfadditate spectrum monitoring. It was soon
realized, that in the considered DSA scheme, itngractical to assume that different SU systems
are time-synchronized, even at the transmissiorstbl@avel. Fairly complicated coordination
functionality would be needed to guarantee thatSall system, which can be heard at a certain
geographical region, would be silent at the same tiTherefore, the studies ended up in proposing
schemes with continuous sensing subbands betweegrtlups of subcarriers used for secondary
transmissions. The locations of the sensing suldbaadld be included as global parameters in the
definition of the CR interface, and only coarsegfrency synchronization of different secondary
users needs to be assumed to enable the spectroitonmg functionality. As discussed in Section
3.2, CFOs in the order of 10% of subcarrier spaaag be tolerated, and sufficient coarse
synchronization can be achieved without need feci$io coordination between different secondary
systems.

The scheme proposed in [D8.2] uses selected sublmdrahalysis filter bank for spectrum sensing.
These sensing subbands are inserted between gobgudbcarriers. To isolate sensing subbands
from the data-carrying subcarriers, three subaarmathout data modulation are inserted between
subcarrier groups, two of which appear as guardbardund the spectrum sensing band (see
Figure 4.1). In an example parameterization, omeigrconsists of 18 data subcarriers and 3 zero-
subcarriers. With 11 kHz subcarrier spacing (WiMAke case), the spacing of sensing subbands is
about 230 kHz, which is adequate for primary userdwidths of about 1 MHz or more. Naturally,
for GSM and other more narrowband waveforms, otkied of parameterization should be
considered.

10

Amplitude (dB)

Subchannel index

Figure 4.1: Sensing subband in FBMC spectrum

It is clear that using FBMC waveforms with highlgegtrally contained filter bank design, the
overheads due to sensing subbands can be minimigea topic for future studies, it seems
possible to reduce the spectral gaps from threvtosubcarriers using further filtering of the
subband signals, without essentially effectingsbesing performance.
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It has to be noted that the proposed sensing sdbbeimeme is quite challenging regarding the
effects of the RF imperfections mentioned in Sect®2. Specifically, the PA nonlinearity of
secondary transmitters introduces spectral regrowthich causes interference in the sensing
subbands. When this interference is at about tearthl noise level or lower, its effect can, in
principle, be compensated by increasing the integratime. However, the spectral regrowth
induced interference level is difficult to estimaéad in energy detection based spectrum sensing,
we are faced with a severe noise uncertainty pnoble

The sensing subband scheme was analyzed in [D8i2f wealistic model for the PA nonlinearity
and practical operating conditions in PU sensirit}) the following conclusions:

* The overheads to data transmission rate are simildre sensing subband scheme and in a
silent time-gap scheme (which would require goatetsynchronization of SUs).

* With realistic PA backoff (say 10 dB), the maxim@W power level could be about 25 ...
30 dB above the noise level without degrading tbesBnsing performance.

The resulting SU dynamic range requirement is ratlght and would require effective power
control of the SUs. In practice, distributed co@pee sensing is preferred over PU sensing based
on isolated sensing stations. This helps to oveectita channel fading effects, notably the large-
scale fading, i.e., the fact that an isolated sgnstation may experience excessive transmission
loss due to shadowing in the propagation envirorini@istributed sensing also helps to relive the
stated SU dynamic range requirements, which canbwexpressed as follows: Sufficient number
(say 4 ... 8, providing sufficient diversity agaitisé fading effects) sensing stations should benin a
environment where the stated SU dynamic requirenmerdatisfied. Preliminary discussion of
different SU elements’ capabilities to participatehe distributed sensing is also included in [£)8.
However, to properly characterize the performantesuch an overall scheme, system-level
simulation study with adequate propagation modet$ @ser statistics should be carried out. This
remains as a topic for future work.

A. Fast sequential detection of reappearing PUs

A fundamental difficulty in detecting a reappearipgmary user is the fact that, during the
transition phase, the integration window in spaateensing usually contains two parts, one where
the PU is not present and another part whereptasent. Then the usual assumptions of the signal
statistics are not valid anymore, and the sensartppmance is degraded. This effect was analyzed
in [D8.2] in case of energy detection. Furthermarsgquential detection based idea to improve the
sensing performance during the transition phase imtagduced in [D8.2]. The idea is based on
multiple parallel sequential detection process wdiffierent starting times. Among these, the one
whose starting time is closest to the actual tirheeappearance is expected to converge fastest,
indicating the reappearance of a PU. It is impdrtamotice that running multiple parallel deteatio
processes in this manner has low additional contipni complexity, since the calculation of
partial statistics for each block of samples is own to all of the parallel processes. After
completing [D8.2], the performance of this methas lbeen verified using FBMC signal models
and the proposed sensing subband structure. Thésresd conclusions are consistent with the
preliminary results of [D8.2], indicating signifioty faster detection on the average.

In any case, in order to relax the SU dynamic raege&irements, there is great interest to consider
ways to mitigate the effects of the PA spectratoagh. Some preliminary tests indicate that proper




ICT-211887 Page 17 Deliverable 8.3

power amplifier linearization methods would redtice spectral leakage effects quite significantly,
whereas windowing based PAPR mitigation methodh(Rpare not effective at frequencies so
close to the active subcarriers. Another directiento consider advanced statistical signal
processing methods on the receiver side for detpthie part of noise in the sensing subband which
is correlated with the nearby active subcarrierg. (based on ideas of [Val06]). On one hand, these
methods would help to estimate the power level tdugpectral regrowth in the sensing subband,
alleviating the noise uncertainty problem. On tlieeo hand, it might be possible to cancel this
interference, at least partially.

B. Effects of sensing filter frequency response and frequency-selective fading channel

The analysis of energy detection based spectrusirggasually assumes that the used data samples
are uncorrelated. However, in the FBMC case, catedl samples are available from each subband
at two times the symbol rate. In frequency domtie,subcarrier sample sequence is characterized
by the filter bank prototype frequency response,ictvhis far from the rectangular one
corresponding to the uncorrelated sequence madfDd.2] these effects were analyzed and proper
model was developed. This model explains well tifterénces between basic uncorrelated model
and simulations, and indicates a reduction by #atof of 0.82 in the needed sample complexity in
subband-wise sensing.

The same model was also used for analyzing thecteffef channel frequency selectivity. The
resuting model is repeated here with some cormestiand clarifications. The test statistic
distributions in the absence of PH.f and in the presence of PH) can be modelled as Gaussian
distributions:

1KY)h0~hJ(02%50Aj wn
'MYHW~N(P+a{%wﬁ#+2Rﬁ+aﬂJ |
with
ﬁ=§ji¢ (4.2)
and
iﬂﬁﬂ2=1 (4.3)

Here F_,is the L-point FFT of the channel impulse respomseijs the noise variance arl is the

PU signal variance. The condition of (4.3) mednat the model includes frequency selectivity but
the power gain of the channel is normalized toyunit

The effect of the coefficienscan be analyzed by considered its effect for tlgpired sample

complexity N for fixed missed detection probability in termstbé required sample complexity in
the AWGN caseN :

BIBNR +20SNR 1 4.4)
SNR +20SNR1

N_
N
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Experimentally, it has been verified that with tehicular A channel mode}3 <1.9 in 99 % of
the channel instances. This is in good agreemetit tvhe-domain simulations with the same
channel model (wittN=1000), which indicate that the experimental valtig3in (4.1) satisfies the

same condition, i.e4<1.9 in 99 % of the cases. Then we can conclude thaheninteresting

range (SNR<1), the effect of frequency selectiistyather small. For example with SNR=0 or -6
dB, the sample complexity has to be increased byoi@ than 25 % or 8 %, respectively, < 2.

It is clear that the condition (4.3) is not reatish practical spectrum sensing scenarios. However
based in the above analysis, a modest but reasiatig margin can be determined for the required
sample complexity due to frequency selectivity. T liee existing knowledge for modelling flat-
fading channel cases in energy detection basedrapesensing can be utilized for handling the
effects of the channel time variability.

C. CP autocorrelation approach for spectrum monitoring

OFDM is extensively used in current and emergingelss communications standards, and thus
PUs appearing in future cognitive radios will commyouse OFDM waveforms. Therefore, it is
interesting to consider exploiting the specific tteas of OFDM in spectrum sensing. CP
autocorrelation approach is an effective, low-caRjy spectrum sensing method for OFDM
primaries, which overcomes the noise uncertainbplem of energy detection [Cha08]. However,
the time-domain approaches which are availableeriterature, have some limitations in DSA and
cognitive radio scenarios, because some partsvafak PU spectrum might be masked by other SU
signals. In the spectrum monitoring context, ialso very interesting to see if the sensing subband
approach could be combined with the CP autocoroelanethod. In [D8.2] a frequency domain
implementation of the CP autocorrelation methodejgorted and tested successfully in a form
which utilizes the sensing subcarrier signals oflis approach helps to overcome the noise
uncertainty problem, discussed above, in case @IMDPUs.

4.3 Other Techniques for Spectrum Sensing

Two additional and complementary techniques dewsldp the context of FBMC and reported in
[D8.2] are recalled below.

4.3.1 Spectrum Sensing Using Candidate Spectral Estimatio(CASE)

The Candidate Spectral Estimation (CASE) spectrensiag approach was reported in section 6 of
[D8.2]. This method is tuned to the baseband sludigbe primary user; in fact the procedure is
tuned to the autocorrelation matrix of the baseb&adsport signal of the primary user to be
detected. Candidate is the name of the procedmee dhasically it replaces the pure sinusoid
functions by a generalised function to scan thectspepower density in, let us say, traditional
spectral estimation methods. Specifically, formualatpower spectral estimation as a problem of
correlation matching, and assuming that the datacauelation is given by matriR, traditional
power spectral estimates can be grounded on howh power can be subtracted frdRnat a pure
frequencyf ( w = 2rf ) with a given criterion on the resulting diffecenmatrix (see sections 6.1.1
and 6.1.2 of [D8.2]).
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The FBMC signal, considered as the primary usenaige in a cognitive radio scenario, is
successfully detected in the presence of narrovd-biaerferers, which may correspond to
secondary users, in SNR regimes ranging from -15taup9 dB that correspond to realistic
scenarios. Requiring only the spectral shape ofptireary user, the CASE detector stays always
with superior quality compared with traditional egye detectors. The candidate detector provides
accurate power level estimates and centre frequésaation, even in the presence of severe
narrow-band interferences. The method presents g@oy performance for FBMC primaries, and
seems robust even in presence of narrow-band eénéerte.

The spectral autocorrelation matrix properties dfecent communications signals are usually
unique. The proposed CASE detector takes this @dganto differentiate between a particular
primary user and other users or interferences.bBs& steps of the CASE detector are

1. Sensing the candidate user including the noisd &wkthe interference effects

2. Estimate the autocorrelation matrix of the receisigal

3. Define the autocorrelation matrix of the primargtR. (see filter bank spectral analysis in
section 6.1.1 of [D8.2]) at unit power level anchbdrequency

4. Find the minimum eigenvalugnmi, and the associate eigenvectr(Ayin anda values
detailed in [D8.2])
5. Compute the estimate spectral density of the caelid

A. Robustness analysis of the CASE estimator

The claimed performance of the candidate power lesgmation has been undertaken first under
high SNR scenario. For the evaluation a FBMC sidnal primary user) has been used with 256
subcarriers, a bandwidth of 20 MHz and a frequecasrier of 90 MHz. The synthesis filter
parameters used for the analysis are those spkoifi®5.1]. It has been noticed that the candidate
signal is still detectable in a robust manner despfi its contamination with different SNRs (-5 dB,
2 dB and 9 dB respectively) values. The CASE etsomibustness has been compared with the
periodogram and Capon estimators [R0j08] [RojO9gqiRring only the spectral shape of the
primary user, the CASE detector allows a supermueacy than traditional energy detectors,
providing precise power level estimate and cerfftegjuency location.

The performance of CASE detector has been alsoysewlwhen a narrow-band interference
radiating at a very near frequency carrier (anayseample at 80 MHz) of the candidate (primary)
signal (at 90 MHz of frequency carrier). It has betown in [D8.2] that the CASE still detects
with accuracy the transmit power of primary useatsatrequency location despite the interference.

Probability of detection versus probability of falalarm, namely Receiver Operating Characteristic
(ROC), has been analysed to test the candidateatstilt is observed that even having an SNR of -
9 dB the system still presents good performancegrnms of probability of detection. The ROC
performance has been also analysed in presencearobwiband interference, the Signal-to-
Interference Ratio (SIR) has been set to -10 dBiaratcordance with the low sensitivity of the
CASE estimator to narrow-band interference theesysstill achieves high-quality performance in
terms of probability of detection.
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The performance of the CASE detector based on gkred spectral subtraction is reported for
FBMC signals. The FBMC signal, considered as theamy user signature in a cognitive radio
scenario, is detected in presence of narrow-batedf@ners that may correspond to secondary users
and in SNR regimes ranging from -15 up to -9 dB twdmarespond to realistic scenarios. Requiring
only the spectral shape of the primary user, th&SEAletector presents in all our simulation tests
superior accuracy than traditional energy detecfBesiodogram and Capon methods), providing
precise power level estimate and central frequémcation, even in the presence of severe narrow-
band interferences.

B. Candidate method for detecting spectrum holes

A spectrum hole is defined as the set of succedseguencies not occupied in a multicarrier

transmission as FBMC. The bandwidth of the holé¢ ihavailable for secondary transmission use
to be greater than the corresponding to a singléecaNevertheless, searching single carrier holes
is not longer a problem for CASE.

For wide bandwidth, i.e. 20 MHz, systems the posgectrum used by primary where a spectrum
hole of bandwidth B exist. The basic spectral shdps fills the occupied spectrum is the
magnitude of the corresponding baseband or pratotyiper of the multicarrier scheme. In
consequence for a single carrier analysis of thmugied spectrum, the Autocorrelation Function
(ACF) that is used in th&c (define the candidate autocorrelation matrix) mabf the CASE
formulation will be the inverse Fourier transforrhtbe baseband or prototype filter magnitude
response.

In fact, the usual number of carriers associatedapsingle user is within the range 30-60, in
consequence, the spectrum sensing will look foedalith size equal to the number of carriers
assigned to a single user. Figwe, shows the spectral density estimate, using the Wi&lch
procedure, of a FBMC 512 carriers system with atspkhole equal to 30 carriers.
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Figure 4.2: Spectral density, estimated with the Welch’s proacedof a Filter Bank Multi-Carrier transport signa
of 512 subcarriers showing a spectral hole of MHzZ, corresponding to 30 subcarriers.

In summary, a more realistic approach than singtger sensing is to concentrate the interest®f th
spectrum sensing station on detecting and mongapectrum holes of a minimum bandwidi#)
where realistic secondary transmissions may takeepwith affordable complexity and delay in the

detection process. For this reasons, the candidatex Rc¢ is set toM successive carriers such that
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a hole is defined when at leddtsuccessive carriers are empty. Note, as mentibefe, that the
order of the candidate matrix, for good detectioill, be close to the quotient between the global
number of carrierdl and the number of carriers occupied by a singée Ms

Once the basic spectral shape is selected, the tA&tFprovides the entries of the ACF matrix is
derived from its IFFT. Also it can be derived frahe autocorrelation of the impulse response of
the aggregate. Inserting this matrRdj in the CASE framework it is expected that theulésg
power estimate will depict those frequencies wleeset ofM consecutive carriers remain used/un-
used.

The scenario where the performance of CASE waegdeist formed by a FBMC signal of 512
carriers occupying a global bandwidth of 20 MHzequivalently 39.0625 KHz. per carrier. From
this transport signal a hole is produced when 30ieza are not used, i.e. the corresponding
symbols are set to zero. The hole produced in theep spectral density is 1.015 MHz wide.
Concerning the CASE detector, and to illustrate peeformance depending on the candidate
selected, two different candidates have been Usest: candidate is equal to the size of the actual
hole we are looking for; in the second, it has bagsumed erroneously that the candidate is formed
by 60 carriers which is twice the actual size & skearched spectrum hole.

From Figure 4.3 it is clear that CASE defines tbeders of the hole more properly than traditional
methods. In fact, the performance of the traditionethods is roughly achieved when the candidate
is selected erroneously to twice the actual banthwadl the spectrum hole. The high resolution and
robustness of the CASE was reported in [Per09] ipgoyts superiority with respect traditional
methods as well as with respect cyclo-stationapr@gches.
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Figure 4.3: Response of the methods of Welch and Capon abogether with CASE detector for two different
candidates corresponding to 30 and 60 subcarfibesssample size was 2000 and CASE order was set
to 100.

In addition, to the mentioned features in the prasiparagraph, the major advantage of CASE with
respect the rest of the available procedures israbeastness against secondary transmission or
interferences. This performance is due to the taat CASE is tuned to a spectral pattern, in our
case the spectrum hole characterized by its banlwidhis promotes that CASE does not responds
to opportunistic transmissions already scheduletherhole. In fact, the hole is precisely detected
whenever no primary transmission occurs regardldssr potential transmissions. To show briefly
this performance, in the following scenario, thdehis partially occupied by a secondary narrow-
band transmission (single subcarrier) correspondgn opportunistic user. The goal of the
spectral monitoring is to show the actual presaridbe hole regardless opportunistic users already
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scheduled for transmission. It is assumed thaomabrand opportunistic transmissions do not use
completely the spectrum hole.
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Figure 4.4: Response for the same scenario of previous figin@nvan opportunistic transmission appears in the

Filter bank multicarrier spectrum hole.

For the sake of comparison, the performance oldaivi¢h traditional Welch’'s Periodogram and
minimum variance method of Capon will be also diguicon the plot. Figure 4.4 shows the
resulting plots with the same procedures usedgarei4.3.

It is remarkable that the CASE method detects phppbe hole in both cases regardless the
presence of the opportunistic interferer. Note thatdynamic range depicted is equal and greater
than 10 dB, which guarantees proper detection efpiesence of the hole and its size with false
alarm rates below the prescribed of10

As a general summary of the undertaken analysiyUSASE method:

The named Candidate detector, based on generamstiral subtraction, and applied to
FBMC signals with PHYDYAS prototype filter bank [ has been developed and
analysed. The FBMC signal, considered as the pyiraaer signature in a cognitive radio
scenario, is successfully detected in the presefagarrow-band interferers, which may
correspond to secondary users, in SNR regimes rmgnfyjom -15 up to -9 dB that
correspond to realistic scenarios. Requiring ohy spectral shape of the primary user, the
CASE detector stays always with superior qualitynpared with traditional energy
detectors. The candidate detector provides accysateer level estimates and centre
frequency location, even in the presence of semareow-band interferences. The method
presents very good performance for FBMC primaias] seems robust even in presence of
narrow-band interference.

Focusing on the spectrum sensing station of a tggniadio scenario, it has been shown
that the CASE can be tuned to detect spectrum hwie§ilter Bank Multicarrier
transmission systems. Basically tuning the candidatocorrelation to a prescribed selbf
successive subcarriers, the method is able to gyogetect the presence/absence of these
groups within the scanned bandwidth. The resultimeghod shows very good resolution,
robustness and, most important, perfect rejecti@econdary transmissions from secondary
users or co-channel interferers.
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* The developed implementation complements in aicentay the set of listed and developed
tools in Section 4.1 of deliverable [D8.2], whelhe tautocorrelation based sensing property
is used to detect OFDM primary user. The analysgimes a FBMC system as PU and
uses, besides the autocorrelation properties ect#te signature of desired PUs, a process
to detect its power level.

From a practical perspective, some more issues t@ae considered, particularly latency and
computational complexity, and they are a subjecfddher work.

4.3.2 Multiband spectral sensing

The basic concept of multi-band sensing is toljirsstimate the power spectrum density (PSD) and,
then, perform energy detection in the frequencyaiarbased on the observed power spectrum. The
PSD can be estimated using Polyphase Filter BaRB)YRince it is well known that PFB is an
efficient tool for spectral analysis. In our cortteRFB can be used without additional cost since
each secondary user is equipped with PFB at thevecfront end. Initial works using PFB and
energy detector for multi-band sensing can be foimdShe09] [Kim09]. PFB with suitable
subband spacing can also be used flexibly in tiectien of different types of primary signals and
different SNR values by adjusting the integratiange.

The decision is a binary hypothesis testing probl&woth cases follow chi-squared probability
distribution, but can be well approximated by Gassunctions. The primary SNR and the
number of independent observations determine holivtiae distributions are separated. In [D8.1]
the sensing time has been expressed for a given 8Ngertainty of the noise variance, missed
detection probability and false alarm probabilityie main disadvantage of energy detector is that
its performance is limited by SNR levels and naiseertainty.

In [D8.2] we have investigated the PFB based spetanalyzer to show its applicability for multi-
band sensing in cognitive radio context. Our stumyudes theoretical and experimental analysis
for three kinds of spectrum analyzers: conventioRatiodogram Spectrum Estimator (PSE),
PHYDYAS based PFB and Prolate Sequence Window (Pi8M¢d PFB. The numerical results
reveal that PSE based spectrum analyzer is sengitithe spectral leakage. Conversely, PFB
exhibits more efficient and reliable detection perfance by taking advantage of its low spectral
leakage property, which further enhances the nhaltid sensing application of PFB in cognitive
radio networks. From the view of computational ctexjty, the performance gain obtained by PFB
doesn’t come with the penalty of increased compyetdiie to the inherent parallel structure of PFB.
Finally, in [D8.1] detection of FBMC signal basedam Cyclostationary Signature (CS) has been
proposed and investigated. The cyclic spectraletation of both OFDM and FBMC signals has
been analyzed. Using a Linear Periodically Timeiaar (LPTV) model, we have derived the
explicit formulas of nonconjugate and conjugatelicyautocorrelation and spectral correlation
functions for OFDM and FBMC signals, which provitlee theoretical basis for further signal
detection. Secondly, a strategy for the detectibiM@M signals by embedding cyclostationary
signature at the predefined cyclic frequency i®stigated. Using the LPTV structure of the FBMC
signal, the explicit formulas of nonconjugate arahjagate cyclic autocorrelation function and
spectral correlation function with CS for FBMC sigirare derived and CS can be accordingly easily
inserted into the FBMC signal at some predetermifredquency position. A low-complexity
conjugate detector has been proposed for deteEtBigC signal by embedding the CS at zero
cyclic frequency in the AWGN and Rayleigh fadinguations, respectively. Experimental results
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show that CS is a robust tool for signal detectiorrognitive radio network. Using flexible CS
position design for different MCM signals (diffete@R networks), identification among different
modulated signals can also be implemented in tine sgay.

4.4 Spectrum Monitoring Concept for PHYDYAS DSA

In this subsection we summarize a possible spectnamitoring concept which is consistent with
the Dynamic Spectrum Access (DSA) scheme developdie PHYDYAS project. The proposed
spectrum monitoring scheme includes the followilggreents:

Sensing subband model with energy detection, ayufecy-domain CP autocorrelation
based method for OFDM PUs. Possibilities to adapero effective spectrum sensing
techniques (like CASE) to this scheme remainstapia for future studies.

Co-operative spectrum sensing, possibly togeth#r antenna diversity in some of the SU
elements.

Using sequential detection at all levels (basicssg) antenna combining, and sensor
fusion). Sequential detection is tuned for rapided&on of reappearing PUs through
multiple parallel sensing processes.

Using the base station as the fusion centre toewehhigh sensitivity in co-operative
detection.

In addition, the boosting protocol [WeiO3b] is ustm reach rapid action in case of
reappearing strong PUs. In this context, the sgr&ibcarriers within the frequency band of
the detected PU can be used for sending signatifioegmation between the elements of the
SU system. In parallel, the active subcarrierhef$Us are used for finalizing the on-going
transmissions and providing further signalling mfation for re-organizing the SU system
(assuming, of course, that the PU is at a powel hich allows the SU to operate).

The key elements of this concept have been develapd tested, or they have been introduced in
[D8.2] based on literature. However, validationttwt overall concept, as well as some details and
more complete analytical and simulation based pexdoce studies remain topics for future work.
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5 FBMC PHY/MAC Layers

Cognitive radio networks can use either of the wemventional duplexing techniques, namely
Frequency Division Duplex (FDD) and Time Divisiorufplex (TDD). The topic has been dealt
with in deliverables [D6.1] [D6.2]. However, in thmost challenging context, opportunistic
unsynchronized networks, where spectrum sensingadadation are critical, the fact that FDD
requires two allocations while TDD requires onlyeas a clear advantage for TDD. Thus, the issue
of burst transmission with FBMC is worth reviewiagd the first part of this section is dedicated to
this issue. In the second part of this sectionpuee management is considered, recalling the
results given in [D8.1] for downlink and introduginiplink. The third part of this section deals with
the role that the MAC layers can play in power colntvhen cooperation is considered.

5.1 Time Division Duplex in Cognitive Radio

In the TDD mode, data are transmitted in burstsclalternate for downlink and uplink in the
same channel. Then, the impulse response of thetype filter imposes transition phases at the
beginning and at the end of each burst, which aszdhe length of the burst of the emitted signal,
as shown in Figure 5.1, for overlapping fackor=4 and number of sub-channeis = 256.
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Figure.5.1: Transmitted FBMC burst

Specifically, if N, symbols have to be transmitted, if the duratioa symbol isT , then the length

of the burst is(N,+ K —-1) [T . In addition, with OQAM modulation, considerinat real and

imaginary parts alternate and are shifted by halfrabol duration, the quantiffy/2 must be added,
which leads to the total burst lengB) expressed by

BL=(NS+K—%)EF. (5.1)

With OFDM, the length of the burst would B&T and, therefore, at first glance, the penalty of

using FBMC is(K —%) [T . However, looking at Figure 5.1, it is obvioustlsignificant parts of

the transitions may be cut with minor effect. Thine impulse response of the system consisting of
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a truncated filter impulse response at the trarteménd the full filter impulse response at the
receiver must be analyzed. In the sub-channelg; thrd terms which are simultaneous to the
reference and those coming after, the post-cursausst be taken into account. This analysis reveals
that only the reference symbol and the symbol n@xhe reference are significantly impacted by
the burst cut. The magnitudes of the interferingnals in the neighbouring sub-channels,
simultaneous to the reference pulse, when the 38 coefficients (1.5 symbols) of the filter
impulse response are cut, are shown in FigureThé&.decrease with the distance to the reference
sub-channel is worth pointing out and the maximumerference level is —37 dB. Note that the
figure represents the spectral temporary leakage.
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Figure 5.2: Interference in neighbouring sub-channelssfartened transmitter filter

Now, different cuts are considered and the resuiggiven in Table 5.1.

Table 5.1:Impact of burst cuts on the first and last symbols

Number of 256 | 320 | 384 | 448
coefficient cut

S1/1 47 47 27 13

SNR (dB) | S1/2 65 59 38 33

s2/1 65 65 63 37

For example, when the first 384 samples of thetkanes cut, the Signal-to-Interference Ratio (SIR)
is 27 dB for the first half of the first OQAM symb&1/1, it is 38 dB for the second half, S1/2, and
it is 63 dB for the first half of the second symi&f/1. The consequence is that, if the OQAM
constellation has the size 256 for example, i.efitlst and the second half of a symbol carry 4 bit
each, the first half of the first symbol has tolipgted to 3 or 2 bits, while the second half ahd t
subsequent symbols may carry the full load. Theesegasoning applies to the last symbol in the
burst, when the last 384 samples of the burst aletet.

From Table 5.1, it appears that no reduction inldmeiding is required for cuts of 320 and 256
samples (1 symbol), while a cut of 448 samplesdetadthe loss of half an OQAM symbol.
Therefore, among the proposed cuts, the most efficdut is 384 samples, which yields an increase
in burst length off /2, half a symbol duration, with respect to OFDM dinig illustrated in Figure

5.1.
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In the TDD access mode of OFDM systems, the fraanegdivided into sub-frames for downlink
and uplink and guard intervals are introduced fa transitions, the so-called Transmit-receive
Transition Gap (TTG) and Receive-transmit Transit®@ap (RTG). The sizes of these gaps are
generally smaller than the duration of a symbol.

In an FBMC system, assuming filtering with overlaqgpfactor K =4 and the truncation of the
bursts by 1.5 symbol length (384 samples) at tlggnbeng and the end, the total length of each
burst is increased by/2, which implies that the TDD frame is expandedTbythe duration of a
symbol. In the comparison of the efficiencies & @FDM and FBMC systems, this quantity has to
be subtracted from the gains due to the absencgcbt prefix.

In radio systems, the bursts often include a préammbthe beginning, which is used for time and
frequency alignment and for measuring the chanmaracteristics, in order to optimize the
performance. An example of such a burst structsrghown in Figure 5.3, where the preamble
consists of two identical symbols, followed by data symbols. Since the preamble signal samples
are exploited for measurements, no overlapping witter signals is generally permitted. In the

FBMC context, this means that a transition musint@®duced between the preamble and the data,
to allow for the preamble signal to vanish anddbta signal to raise, as sketched in Figure 5.3.

Ns+K-1
P, P D: D, Dns
CFO + Transition cTTTTTTTTTTTTT
Timing + data Data transmission
Channel measure

Figure 5.3 Structure of the packet and preamble-datasitian

The principle of filter impulse response shortencan be applied to the preamble case, in a
straightforward manner. First, the preamble sigras exploited independently of the data

transmission constraints, by separate operatiotigleavices. Then, the beginning of the data section
in the burst can be cut as described above andthétlsame effect, namely the bit loading of the

first data symbol has to be reduced. Thereforeinipact of FBMC in the presence of a preamble is
again an increase of burst lengthTo®2.

In conclusion, in an opportunistic network exploiti TDD, the penalty incurred by FBMC with
respect to OFDM due to the burst edges is half Bicatrier symbol and, if a preamble is included,
it is one symbol.

5.2 Resource Management in downlink and uplink-OFDM/FBMC comparison
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This work, is a continuation of the work on dowhlipresented in D8.1, under section 6. It
describes an efficient resource allocation algaritim uplink/downlink OFDM/FBMC based CR
systems. The objective is to maximize the total @&Ra rate while limiting the interference
introduced to the primary system. The proposeduresoallocation is divided into two phases. The
assignment of subcarriers to users is performatidind then the power is allocated to the different
subcarriers. For downlink case, the subcarriersaficzated to the user with the highest SNR.
However, for uplink case, the scheme for subcatoeuser assignment proposed in [Kim05] for
non-cognitive systems are adopted in order to btalda for cognitive ones. Subcarriers are
allocated based on the channel quality, amountintdrfierence imposed to the primary bands,
instantaneous rate achieved by every user andhtihement in the total data rate. For the power
allocation phase, an efficient power allocatioroatipm is proposed to distribute the powers among
the subcarriers under the power and interfereneestcints. Moreover, the efficiency of using
FBMC in CR systems is investigated and compargdRBDM based CR systems.

The contents of section 6 of D8.1 about downlinkeisalled for convenience, with some additional
results. The subsections are organized as foll®estion 5.2.1 introduces the system model while
Section 5.2.2 formulates the problem. The resoaliogation schemes are discussed for uplink and
downlink in Section 5.2.3. Finally, the sectiorcacluded.

5.2.1 System Model

The scenario in which the primary and cognitivetayss co-exist in the same geographical location
is assumed as described in Figure 5.4.

CR base station
(CBS)

Secondary User

S
Primary User
(PU1) & (su2)

Figure 5.4: Cognitive Radio Network

In the downlink case, the Cognitive Base StatioBSLtransmits to its SUs and causes interference
to the PUs. Moreover, the PU’s base station intesfevith the SU'’s.

For the uplink case, SUs are opportunistically asitey the unused primary system’s spectrum
bands to transmit to their CBS without causing Haltmmterference to PUs. The CR system’s
frequency spectrum is divided inté subcarriers each havingZd bandwidth. The side by side

frequency distribution of the PUs and SUs will kswaned (see Figure 5.5).
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Figure 5.5: Frequency distribution of the active and non-acgixienary bands

The frequency bandg, B,,---, B, has been occupied by the PUs (active PU band$g Wia other

bands represent the non-active PU bands. . Thare s/nchronization between the primary and
CR systems, and hence the transmission of the 8Rmywill cause interference to the PUs due to

side-lobes of its filter frequency response. Therfierence caused by the CR system tol theu
band should not exceed the predefined interfer¢angerature limit, . The same maximum
interference constraint can be found in [Ban08][@hd][Has09][Shal0] and [Zhal0-1].

The interference introduced by the transmissiorthefi™ subcarrier of the CR system I8 PU
band, I (d.' P) , is the integration of the Power Spectrum DengR$D) of thei" subcarrier

across thé" PU band,B . If an ideal Nyquist pulse is assumed, the muintdrference can be
expressed as [Wei04]

|
di+E1/2

i(dR)=Ra; Q= [ [¢f @ (1) (5:2)

|
di-§/2

where ®, is the PSD of thé" subcarrier which depends on the used multicare@mnique and!

is the spectral distance between thesubcarrier and thE” PU band.g' denotes the channel gain
between the" subcarrier and thE” PU band whileP is the total transmit power emitted by the
i" subcarrierT_ =1/Af is the symbol duration an@, denotes the interference factor of iffe

subcarrier to thé™ PU band. By the same way, the interference ponteoduced by thé™ PU
signal into the band of thi€' subcarrier is [Wei04]

dl +afi2

3= [ () aw (5.3)

dl -af2

where ¢, (ei“’) is the power spectrum density of tHe PU signal andy is the channel gain

between theé" subcarrier and™ PU signal. The OFDM and FBMC PSD’s are describedhie
following subsections.
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52.1.1 OFDM System and its PSD Model

The OFDM symbol is formed by taking the Inversedbese Fourier Transform (IDFT) to a set of
complex input symboléxk} and adding a cyclic prefix. The block diagram lvé OFDM system
is depicted in Figure 5.6.

Input N N gg’:f':; N Channel Cyclic —| - Output
Symbols Sk, JIDFT insertion | | PIS — — SIP | | prefix | DFT | PS —>

i |removing

Figuse6:  OFDM system block diagram

This is can be written mathematically as

x(N) =2 X (= wi) GrinwT-C)lIN (5.4)

k wlz

where{k} is the set of data subcarrier indices and is aetubf the sef0,1,-- N-1, N is the

IDFT size, C is the length of the cyclic prefix in number ofrgales, T = C+ N is the length of the
OFDM symbol in number of samples, anddenotes thev" OFDM symbol index.

Following the derivation of the PSD for general dd@zand signal given in [Pro02], it can be shown
that the OFDM PSD is:
k
o (-5

where G, (f) is the Fourier transform of; (n), and o, is the variance of the zero mean

2

CDOFDM (f) :%Zk: (5.5)

(symmetrical constellation) and uncorrelated inpyinbols. The assumption of the uncorrelated
input symbols can be justified because of coding emerleaving in practical symbols [Bal07].

g; (n) can be chosen as

1 n=01;--T-1

o (n)= {0 otherwise (5.6)

and hence its Fourier transform is

G, (f)) =T+23(T-r)coq 2rfm). (5.7)

r=1
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5.2.1.2 FBMC System and its PSD Model

Each subcarrier in FBMC system is modulated witaggered QAM (offset QAM) [Bal07]. The
basic idea is to transmit real-valued symbols ax$tef transmitting complex valued ones. Due to
this time staggering of the in-phase and quadratoreponents of the symbols, orthogonality is
achieved between adjacent subcarriers. The modwatbthe demodulator are implemented using
the synthesis and analysis filter banks. The §lter the synthesis and analysis filter bank are
obtained by frequency shifts of a single prototyiiter. Figure 5.7 depicts the structure of the
synthesis and analysis filter bank at the transmiéind receiver in FBMC based multicarrier
systems.

The FBMC signal can be written mathematically dg (8],

x(N=>"Sa i w)e"

k wiz

zZ|=

" Ew (5.8)

Where{ k} is the set of subcarrier indicds,is the pulse shape , is an additional phase term and
r, is FBMC symbol durationa, , are the real symbols obtained from the complex Qahbols

having a zero mean and variangg . Hence the symbols have a zero mean and finitience
2
o=

T The PSD of the FBMC can be expressed by [Skr06]:

(-3
N

where H(f) iIs the frequency response of the prototype fikath coefficients h[n] with

n=0,-- ,W-1, whereW = KN andK is the length of each polyphase components (qweirig

2

o>
CDFBMC =Trz (5.9)
o k

th
factor). Assuming that the prototype coefficientavéh even symmetry around t{e}%j
coefficient, and the first coefficient is zero [Bd], we get

w

\H(f)\:h[vwz]+2§r{(wz)— i| cog ar fi). (5.10)
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Figure 5.7: FBMC system’s transmitter and receiver

To make a parallel between OFDM and FBMC, we plageselves in the situation where both
systems transmit the same quantity of informatidns is the case if they have the same number of

subcarriersN together with duration of, samples for FBMC real data afid=2r, for the
complex QAM ones [Bal07] [Skr06].

From the relations above we can notice that thesP&ODFDM and FBMC are the summation of
the spectra of the individual subcarriers. Using BHYDYAS prototype filter [PHY], Figure 5.8
plots single subcarrier power spectral densitiegh@fOFDM and FBMC systems.

It can be noted that the FBMC system has very ssid# lobes with comparison to that of the
OFDM system.
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Figue8: Single subcarrier PSD’s of the OFDM and FBMC system

5.2.2 Problem Formulation

The transmission rate for th& subcarrier,R can be evaluated as

2
o

R (P, h,)=Aflog,| 1+

Pm
| a (5.11)

g

whereP . is the transmission power atg, is thei" subcarrier fading gain from the" SU to

L
the CBS.07 = 0fyey + D J| Where oy, is the variance of the additive white Gaussians@oi
1=1

(AWGN) and J! is the interference introduced by thePU band into theé"™ subcarrier which is

evaluated using (5.3) and can be modelled as AW&Nescribed in [Ban08]. Throughout this
paper, all the instantaneous fading gains are as$uim be perfectly known at the CBS. The
channel gains between the SUs and the CBS canthaeth practically by the classical channel
estimation techniques while the channel gains betwbe SUs and the PUs can be obtained by
estimating the received signal power from each g@rynterminal when it transmits, under the
assumptions of pre-knowledge on the primary trahgower levels and the channel reciprocity
[Zzha09-2][Zha08-3]. Based on the channel gains,GB&S assigns the subcarriers and powers to
each SU through a reliable low-rate signalling ctedn

Let v ., to be a subcarrier allocation indicator, Mg, =1 if and only if the subcarrier is allocated

to m" user. It is assumed that each subcarrier can éa fos transmission to at most one user at
any given time. Our objective is to maximize théataapacity of the CR system subject to the
instantaneous interference introduced to the PUstatal transmit power constraint in downlink

and per user power constraints in uplink. Thereftire optimization problem in downlink case can
be formulated as follows

PLimaxd >, R (P ) (5.12)

I m=1li=1
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subject to
U, 0{0,3 ,0i m (5.13)
M
du., <10 (5.14)
22 VaPns<h (5.15)
m=1i=1
P>0,0i0{1,2;-- N} (5.16)
M N
DD UaPQ <1y, 010{1,2,- L} (5.17)

m=1i=1

where N denotes the total number of subcarrield! ,is the number of users, denotes the

interference threshold prescribed by tfePU andP, is the total SU’s power budget. Inequality
(5.14) ensures that any given subcarrier can beakd to at most one user.

For the uplink case, the total power constrainegiin (5.15) should be rewritten to consider the pe
user power constraint as follows

N

U oP.<PsOm (5.18)

i=1

whereEm is them” SU total power budget. The optimization probl&his a mixed optimization

problem in which achieving the optimal solution deehigh computational complexity.
Additionally, the minimum rate constraints incredbe complexity of the problem. In order to
solve the problem, we propose an algorithm to perfithe resource allocation in two phases. In the
first phase, a heuristic sub-optimal algorithmsedito allocate the subcarriers to the differeetsus
Afterwards, the optimal power allocation is evaéghtn the second phase. The optimal power
allocation algorithm requires high computationaimgdexity and hence a low complexity power
algorithm is proposed to perform the power allamaphase.

5.2.3 Resource Allocation in Multicarrier Based CR Netwoks

The schemes to solve the optimization problem ptesein the previous section will be discussed
in detail in this section. We will start reviewirige schemes described in the deliverable [D8.1]
considering the downlink resources allocation. Aft&rds, the uplink resource allocation will be

discussed.

5.23.1 Resource Allocation in Downlink (Review of the WorkPresented in
[D8.1])

The optimization problenilin (5.12) is a combinatorial optimization problemdats complexity
grows exponentially with the input size. In order reduce the computational complexity, the
problem is solved in two steps by many of the stibmgd algorithms
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[Jan03][Kiv03][She03][Won99]. In the first step.etlsubcarriers are assigned to the users and then
the power is allocated for these subcarriers insdend step. Once the subcarriers are allocated to
the users, the multiuser system can be viewedaliytas a single user multicarrier system.

52311 Subcarriers to Users Allocation in Downlink

As proofed in [Jan03], the maximum data rate in lovk can be obtained if the subcarriers are
assigned to the user who has the best channefayaimat subcarrier as described in Algorithm 1.

Algorithm 1 Subcarriers to User Allocation in Downlink

[ nitialization:

Sety,,, =00i,m
Subcarrier Allocation:
fori=1to Ndo

m =argma{ h,.}; v =1
end for

By applying the Algorithm 1, the values of the chahindicatorsy, ,, are determined and hence for

notation simplicity, single user notation can bedisThe different channel gains can be determined
form the subcarrier allocation step as follow

h=>3u.h (5.19)

m=1i=1

and hence probler®l can be reformulated as follow

: RIhf
P2: max) log,| 1+ (5.20)
R o= o
subject to
N
PQ <I, 0012 L} (5.21)
i=1
N
P<P (5.22)
i=1
P=0 0iD{1,2;-- N}. (5.23)

5.2.3.1.2  Subcarriers Power Loading (Optimal Solution)

The problemP2in (5.20) is a convex optimization problem. Solviiog the optimal solution (see
[D8.1] for the derivation), we can get
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+

\ 1 o?
P = -— (5.24)

ZL:aIQi +5 |h|

where[x]+ = max( O,X). a, and S are the non-negative Lagrange multipliers. SoiMiogL +1
Lagrangian multipliers is computational complexe$@é multipliers can be found numerically using
ellipsoid or interior point method with a comple;xiD(N3) [BoyO4]. In what follows we will

propose a low complexity algorithm that achieverrgdimal performance.

5.2.3.1.3  Proposed Sub-optimal Downlink Power Allocation Algoithm

The optimal solution for the optimization problerasha high computational complexity which
makes it unsuitable for the practical applicatioAslow complexity algorithm is proposed in
[Zha08-2]. The subcarriers nulling and deactivatimgughout this algorithm degrades the system
capacity and causing the algorithm to have a lighfterformance in low interference constraints.
To overcome the drawbacks of this algorithm, a tmmplexity power allocation algorithm will be
presented.

As described in [Wei04], most of the interferenngaduced to the PU bands is induced by the
cognitive transmission in the subcarriers whereRhkis active as well as the subcarriers that are
directly adjacent to the PU bands. More restrictiray with dealing with the interference constraint
will be described later for the uplink case. Comsitg this fact, it can be assumed that each
subcarrier is belonging to the closet PU band anl¢ atroducing interference to it, then the
optimization problemP2 can be reformulated as follow

A
subject to
YPo <1, OD{1,2 L} (5.26)
iI]Nl
N
SP <P (5.27)
i=1
P20 0i0{1,2: N} (5.28)

where N, denotes the set of the subcarriers belong td"tHeU band. Solving for the optimal we
can get (see [D8.1] for the derivation)

p=| 1 ,_022 (5.29)
aQ +B |h
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wherea, and B are the non-negative dual variables corresponttirthe interference and power

constraints respectively. The solution of the peablis still has high computational complexity
which encourage us to find a faster and effici@wer allocation algorithm.

If the interference constrains are ignoredP® the solution of the problem will follow the well
known waterfilling interpretation [Lek97],

P = {A _LZZ} (5.30)
h|

where A is the waterfilling level. On the other side, lifet total power constraint is ignored, the
Lagrangian of the problem can be written as

P'(In

o=l cqn(gma-s)
g

iDNl iDNl

(Int)

wherea, is the Lagrange multiplier. Equati% to zero, we get

5 +
R'um){ 1 U} (5.32)

where the value ofr; can be calculated by substituting (5.32) iftoP "™Q, = I, to get

iDNl

[N

Qo
Iy + !
! 2 h[?

a ™ = (5.33)

It is obvious that if the summation of the allochfwer under only the interference constraints is
N

lower than or equal the available total power badge. > P <R ,0i0{1,2,-- N} , then

i=1
(5.25)-(5.28) will be the optimal solution for tbhptimization problemP3. In most of the cases, the
total power budget is quite lower than this sumoratand hence the Power Interference (PI)
constrained algorithm, referred toRlsAlgorithm, is proposed to allocate the power under the both
the total power and interference constraints.

In order to solve the optimization problé&, we can start by assuming that the maximum power
that can be allocated for a given subcarfEf” is determined according to the interference
constraints only by using (5.25)-(5.28) for eveey sf subcarriersl,, Ul D{l, 2, ,L} . By such an

assumption, we can guarantee that the interfergnicauced to PU bands will be under the pre-
specified thresholds. Once the maximum poR¥T, the total power constraint is tested. If the
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total power constraint is satisfied, then the sofuthas been found and equal to the maximum
power that can be allocated to each subcarrier,P.e P"*. Otherwise, the available power

budget should be distributed among the subcarmggrsg that the power allocated to each
subcarrier is lower than or equal to the maximurwerothat can be allocated to each subcarrier

PY* and hence the following problem should be solved

W F
h
P4: g}vaxZIogz(H | i (5.34)
subject to

N
Z WE< P (5.35)

i=1
Os iW.F < PiMaX (536)

The problemP4 is called“cap-limited” waterfilling [Pap08] [Zhal0-2]. The problem canveul
efficiently using the concept of the conventionalterfilling. Given the initial waterfilling solutio

the channels that violate the maximum pow&f* are determined and upper bounded W®Iff .

The total power budget is reduced by subtractimggbwer assigned so far. At the next step, the
algorithm proceeds to successive waterfilling otrer subcarriers that not violated the maximum

power P"* in the last step. These procedures are repeatddheallocated poweP" " doesn't
violate the maximum powelP"™ in any of the subcarriers in the new iteratione Ttap-limited”
waterfilling algorithm implementation is describedAlgorithm 2.

Algorithm 2 Cap-Limited Waterfilling

1. InitializegF =M =N ={1,2,---,N}, P=P"* andS=
2. Sort{TI I |2,|DN} in decreasing order witl) being the sorted index. Find the

waterfilling A as follows
(a) sum ZDN i (TSum+S)/|N|’ n=1.
(b) while T ) > A do

Tsum—Tsum T N =N {I(n}, A=(T,,+ S)/IN|, n=n+1
end while
(c) Sett"F =[A-T] ,0iOF
3. repeat
if P"F 2|5I
F=P,s=5-PF, M =M \{i}, N =M , and go to step 2;
end if
until PY"F < P,0I0F
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The solutionP"'F of the problemP4 is satisfying the total power constraint of thekgem P3
with equality which is not the case for the differénterference constrainits. Since it's assumed

that P¥F < P | some of the powers allocated to subcarriers wiit reach the maximum
allowable values which will make the interferennoduced to the PU bands below the thresholds
I}, In order to use all the allowable interferenctigs, the values of the maximum power that can

be allocated to each subcarriet™ should be updated depending on the left availmiégference.
The left available interference can be determiretbbow

e =10 =D P FQ, (5.37)

iDNl
Assuming thatA O N is the set of the subcarriers that reach its mawii.e.P" " = P** 0i0 A,

then, P** [iO A can be updated by applying the equations (5.38p]%on the subcarriers in the
set A with the following interference constraints

Iy =+ D PO, (5.38)
iDA1

After determining the updated valuesR3f*, the“cap-limited” waterfilling is performed again to
find the final solutior® = P"". Now, the solutionP is satisfying approximately the interference

constraints with equality as well as guaranteeinat the total power used is equalRa A

graphical description of thél-Algorithm is given in Figure 5.9 while the implementation
procedures are described in Algorithm 3.

e Initial Pi
Pc:v\ver I Updated Pi
I I
Pmax . Pmax
A | Set A | =

o E—— Updated Updated
i . Pmax Pmax [

.....................

...................

-
Subcarriers

Figure 5.9: An Example of the SUs allocated power using PI-Aithpon

Algorithm 3 PI-Algorithm

1. Initialize N ={1,2,---,N}, N, =N, 1., =0, S= P andA =0.
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2
2. O0{a,2,---,L}, sort{Hi =|z—7§2i,iDNl} in decreasing order witk being the sorted
index. Find theP"® as follows:
a)H,, = H, o™ =[N |/(l; +H,), n=1.
() sum ziDNl i | | I| (th sum)

(b) while g™ >H. do

Hsum= H sum Hk
end while

o N =Nk}, @ =[N [/(1 +H,) n=n+l

(c) SetP"™ =

12
a,l'(lnt)gzi |h |2
3' If ZiDN F?Max s Pr

Let P = PY* and stop the algorithm.

end if
4. Execute thécap-limited” waterfilling (Algorithm 2) and find the sef, O N, where

PW.F = PMax.

5. Evaluatd |, =1,,-> _ P"FQ and setN, =A, I, =1\ ,+> _ P"FQ, and apply again
=N A

only step2 to updateP™**.
6. Execute thtcap-limited” waterfilling (Algorithm 2) and seP = P""".

The computational complexity of Step in the proposed PI-Algorithm (Algorithm 3) is
L

>0 (|N,|Iog|NI |)sO(NIog N). Steps4 and 6 of the algorithm execute thécap-limited”
1=1

waterfilling which has a complexity @ (N)<O(Nlog N)[Chel10]. Stefb has a complexity of

L

>0 (|A|Iog|A|)+O( L)< O(Nlog N)+ O( L). Hence, the overall complexity of the algorithm is
1=1

lower thanO (NlogN)+O(L). Comparing to the computational complexity of tbptimal

solutionO (N3) , the proposed algorithm has much lower computatioomplexity specially when
the number of the subcarriel$ increased.

52314 Simulation Results for the Downlink Case

The simulation is performed under the scenario mjiire Figure 5.5. A multicarrier system of
M =3 cognitive users andN =32 subcarriers is assumed. The valueTof Af and B are

assumed to bdu second,0.3125 MHz andl watt respectively. Additive White Gaussian Noise
(AWGN) of variancel0™® is assumed. Without loss of generality, the imtefice induced by PUs
to the SU’s band is assumed to be negligible. Thaneel gainsh and g are outcomes of

independent, identically distributed (i.i.d.) Ragle distributed random variables (rv's) with mean
equal to 1" and assumed to be perfectly known at the CBS. RFRIhd FBMC based cognitive
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radio systems are evaluated. The OFDM system igvas to have #.67% of its symbol time as
CP. For FBMC system, the prototype coefficients assumed to be equal to PHYDYAS
coefficients with overlapping factdk = 4 [PHY]. The optimal solution is implemented usirug t
interior point method. We refer to the method psmmbin [Zha08-2] by Zhang algorithm. All the
results have been averaged ov8600 iterations.

Two interference constraints belonging to two atRU bands, i.&. = 2, are assumed as given in
Figure 5.10.

B1 B,
«—
Non-Actlve Active Non-Active Active Non-Actlve
band PU, band band PU; band band
| | 1| NI | | | Frequency
1 2 .......... N
N1 P € NZ >

Figure 5.10: Frequency distribution with two active PU bands

Each active PU band is assumed to have six subcamhergN,|=|N,|=16. The achieved
capacity using optimal, Pl and Zhang algorithms dfferent interference constraints where
|, =12 is plotted in Figure 5.11.
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Figure 5.11:  Achieved capacity vs. allowed interference thredtiot OFDM and FBMC based CR systems - Two
active PU bands

It can be noted that the proposed Pl-algorithm @ggres the optimal solution and outperforms
Zhang algorithm. The effect of assuming that egycarrier is belonging to the closest PU band
and introducing interference to it only on the meerference introduced to the active PU bands is
studied in Figure 5.12 and Figure 5.13 fold, and PU, respectively.
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Figure 5.12:Total interference introduced to tiRy, vs. interference threshold
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Figure 5.13: Total interference introduced to theU, vs. interference threshold

It can be observed that the net interference indluseng the Pl-algorithm is approximately equal to
the pre-specified thresholds which make the assompéasonable. The achieved capacity of the
different algorithms is plotted in Figure 5.14 witwer values of the interference constraints.
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Figure 5.14:  Achieved CR vs. allowed interference threshold jlfav OFDM and FBMC based CR systems - Two
active bands

One can notice that Zhang algorithm has a limitedgpmance with low interference constrains

because the algorithm turns off the subcarriers teve a noise level more that the initial

waterfilling level and never uses these subcaragean even if the new waterfilling level exceeds
its noise level. Moreover, the algorithm deactigaseme subcarriers, i.e. transmit zero power, in
order to ensure that the interference introduceBUWobands is below the pre-specified thresholds.
The lower are the interference constraints, theenape the deactivated subcarriers which justify the
limited performance of this algorithm in low interénce constraints.

To show the efficiency of transmitting over theiaetPU bands as well as the non-active bands,
Figure 5.15 and Figure 5.16 plot the achieved dapasing the PI algorithm with and without
allowing the SUs to transmit over the PU activedsan
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Figure 5.15:  Achieved capacity vs. allowed interference thredhath and without transmitting over active bands-
Two active PU bands
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Figure 5.16:  Achieved capacity vs. allowed interference thredhtdw) with and without transmitting over active
bands - Two active PU bands

The capacity of the CR system transmitting on kibthactive and non-active bands is more than
that one transmitting only on the non-active b&idce the cognitive transmission in the active PU
band introduces more interference to the PUs tharother subcarriers, low power levels can be
used in these bands with low interferences comggravhich justify why when the interference
constraints decrease ,the difference between thesyatems decreases.

For all the so far presented results, the capadityBMC based CR system is higher than that of
OFDM based one because the sidelobes in FBMC’s BSnaller than that in OFDM which
introduce less interference to the PUs. Moreoueg, ihserted CP in OFDM based CR systems
reduces the total capacity of the system. It camdigced also that the interference condition
introduce a small restriction on the capacity ofMB based CR systems which is not the case in
OFDM based CR systems. The significant increasthencapacity of FBMC based CR systems
over the OFDM based ones recommends the FBMC asdidate for the CR network applications.
More simulation results can be found in [D8.1].

5.2.3.2 Resource Allocation in Uplink

As described in the previous section that the mmbbf resource allocation will be solved in two
steps. In the first step, the subcarriers are alkst to the users and then powers are allocated to
these subcarriers.

5.2.3.2.1  Subcarriers to Users Allocation in Uplink (Single RJ Case)

The scheme of subcarrier allocation by which thacatrier is allocated to the user with maximum
SNR is not efficient in uplink case due to the pser power constraints. In this section, a hearisti
subcarrier and power allocation algorithm is préseénTo better describe the proposed algorithm,
only one PU band, i.e. single interference constyavill be considered in this section. The solatio
will be generalized next to consider multiple ifeéeence constraints. We will refer to the single

interference constraint b, and hence, the interference constraint in thevapéition problemP1
can be rewritten as follows




ICT-211887 Page 45 Deliverable 8.3

zzvi,m I:)i,mgzli*,m s Ilt; (539)

where Q' denotes the interference factor of iflesubcarrier to the PU band*() when thei"
subcarrier is allocated tm" SU.

To achieve an efficient subcarrier allocation, gineposed algorithm should assign the subcarriers
to the different SUs considering not only their @ quality and per-user power constraints but
also the interference that will be induced to theldand.

The scheme assumes that the interference introdiecéite primary system, i.¢, , is divided

uniformly among the different subcarriers. Accoglin the maximum amount of interference that
can be introduced by any subcarrier is

. I

ILIJniform = ﬁ ) (540)
By using (5.2), the maximum powel?’i,f’n;“, that can be allocated to th® subcarrier when it is
allocated to then" SU is

RL::I — Unlfi)rm ) (541)

Let us define the following sets
» C: the set of unassigned subcarriers.
« A_ :the set that includes the subcarriers alreddgated to then™ user with powers equal

to the maximum poweP'' .
« B, :the set that includes the subcarriers alreadgated to them™ user with powers equal

to the average power. The average power meanshinaemaining power for thel" user
(R, - Z I:{f’n'}i) is divided equally among the subcarriers in #iBs.

iDAm

According to the previous definition, the instargans rate of then" user is

P.- 2. Ph
R(mAwB,) = 3 R( B0, )+ 3 f—g2—" b (5.42)

whereR (R,, h,) is evaluated using (5.11) af8},| means the cardinality of the sBf. Note that

the allocated powers according either the maximum@verage power are only used to simplify the
calculation of the increment in the data rate. Bp&mal power allocation will be derived later
based on the subcarrier allocation information.
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The algorithm begins by allocation of the subcasrithat are located next to the PU band, i.e.
subcarriers that have more interference to the &d, moving towards the distant ones. The
subcarriers are allocated sequentially to the usetisall the subcarriers are assigned. Remark tha
the subcarriers that will introduce high interfezerio the PU bands should have a low transmitting
power even that they have a good channel qualiigiwill reduce the total data rate. Therefore,

the limitation that will be introduced to any sulbrgar assignment due the interference constraints
should be considered and the subcarriers shoutdasified according to their interference to the

PU band. The algorithm initially assigns the subieato the seB_, and evaluates the new average
power, R,._.. If the average power exceeds the maximum poveerBi > P’", then the subcarrier

im
should be moved to the sAt,. Afterwards, the increments of the individual dedtes due to the

allocation of a particular subcarrier to differ&itls are evaluated and the subcarrier is allocated t
the SU with maximum data rate increment. The schamepeated until the allocation of all

subcarriers. Note that the final set of allocatetbcarriers tom"™ SU is N =A 0B, . The
assigning procedures of a particular subcairierC are as follows

Algorithm 4 Subcarriers to User Allocation in Uplink
1. Om,
DN
rCJA ’

estzw
if B> FI’J:L

EvaluateR,

Test =
let A, =A, 0{i'} and B, =B,
elselet B, = BmD{i*} andA’ =A ..

2. Compute the amount of incremeX) in the data rate when the subcar{i'é} is assigned to

m" SU, i.e,

A, =Ry™-RY= R mALB,)- R A B )

where R( mA;,B:n) andR(mA,,,B,,) are evaluated using (5.42).

3. Find m satisfyingm = argmaxn(4,,) . setv. . =1, and update the se . =A’, and

m
B.=B,.
m m
4. Remove the subcarriér form the setC and repeat the above procedures until theCsist
empty.

5.2.3.2.2 Proposed Sub-optimal Uplink Power Allocation Algorthm (Single PU
Case)

By the subcarrier to users assignment phase, theasiers are allocated to the different users with
the consideration of the minimum rates constraifiserefore, the values of the subcarrier

indicators, i.ev, ., are already known from the previous phase. Thiiuser system can be viewed
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virtually as a single user multicarrier system #melpower allocation problem can be formulated as
follows

P5: maXiR( R, hy)

P|,m i=1
N I* I*
- - <
St ;E),le,m = Ith (543)

>P.<P, Om

iDNm Y

P,=0 Oi

wherem in P, h, andQ/, refers to the user who's already got the subaaitie.e. v, =1.

N, denotes the set of subcarriers allocated tontheSU. Remark that having too much power

comparing to the interference constraint will leadan interference-only optimization problem
while having high interference constraint in relatiwith the total power will lead to a non-
cognitive, i.e. classical, resource allocation peob

The problemP5 is a convex optimization problem. Solving for tbptimal solution (See the
Appendix for the derivation), we can get

+

. 1 o’
P.= - 5 (5.44)

a“Ql + iﬂm [

wherea", 4, and B, are the non-negative Lagrange multipliers fxld = max( 0,x). Solving
for (M +1) Lagrangian multipliers is computational compl&khe optimal solution can be found
numerically using ellipsoid or interior point methaith a complexit>O(N3) [BoyO4]. The high

computational complexity makes the optimal solutimsuitable for practical application and hence
a low complexity algorithm is proposed.

On one side, ignoring the interference constrainproblemP5 will let the optimal solution to be
the distribution of the per-user power bud@etamong the set of subcarriels, according to the

well known waterfilling interpretation [Lek97]. Qe other side, if the per-user power constraints
are ignored, the analysis given in [Ban08] candbleded where the Lagrangian of the problem can
be written as

G (l*) z (P(lnt) h ) a,l(*lnt) (i Efrl:t)Qli*’m - Ifhj (5.45)

i=1 i=1

where a'™ is the Lagrange multiplier(Int) stands for optimization under the interference

oG (I")

constraint only. Equaﬂngw to zero, we get

I m
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+

2
R,(r:ﬁ)(l*): a,l(*lnt:)LQ!* _‘hai ‘2 ' (5.46)

N
Hence, substituting (5.46) ind RU™QY = I} we get
i=1

(5.47)

One can note that if the solution found by (5.4B%7) satisfies the different per-user power
constraints, i.e.)_ F?f,{ft)(l*)s P,0Om, then (5.46)-(5.47) will be the optimal solutioor fthe

iDNm
optimization problemP5 where the case of interference-only optimizatioabfem occurred. In

most of the cases, this relation doesn’t hold whiobtivates developing an efficient algorithm
considering both the interference and per-user powestraints.

The downlink power allocation problem is solved sidering one total power constraint. The
algorithm presented in the downlink part will betemded to consider the uplink scenario with

several per-user power constraints. We can stadasyming that the maximum pov\E}"ﬁLax that
can be allocated to each subcarrier is determinedrding to the interference constraint only using
(5.46)-(5.47), i.e Rh> = P (I) Afterwards, the per-user power constraints aséeteto check

whether ' RO (I) <P_,0m holds or not. If the relation is satisfied, théw tsolution is found

i[]Nm
where P’ = P"_ Otherwise, the available pow®, for each SU should be distributed among the

subcarriers inN , giving that the power allocated to each subcarsiéower than or equal ﬂax.
For every SU, the following problem should be sdlve

P6: max>. R(Ph" h)

R 0N
st Y PAF<R; . (5.48)
iDNm

W.F Max
0<Ry" < RY

The problemP&6 is called“cap-limited” waterfilling (see Algorithm 3) [Pap08][Zzhal0-2]inSe it

is assumed th&®'" < P"™*, some of the powers allocated to subcarriers wiit reach the
maximum allowable values which will make the ingeeince introduced to the primary system
below the threshold,, . In order to take the advantage of the allowabterference, some power
can be taken from one subcarrier and given to @&ndtbping to increase the total system capacity.
Therefore, the values of the maximum power thatlmamllocated to each subcarrf™ should
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be updated depending on the remaining interfereffoe residual interference can be determined as
follows

N
I Il'x:esidual = I l:h_ ZP\:VmFQF; n (549)
i=1

Assuming that S OO N, is the set of the subcarriers that reach its mamn i.e.
PYT = PR, 0i0S,, then, P, 0i0S,, can be updated by applying the equations (5.4@)Z}5n

the subcarriers in the sSt:{S1 0s---d §} with the following interference constraint

|
updated

= I I’;?esiduaﬁ_ ZPVY;QF| r (550)

igs
After determining the updated values @ﬁ‘“, the“cap-limited” waterfilling is performed again for
every SU to find the final solutioﬁffm = F?YX;F. A graphical description of the proposed power
allocation algorithm is given in Figure 5.17.

Subcarriers allocated to User 1

Power Subcarriers allocated to User 2
A | I I I
: Set {S} Set {S} | Pmax
______________________________ \
Updated N El band
Pmax  ;=------- CRallocates | ~~""""" '

zero power in
these
subcarriers

alals zlalal,
Initial Pi ubcarriers
Updated Pi
User 1 power User 2 power
Power allocation APower allocation
Pmax Pmax
< ] Set {S1} Updated Set{Sz <
r'q Updated Pmax L — |
N - PU / Pmax N / PU ,
band H m band .
>

Subcarriers Subcarriers
Figure 5.17:  An example of the SUs allocated power using prog@eever allocation algorithm

5.2.3.2.3  Generalization of the Proposed Algorithm (Multiple PUs Case)

In this section, the algorithm presented in theviongs section to solve the optimization problem
P1 considering only one interference constraint Wil generalized to considér interference
constraints, i.e. multiple PU bands.
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For the subcarrier allocation phase, considerimgséime assumption in which every subcarrier is
able to introduce the same amount of interferecéheé different PU bands, the value of the

maximum power that can be allocated to each subcare. PY", is determined by choosing the

im 1
minimum among the different maximum powers evaldiaecording to the different interference
constraints. Therefore, equation (5.41) can bergdéined as follows
1 | 2
Uniform Uniform

Q' Q2

i,m

| o
Unlform} . (551)

Fi)f::i = m|n{ e, QL

Once the maximum poweﬁ?fJn']‘ is determined, the same subcarrier assigning guves presented
previously can be used for the multiple PU bandeca

In the power allocation phase, if multiple integiece constraints are considered in the optimization
problemP2, the solution given in (5.47) can be generalizebdows

A
1 o’

il TR
Ya'0i,+> 8, Ml
1=1 m=1

(5.52)

im

wherea,, 4, and S, are the non-negative Lagrange multipliers. Thessfthe problem become
more computationally complex wherd(+ L) Lagrangian multipliers should be determined. To
find a suboptimal solution for the multiple PUs eathe values of the allocated pov@‘jﬁ“) (I)
under every interference constrairjt are determined using (5.46)-(5.47). Then, the mari

power P that can be allocated to each subcarrier is déternaccording to the following
formula

P = min{eL? (1) B (2) - B2 () 659)

' Yim 1 Yi,m

Afterwards, the per-user power constraints areeteand thecap-limited” waterfilling is applied
for every usem. Using (5.49) and (5.50), the updated values efititerference thresholds can be

found and then (5.46)-(5.47) are applied to find thalues ofP"” (1) TiOS. Accordingly, the

new values oﬂ?%ax can be determined using (5.53). Tap-limited” waterfilling is performed

again for every SU considering the updated maximuaiues to find the final solution. The
implementation procedures of the power allocatigorhm with multiple interference constraints
are described in Algorithm 5.

Algorithm 5 Power Allocation Algorithm in Uplink Case

1. Initialize N ={1,2,---,N}, I|,,=0andS=0 .
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2

QI

im?

2. O1o{a,---, L}, Sort{Hi = iON } in decreasing order witk being the sorted index.

m

Find the P™* as follows:
@Hqm = Hi g™ =[NJ/(1, +H,,), n=1.
!

(O)a™ >H, ) Hyw=H g Hyys N =N \{k(n)}, ™ =|N |/(It'h +Hsum),

n=n+1

(C) Setp(lm) (I) [ (Int-;LQI - ‘ha-l ‘2:|

3. EvaluateR"™ = min{P" (1), F\"" (2) -, By ( U}
4.if > PE<P 0Om
LetP|, = R and stop the algorithm.

end if
5. Om, Perform the‘cap-limited” waterfilling on the set of subcarrief$  under the per-use

=

constraintP, and the maximum power that can be allocated th sabcarrie?"™ and find the
setS, O N, whereP, i""" = R

6. Let S={SOS--0g ., evaluate lp.=!" Z. PYrQY, ., set N=S
| |

updated —

=1 resiaua™ 2P imQ' i, @nd apply again only step@ £ 3) to updateR™.
7. Om, Perform thée‘cap-limited” waterfilling on the set of subcarrief$,, under the per-use

=

constralntP and the maximum power that can be allocated td eabcarrierR™ and set
Pn=Rn -

The exhaustive enumeration scheme needs to itdtatdimes to exhaust all the cases and its
complexity ofO (N3M N) is very hard to afford. Moreover, the algorithnogosed by Wang et al.

in [Wan09] has a complexity larger th@w( NZM) and lower tha@(N3M) :

Recall that our proposed algorithm to solve probRnis divided into two phases: the subcarriers
to user’s allocation phase and the power allocgtitaise. Each subcarrier in the first phase requires
no more thanv function evaluations to be assigned to one useertding on the size of the &ét
Hence, the computational complexity of the proposeHdcarrier to user allocation algorithm is

lower than or equa])(NM). In the power allocation algorithm, St&oin Algorithm 4 has a
computational complexity oD (N log N) while Stepsb and7 of the algorithm execute tHeap-

limited” waterfilling for every SU with a complexity OZO )<O(N)<O(Nlog N) [Zhal0-

2]. Step6 has a complexity (®(|S|Iog|q)_ O(N log N) . Hence, the complexity of the power
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allocation algorithm is lower thz{h(NIog N). Thus, the overall asymptotic complexity of the
proposed uplink resource allocation algorithm isido thanO (Nlog N)+O(NM). Table 5.2
summarizes the complexity of the different algarith

Table 5.2: Complexity comparison

Algorithm Complexity

Optimal ') (N3M N)
wang | oo(Nm) o(ww]]
Proposed | < O(NlogN)+O(NM)
Classical+Pr| < O (Nlog N)+0(NM)

5.2.3.2.4  Simulation Results for the Uplink Case

The simulations are performed under the scenaxiengin Figure 5.4. The values of, Af , and

o’ are assumed to b seconds0.3125 MHz and10°® respectively. For simplicity, the channel
gainsh and g are outcomes of independent Rayleigh distributetdom variables with mean
equal td. Two interference constraints belonging to twavacPU bands, i.eL = 2, are assumed
with B, =B, and|; =17 (see Figure 5.5). Perfect synchronization is assuivetween the SUs.

All the results have been averaged oi/00 iterations. OFDM and FBMC based cognitive radio
systems are evaluated. The OFDM system is assumedve a 6.67% of its symbol time as CP.
For FBMC system, the prototype coefficients areuassd to be equal to PHYDYAS coefficients
with overlapping factoK = 4 [PHY]. For the purpose of performance commarighe following
algorithms are considered:

1. Optimal: the subcarriers are allocated by exhaustive eratina while the power is
allocated using (5.52). The optimal capacity isnidwvithout considering the minimum
rate requirements.

2. Wang: the method proposed in [WanQ9] is used. Thefetence constraint is converted
into per-subcarrier power constraints using (5.51).

3. Classical+Pr. the subcarriers are allocated according to theerse used in non-
cognitive OFDM systems [KimO05], while the power aiocated using our proposed
algorithm.

Figure 5.18 plots the average capacity of a CRegyswith M =2 SUs versus the interference
threshold when the number of subcarrierbl 8, the per-user power budgBf =1ImWatt and
B, = B, =1.25MHz. The proposed algorithm achieves a good pefmoce in comparison with
optimal and outperforms the other algorithms. Meszpthe capacity of FBMC based CR system is
higher than that of OFDM based one because théobigein FBMC’s PSD are smaller than that in
OFDM which introduces less interference to the PWsreover, the inserted CP in OFDM based
CR systems reduces the total capacity of the sydtemthe rest of the results, the optimal solution
will not be simulated due to its high computatiocainplexity when the numbers of subcarriers and
users are increased.
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Figure 5.18:

Figure 5.19:

Figure 5.19 plots the average capacity versus nierference threshold when the number of
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subcarrierdN=64 andM=10 SUs versus the interference threshold when unger of subcarriers

is, the per-user power budget =1mWatt andB, = B, =10MHz. It can be observed that as the

interference threshold increases, the capacityeasgs since each SU is allowed to have more
flexibility in allocating more power on its subcians. The performance of the proposed algorithm
outperforms other algorithms. Moreover, the gapgben the different algorithms decreases with
the interference threshold as the CR system becotossr to the classical (non-cognitive) system.

The capacity of FBMC based CR system is higher thahof OFDM.
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In the case of OFDM system, the interference hbagyla effect on the system performance where
the efficiency of the proposed algorithm appeararédver, the inefficiency of the Classical
algorithm is shown when the interference constraffeects the optimization problem. In FBMC
systems, the difference between the Classical+&traproposed is very small. The reason behind
that is in the low interference induced by the FBBYStem to the primary system which makes the
CR system very close to the non-cognitive one. BME CR system with an extremely small
interference threshold (or with high power budgé#te proposed algorithm will be useful and
achieves more capacity than the classical one @Beirregion below -70dBm in Figure 5.8 for
example. Since the Classical+Pr and the proposgaritim apply the same power allocation
algorithm, it's clear that the capacity increaseh® proposed algorithm over the Classical+Pr one
results from the subcarrier allocation step. Initaaold to the subcarrier allocation, the conversidn
the total interference constraint into several p@rearrier maximum power constraints, choosing he
minimum waterfilling level, and the assumptions mad decrease the computational complexity
affect the performance of Wang’s algorithm.

11
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Figure 5.20: Achieved capacity vs. No. of SUs

Figure 5.20 shows the average capacity versusuhmber of SUs when the number of subcarriers
is N = 64, the interference thresholds is —25 dBm,gheuser power i®, = ImWatt andB = 10
MHz. The capacity increases with the number of siskre to the multiuser diversity. In OFDM
based CR system, the lower the number of SUs, rttadley the difference between the proposed
and Classical+Pr algorithm. This is because thebmuraf subcarriers that will be allocated to each
user will increase which reduces the amount of pdhvat will be allocated to each subcarrier and
consequently the amount of interference imposethé primary system which makes the CR
system acts relatively as a non-cognitive systeAME based CR system has more capacity than
the OFDM based one and the different algorithmsehayproximately the same capacity because
the interference introduced to the primary systgmhe FBMC based CR system is less than the
prescribed threshold and hence, works virtuallg tike non-cognitive schemes.
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From the presented results, one can notes that wiheninterference constraint affects the

optimization the problem (like the OFDM case), fiieposed algorithm enhances the total data rate
and outperforms the other algorithms. Additionatlye to its small interference to the PU, the

throughput of FBMC systems is more than the OFDMsoand the classical ways of subcarrier

allocation can be used (depending on the valuepowefer and interference constraints) which

recommends the FBMC as a candidate for the CRcgtjans.

5.2.4 Summary

In this report, we proposed an efficient resourd®cation algorithm for uplink/downlink
multicarrier based CR networks. The allocation psscis separated into two steps. In the first step,
the subcarriers are allocated to the users whilthéensecond step; the per-user power budget is
distributed among the subcarriers so that the wtalem capacity is maximized without causing
excessive interference to the primary system.

For downlink scenario, the maximum data rate caadieeved by allocating the subcarrier to the
user with maximum SNR. It's shown that the propogeder allocation algorithm achieves a near
optimal performance and outperforms the sub-optaifgdrithms proposed so far. Its found that the
net total interference introduced to the PU’s banckelatively not affected by assuming that each
subcarrier is belong to the closest PU band angliatrbducing interference to it. It's demonstrated
also that the capacity of the CR system that usesibn-active as well as the active bands is more
than the capacity of the system that only usesitimeactive bands.

For uplink scenario, the allocation of subcarri@rshe user with maximum SNR is not efficient in
uplink due to the per user power constraint. Tleegfthe subcarriers are allocated to the users
according to their channel quality, interferencéhi® primary user and the incremental data rate.

Moreover, simulation results prove that the FBMGdih CR systems have more capacity than
OFDM based ones. The obtained results contribute@¢ommending the use of FBMC physical
layer in the future cognitive radio systems.

5.3 Synergistic Power Control in Cognitive Radio Netwoks with MAC Layer
Cooperation

This part is an extension of section 7 in delivégdD8.1] and it assumes the same context, which
is recalled for convenience.

For cognitive radio systems operating in licengsectrum bands with co-existence of both primary
and secondary users, spectrum sensing and spegtalnitity are of key importance. On the other
hand, Cognitive Radio systems operating in licezsempt spectrum bands (e.g. case of different
operators in unlicensed spectrum bands), requiigesft spectrum decision and spectrum sharing,
as well as power control mechanisms for interfeeeméigation. For example, if all users transmit
at the maximum valid power level then every usecassing significant interference to all other
users, which can result in reduced total utilitynfrthe network perspective and poor QoS from the
user perspective.

In this scope, algorithms that employ power coninobrder to maximize the overall utility are
required. At the same time, these algorithms nedxktdistributed in order to be applied efficiently
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in ad-hoc networks operating in unlicensed spectbamds (e.g. only users from the same operator
are synchronized). Such algorithms should be ablatitize message exchange schemes between
the users in order to maximize the overall utilitigerefore the related systems are classified as
cooperative CR systems); however, uncertaintiené@ssage exchange should also be considered.
Furthermore, they should be able to converge iropimal solution within a finite number of
iterations in order to be applicable in real sysefinally, the algorithms need to be flexible in
order to take advantage of improvements in the iphlydayer (e.g. FBMC). The overall
assumptions and definitions for the proposed algariare the following.

We propose an algorithm based on the spectrumnghatheme of [HuaO5] for distributed
interference compensation in Cognitive Radios thpgrate in license exempt spectrum. The
proposed algorithm refines the utility function dse [Hua05] to take into account uncertainties
that may be the result of user mobility and largéays in the update of the interference prices.
More specifically, a fuzzy logic reasoner is uglizin order to take into account the effect ofrgda
number of users and the related interference, disaweo cope for uncertainties in the message
exchange process. The performance of the propdgedtim is evaluated through simulations. In
this direction, the overall utility value of thegakithm is compared to the utility of a simple “alys
select the maximum valid power” policy. The prombaégorithm is also applied in both Filter Bank
Multicarrier (FBMC) and Orthogonal Frequency Diwaisi Multiplexing (OFDM) systems in order
to show its flexibility and capability of transpatlyy exploiting an improved Physical layer, without
any further modifications. Moreover, comparisonhatite distributed algorithm of [Hua05] is used
to validate the improvement in terms of the oveudility level under uncertainties that cause 25%
underestimation of the interference. In order targily the improvement using conventional
network metrics and to show the relation betweaigher overall utility value and parameters that
directly affect the user experience, comparisomwhe algorithm of [Hua05] in terms of Signal-to-
Interference-plus-Noise Ratio (SINR) is also perfed. Experimental results indicate that SINR is
consistently improved with the use of the proposégbrithm. Finally, the optimal period for
triggering the power control mechanism in ordemiaimize energy consumption has been defined
using Markov models.

5.3.1 Algorithm Outline

Various pricing mechanisms have been proposed Ifocating resources in various types of
networks, targeting both wired and wireless netwdéokologies. However, the problem in
distributed networks that operate in license exespgictrum bands is different from most of the
previous works, since the interference that eaeh isscausing to the rest of the users implies that
the users’ utility functions are coupled. This medhat in the general case the overall network
utility is not necessarily concave in regard to tremsmission power of each user. We assume a
scenario similar to [HuaO05], in which the commuitima is not fixed-rate but the transmission rate
can be adaptive (“elastic” data applications) amel goal is to maximize the total utility of the
network without guaranteeing interference margmseach user. The proposed algorithm refines
the algorithm of [Hua05] for distributed interfemencompensation, with the addition of a fuzzy
logic reasoner that caters for the effect of adamgmber of users in the impact of interference as
well as to cope for uncertainties in the messagdange (e.g. from high mobility or a large time
interval for the update of interference prices).

The main idea of the algorithm is that the usexharge information about their interference levels,
using for this purpose explicit message exchangeharesms at the MAC layer. A transmitter sets
its power level by considering not only its own &gto-Interference-plus-Noise Ratio (SINR)
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information but also the negative impact in utilityr other users caused from the increased
interference that will come as side effect of theréase in power of that particular transmitterisTh
functions as a counter-motive that prevents ugers falways setting their transmission power to
the maximum valid level.

Assuming that there are a totallotisers in a spectrum band wilavailable channels, the SINR of
theith user in channddis given by the equation

k) pik[hii
V(pi )_ n+> p* L

j#i

wherep¥ is the transmission power fouser on channd, h; is the link gain betweeith receiver
andith transmitter, =107 is the noise levelp is the transmission power for all other users on
channek andhj is the link gain betweetth receiver angth transmitter. It should be noted tingt

hji , since the first expresses the gain betwéetransmitter angth receiver and the latter expresses
the gain betweejih transmitter andth receiver.

In the general case, the carrier frequency of masig varied; therefore the magnitude of the cleang
in amplitude will vary. The coherence bandwidth meas the separation in frequency after which
two signals will experience uncorrelated fadinge@fically, in the case of frequency-selective
fading, the coherence bandwidth of the channeialler than the bandwidth of the signal. Thus,
different frequency components of the signal exgrere decorrelated fading. On the other hand, in
the case of flat fading, the coherence bandwidtthefchannel is larger than the bandwidth of the
signal. Therefore, all frequency components of stgmal will experience the same magnitude of
fading. In the following analysis we assume a féated channel without shadowing effects. For a
flat-faded channel there is no delay spread anffeguency selectivity, as mentioned previously.
This means that a single coefficient is used fanciel attenuation. Since the described channel is
static, i.e., the coefficient is fixed, the onlyestuation present is the path loss. Thereforehim t
particular casé is strictly the channel attenuation or channel géfie assume that the environment
causes average to high loss (path loss exponehtes, typical for indoor urban environments),
thus the channel galy = d; °, whered is the distance between tfik transmitter anith receiver.

In order to model the impact in utility for usecaused by the transmission of all other users, we
adopt from [HuaO5] the notion of interference prikcgerference price is defined as

- ouldo’)

s

j#i

where u (y;(p*))= 6 log(y; (p*)) is the logarithmic utility function and is a user dependent

parameter. As shown, the interference price expgseise marginal utility degradation due to a
marginal increase in sustained interference. leterfce prices are exchanged between the users in a
completely asynchronous fashion, while every usehle to update its own price and power level
at different times. Each user selects an appraptransmission power level in order to maximize
the difference between the increase in its owityitihinus the utility degradation for others, cadise
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by the increased interference as expressed bytbddrence price. Specifically, the mathematical
formula that [Hua05] attempts to maximize is gilzshow

Ui (y(pik))— piKZITjk m;i : (5.54)

j#i

The first part of this equation is closelglated to the Shannon capacityfor useri (the constant
term is excluded in order to have a form that captoved to converge in all cases). Increasing that
part is directly related to an increase in the mmaxn bit rate. However, since the transmission of
every user is seen as noise by the other usersettund term expresses what the other users will
lose if user increases its transmission power level.

The algorithm is comprised by the following steps:

1. Initialization: For every user [J L transmitting in channek select a valid transmission
power levelp and a positive value for the interference priée

2. Power Update: For every user at a time interval,; [ T;, whereT, is a set of positive time
instances in which the usewill update its transmission power level apgt tao # ... # tai
update its transmission power lepgltrying to maximize equation (5.54);

3. Interference Price Update:For every user at a time interval, [J T, whereT'; is a set of
positive time instances in which the usevill update its interference price abd# ty2 # ...
+ ty , calculate and announce the updated interfererice /¢ and notify the rest of the
users for the updated value.

Steps 2 and 3 are repeated asynchronously fosatswntil the algorithm reaches its final steady
state. In order to perform the power update in @emisers selegs® from the setTP of the
allowable transmission power levels, so that thegplea of is maximized. Provided that the
allowable power levels are equidistant values thatbe derived from the previous value by adding
a constant increment, then it can be proved tlealforithm converges, as long as the increment is
sufficiently small. Moreover, if the problem is paoned so that there is a single available
spectrum area or if the algorithm is executed doiysubgroups selecting the same spectrum Mrea
then it can be proved that the algorithm convergesa global maximum under arbitrary
asynchronous updates [Hua05].

In order to execute the algorithm, every user i@ tietwork needs to know its own SINR and
channel gain, as well as the channel gains anchtéderence prices announced by other users. The
SINR and the channel gain between a user pair earaleulated at the receiver and forwarded to
the transmitter. The channel gains between usens bea calculated if receivers periodically
broadcast a beacon [HuaO%} fnessage between Receivand Transmitter in Figure 5.21). This
information can also be provided on demand throagpecially defined message sent from the
receiver. Thus, in case the transmitter requirescll gain information before the reception of the
next scheduled beacon, it can request this infoomdtom the receiver who will respond with the
relative measurements. Finally, interference pvigleles can be also conveyed in the same manner
(messagep; from Receiveri to Transmitter] in Figure 5.21). Every user announces a single
interference price, therefore the delay that isosiced by the algorithm scales linearly with the
number of users. This also implies that, given fhet that the updates are distributed in an
asynchronous manner; the complexity of the algorite polynomial to the number of users and
available power levels (that depend on the siz@fincrement in the Power Update step).
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In the original version of the algorithm of [HuaQ%ah underestimation of the interference prices is
likely to occur in some cases. This can be caugeprtblems in message exchange, for example
due to users’ mobility, or increased update tinterirals for the interference prices, considering
that updates are asynchronous for all users. Teetedf this underestimation is the convergence of
the algorithm to a non optimal solution. Moreo\as the number of user pairs increases, the highest
allowable transmission power level is more likety te chosen, since the previous problems
escalate. This is not desirable, since it will oftesult in increased interference to a potentially
large number of neighboring users, especially exaase that the interference is underestimated for
the reasons mentioned above.
Therefore, in this work, a coefficient™ is introduced in order to improve the scalabildf the
algorithm in case a large number of users are rafpahe same spectrum band and to cope with
uncertainties, such as large update intervals aollgams in the message exchange mechanism. In
both cases, there is a danger that the impacteohtkrference to other users due to the increase i
transmission power will be underestimated as erpthiabove. Thus, factar needs to avert this
scenario by increasing the weight of the second t&r(5.54), which expresses the utility loss other
users will experience from a transmission powerdgase. In such cases, it will compensate for the
underestimation of interference, by increasing \hkie of the second term and, therefore it can
result in a system that approximates the case @ffépt” message exchange (without long delays,
reduced message range, etc. that reduce the sezanth (5.54)).

Figure 5.21:  An example network topology with four transmitteceiver pairs

If coefficient a is included as a weight multiplied with the subteal interference term, then the
following equation is derived, that is the objeetio be maximized
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ui(y(p,k))—amx,kkamja. (5.55)

j#i

In a “real” protocol implementation, parameterstsas the storage requirements and scalability of
the message exchange mechanism should be addrédseebver, the overhead and delays
introduced by message exchange should be takercamigideration together with parameters such
as timeliness and path optimality (for increasddidity in message transmission). However, the
performance of the original version of the algaritin [Hua05] was shown not to degrade sharply
in case the message exchange is imperfect (etge riodes can only exchange messages with their
closest neighbors up to a specific range, or if sonessages are lost). This characteristic is the
outcome of the fact that, in the case of imperi@eeissage exchange, the algorithm gracefully
degrades towards the “worst case” scenario of whaegd transmission with the maximum
allowable power level, as the value of the subtdt¢erm is gradually underestimated in (5.55). The
term “graceful degradation” refers to fact that whe certain number of messages are lost, the
performance of the system does not drop sharphartdsvthe worst case. This characteristic is
greatly desirable for systems that operate in yaoittunreliable environments (e.g., [Raw08]). In
this work, the previous property is further imprdvevith the introduction of coefficient that
provides the capability to handle uncertainties.

5.3.2 Fuzzy Inference

Fuzzy logic is well suited for the purpose of defmthe value of factos since it can address vague
and unclear requirements efficiently and the systambe easily fine-tuned to exhibit the desirable
behavior. Fuzzy logic is based on fuzzy set thaéoryhich every object has a grade of membership
in various sets. Inputs are mapped to membershigtiins, or sets (fuzzification process).
Knowledge of a restricted domain is captured inftre of linguistic rules. Relationships between
two goals are defined using fuzzy inclusion and-mmtusion between the support and hindering
sets of the corresponding goals [Fou96]. As a $asp, the required output is defuzzified (to
numerical) from the THEN' part of the rules in erdo produce the consequent.

An important advantage of fuzzy logic is that indae applied transparently in combination with

other well known decision methods, such as mulfectve genetic algorithms [Bul08] and game

theoretic approaches [Wei03]. Moreover, propermiidin of the linguistic rules can be used to

reduce signaling overhead by avoiding the ping-pam®g when decisions or selections are made
and the input variables are not constant but tearppmpresent regressive behavior. Finally, Fuzzy
logic can handle vague requirements more effigjetitian Boolean algebra. Network-related

decision making and resource allocation based amyflogic approaches have been proposed in
various works (e.g. [Mer08]) with promising results

For the previous reasons, but mainly due to itfiscéveness in dealing with uncertainties and

vague requirements, fuzzy logic was selected fdinishg the value of coefficient. that is the
weight of the subtracted interference-related teri(®.55). Specificallyp is defined as:

1
= —[Ow 5.56
F; +y (5.56)
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wherelW is the Interference Weight derived after defuzaifion.IW takes values in the rangé[,,
Pmay IN order to provide adequate resolution capabdlifm the fuzzy reasoner, also according to
the specific ranges of the membership functionsarmaters has the value ¢fmax While y equals 1.
This implies thatt cannot be greater than two, meaning that the estieration of the interference
is not expected to be greater than 100%. Beyondpiat, message exchange is not considered
very reliable and the algorithm degrades towards“#iways transmit with the maximum power”
case (although a portion of the underestimationstifi alleviated). On the other hand, if
uncertainties are very low, the first term of thensis converging to zero and the value of the
equation is approximately equal to that of the iaagjalgorithm. For all other cases the first tasm

a non-zero value in the (0, 1) interval that congag¢es for a typical underestimation of the
interference due to imperfect message exchangelfler

The Fuzzy reasoner used for deriving of type “Mamdani”, because it is intuitive, Welited for
human input, flexible and widely accepted. It rgesithree inputs (number of users, mobility level
and update time interval for the interference [®jcand generates one output (the Interference
Weight). The input membership functions are tridagu(selected mainly for simplicity in
calculations) and three membership functions peutivariable are defined, therefore the number
of fuzzy rules is 3-27.

The membership functions for the output variabletéiference Weight” are five and the output
value is set in the range [0, 500], in order toi@wod a greater degree of resolution and flexibfiary

the output of the fuzzy reasoner. The membershigtions mfl-mf5 are given the labels “very

L I

low”, “low”, “moderate”, “high” and “very high” repectively in Table 5.3.

As can be seen, the number of users is selectbd the dominant factor, which has the greatest
effect in the final outcome. This is a result o¢ thact that if the number of users is large, even a
small increase in the transmission power of a hasrthe potential to cause increased interference
and reduce the QoS to a large number of users dfiéct is underestimated due to uncertainties in
message exchange. The update time interval andnthiglity level have similar weights but
different behavior. The first has a uniform effeger the entire valid range of update times, while
the latter starts to affect the outcome only adteelatively high level, but after which it increas
sharply, as only after a relatively high level oblofity is reached, users are likely to underestema
the interference they will cause to others (dugrtdblems in message exchange, etc.).

The Defuzzification method used for generatingfthal crisp value is “Centroid”, also known as
“Center of Gravity - COG”. This method determinée tcenter of the area below the combined
membership function; therefore the final outpgiéc is given from the following equation, wheue
are the centers of the membership functjaiia)

Yy, D (u) du
> e (u) du

uCOG

The defuzzification method takes into account tleaas a whole, counting overlapping regions
only once.

The three-dimensional (3D) representation of therfarence Weight (crisp value in the range
[0,500]) as a function of the interference pricedage time interval and the mobility level is
presented in Figure 5.22.
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Table 5.3:Rules of the fuzzy reasoner

Rule Users Update | Mobility Consequen
Number Interval Level
1 Low Low Low Very Low
2 Low Low Moderate| Very Low
3 Low Low High Low
4 Low Moderate| Low Low
5 Low Moderate| Moderate Low
6 Low Moderate| High Low
7 Low High Low Low
8 Low High Moderate Low
9 Low High High Moderate
10 Moderate| Low Low Low
11 Moderate| Low Moderate Low
12 Moderate| Low High Moderate
13 Moderate| Moderate| Low Moderate
14 Moderate| Moderate| Moderate| Moderate
15 Moderate| Moderate| High High
16 Moderate| High Low Moderate
17 Moderate| High Moderate High
18 Moderate| High High High
19 High Low Low Moderate
20 High Low Moderate High
21 High Low High High
22 High Moderate| Low High
23 High Moderate| Moderate High
24 High Moderate| High Very High
25 High High Low High
26 High High Moderate| Very High
27 High High High Very High

The coefficient increases with the update timervak as it is more likely that transmitters do not
have the updated interference price information dtiver users. The increase is approximately
uniform for the entire valid update time range. be other hand, the coefficient also increases as
the level of mobility increases. However, in thase the increase is not uniform but begins after a
relatively high mobility level is reached, and thases quickly. The exhibited behavior is the
outcome of the fuzzy rules defined in Table 5.3.

The 3D representation of the Interference Weightvdd from the specified rule base and
defuzzification method as a function of the integfece price update time interval (defined as up to
100 seconds but normalized in the [0,1] range) tiednumber of users (up to 20 user pairs) is
presented in Figure 5.23.




ICT-211887 Page 63 Deliverable 8.3

[ 9]
o
o

[ 0]
=]
[=]

Interference Weight
] [\
8 8

=y
o
(=]

!

-

mobility update time

Figure 5.22: Interference weight as a function of the updaterival and the mobility level
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Figure 5.23: Interference weight as a function of the updateriral and the number of users
For the update time interval the behavior is simitathat in the previous case. On the other hand,

the coefficient also increases with the numbersars. The increase is rather sharp (as determined
by the rules in Table 5.3) and the value of theffement is rising quickly even for a relatively sih
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number of users. This is necessary because, asomeshipreviously, when the number of user pairs
is large, even a small increase in interferencelmagpotential to affect many users and signifigant
decrease the overall utility of the network.

The 3D representation of the Interference Weighta danction of the number of users and the
mobility level, Fig.5.24, is presenting for bothrameters the behavior explained above. The overall
form of the figure resembles the previous, howetrer mobility level is starting to affect the
outcome only after a threshold is crossed, as ¢éggexccording to the selected set of fuzzy rules.

£ a0
g 3500
@ 500
g _—
D oag0 | i
& 200.f .
—
c
— 150
1
0.4
mobility -
Figure 5.24:  Interference weight as a function of the mobiléyel and the number of users

The overall methodology [Merl0] for the derivatioh the optimal transmission power of every
user pair is depicted in Figure 5.25. Initiallyethumber of user pairs is defined, together with th
mobility level and the update time interval for tinerference prices. As a next step, fuzzification
of the values takes place in order to prepare tloeralaboration in a fuzzy logic context. Following
the fuzzification process, fuzzy reasoning base@ set of predefined rules (Table 5.3) is applied.
These rules describe the desired behavior of tlstesy and define the impact of the input
parameters (number of users, mobility level andatgdiime interval) in the value of the
Interference Weight. After fuzzy reasoning is coetetl, the result is defuzzified to numerical,
giving the crisp value of the Interference Weigfte topology characteristics are used to initialize
the simulator and every user selects a valid iniéue for the transmission power leysi and the
interference pricer*. Finally, the users proceed to update their trassion power levels and
interference prices asynchronously in order to méze (5.55). The process is completed when the
system reaches a steady point in which no useqisasting to modify its transmission level.
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Figure 5.25: Overall methodology for deriving the transmissgmwer levels

5.3.3 Performance Evaluation

The performance of the proposed algorithm is evatu#éhrough extensive MATLAB simulations.
In this direction, the overall utility value of tredgorithm is initially compared to the utility af
simple “always select the maximum valid power” pglias well as the utility of the original
algorithm. The proposed algorithm is also appliedoth FBMC and OFDM systems in order to
validate its flexibility and capability of transmantly exploiting an improved Physical layer, withou
any further modifications. Moreover, a scenaridoofy update time intervals in which some of the
messages are delayed causing other nodes to nettheuatest interference price information is
considered, in order to study the performance @h ladgorithms in a specific case of non-ideal
message exchange. Finally, in order to quantify ithprovement using conventional network
metrics and to show the relation between a higlkeradl utility value and parameters that directly
affect the user experience, comparison with therdlgn of [Hua05] in terms of SINR is also
performed.

As explained previously, users set their power lleeeas to maximize (5.55). The total “useful”
utility for the network is the sum of the utilitiésr every user pair. The distance between usaits th
constitute a pair is a random number in the [1,88jers range, while the distance between users
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that are not a pair is a random value in the [$,6ters range. This is a more common and more
practically significant scenario than using engireindom values, (e.g., it is often encountered in
conference room, as well as an airport or traiticgtawhere co-workers are initiating a point-to-
point ad hoc communication). The valuepoih (5.56) is set to 500, since the Interferencage
takes values in the range [0, 500], in order tosig® adequate resolution capabilities. For all sase
we assume the presence of uncertainties due torfieapenessage exchange (one in every four
messages is lost) that cause 25% underestimatitimedhterference. If such uncertainties are not
present, then the algorithm behaves similarly te #ifigorithm of [HuaO05]. In the presence of
uncertainties, parametercompensates for the underestimation of interfexeamd helps the system
converge near its optimal point, as described énpitevious sections.

The improvement in the total utility of the netwafkithe proposed algorithm is utilized over the
scenario in which every user transmits using th&imam allowable power level, as well as over
the original version of the algorithm that does mmiude the coefficien is depicted in Figure
5.26. The vertical axis depicts the achieved usefility while the horizontal axis represents the
corresponding topology instance. The considerablege over which the distance values are
selected, coupled with the randomness of the velgtositions between nodes and the presence of
uncertainties that cause underestimation of thexfrience in ways that are not necessarily uniform
(e.g., only some messages may be delayed), causdmal value of the utility function to vary
significantly between different experiments both tlee original and the proposed algorithm. Thus,
the final utility of each topology instance is theerage utility of ten experiments for the same
instance. Finally, in order to study the effecttod number of users in the system, a scenario of 10
user pairs and 20 user pairs was simulated.

The utility for the scenario in which the usersngmit always using the maximum power level
defines the lower bound for the behavior of theteays The proposed algorithm outperforms the
original one, for the majority of times, with a meosignificant improvement for the lower utility
values. This property is very important since it @aprove the Bit Error Rate (BER) and raise QoS
from poor to acceptable levels. Furthermore, tloppsed algorithm always outperforms the always
maximum power scenario, while the original algaritim some cases results in similar performance.
The reason for this is that the existence of thedfment a in the proposed algorithm does not allow
the system to reach the worst case of completeheguated transmission since it always
compensates for at least a portion of the undenastid interference. Another interesting point is
that, as the number of users increases, the avatgigeof the system decreases, although extreme
values are not affected significantly. This is ifistl by the fact that the interference exhibits a
cumulative behavior that affects all other usergaherefore reducing the average utility. However
extreme values are mainly the outcome of theltmpyoand the relative distance of the user pairs,
thus are less sensitive to the number of users.
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Figure 5.26:  Utility values for the proposed algorithm, the afwdransmit with the maximum valid power scenario
and the original algorithm without coefficieaffor (a) 10 and (b) 20 user pairs

The next step is to compare the results of theqweg algorithm using OFDM and FBMC systems.
However, a short outline of the FBMC technique égjuired. According to the principle of
transmission based on filter banks, the transmiitterporates A Synthesis Filter Bank (SFB) while
the receiver incorporates an Analysis Filter Ba®éR). In the structure, the Fast Fourier
Transform (FFT) is present as in OFDM [Zhal0-3]islhowever augmented, to complete a filter
bank, by the Polyphase Network (PPN) which is caosepr of a set of digital filters, whose
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coefficients, globally form the impulse responsetled so-called prototype low-pass filter. FBMC
systems have somewhat increased hardware comptaxiipared to the classical OFDM approach,
but compensate for this with a number of advantafyesng others, they do not require guard time
and cycle prefix, while the use of Offset QAM (OQAMnplies that the full capacity of the
transmission bandwidth is achieved. The improvenretite total utility of a network consisting of
ten user pairs if the proposed algorithm is usatd WBMC over OFDM is depicted in Figure 5.27.

1 T T T T T T T T
—S&— UtilityOFDM
00 ... .............. .............. ............... .............. ........... —E—UtilityFBMC_

1 2 3 4 5 6 7 8 9 10
Topology Instances (10 user pairs)

Figure 5.27: Utility function for the proposed algorithm with MBC and OFDM

This improvement stems from the fact that FBMC uesger transmission power for the same
bandwidth compared to OFDM [Wal08] and thereforases reduced interference. The proposed
algorithm is able to transparently exploit this nayement and translate it in increased utility eslu
To evaluate the resilience of the algorithm in phesence of long update time intervals we perform
simulations with the assumption that some of thessages are delayed and, consequently, other
nodes do not have the latest interference pricernmdtion that has been announced. Thus, the
definition of “long update times” that we considerthis work is to be at least equal to twice the
average update time (so that other nodes have egpdhaé announced interference price in this
interval). Since it is already established thahsraitting with the maximum power is the lower
bound of performance for both the original andpghgposed algorithm, in this scenario we evaluate
the behavior of the original and the proposed algor with both FBMC and OFDM, in order to
study the effect of increased delays on each cktlcases.
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Figure 5.28: Utility values for the original and the proposddasithm with both FBMC and OFDM, under the
assumption of long message delays (10 user pairs)

A first point that is noteworthy is the fact thaetimproved Physical layer of FBMC in this scenario
provides a significant advantage that even surga$ise advantage offered by the proposed
algorithm. Therefore, using FBMC with the origirelgorithm is better for this case than using

OFDM with the proposed algorithm. The best opti®ioi use the proposed algorithm with FBMC,

combining the advantage of improved Physical lagapabilities and improved upper layer

functions. Regarding the latter point, the propoakgbrithm consistently outperforms the original

one when both use the same Physical layer (FBMQ@ewunhe assumption of long delays.

Furthermore, if we juxtapose Figure 5.28 with Feggus.26 we can derive some additional

conclusions. Specifically, although the averagéitytvalues are reduced for all algorithms, the

proposed algorithm is not affected as much as tiginal from the increased delays, thus the
property of “graceful degradation” is indeed enlahSince real systems usually have to cope with
non-ideal conditions, this property is highly dabie.

Finally, it is very important to quantify the perfisance improvement in terms of conventional
network metrics, to show the relation between adrigoverall utility value and parameters that
directly affect the user experience. Since the mamparison is between the original algorithm and
the proposed one, their behavior in terms of SIEIRdmpared in Figure 5.29. SINR is chosen as
the most appropriate metric for comparison as fieces directly on the QoS and the final user
experience and can also be compared without camsidexternal parameters, such as modulation
and coding schemes that will impact for exampleftha@ BER of the system. The two graphs are
following a similar pattern but the proposed algon consistently outperforms the original when
the interference is underestimated, as it compesdat the interference underestimation and raises
SINR to acceptable levels, especially for the lowadues.
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Figure 5.29: SINR for the original and the proposed algorithmler 25% underestimation of interference

Regarding the overall simulation time and scalgbjpiroperties of the algorithm, for all cases, the
number of iterations for convergence is comparablihe number of user pairs. More specifically,
for 10-30 user pairs usually less than thirty apda fifty iterations are required for reaching the
final steady state. Furthermore, the average ekectime on a Core2 Quad Q9400 CPU operating
at 2.66 GHz is less than two minutes for up to &éryairs and approximately five minutes for up
to 30 user pairs [Mer10Q].

5.3.4 Optimal Period Definition for Triggering Power Control

One of the most important issues in cooperativenilivg Radio networks is to define how often
the network nodes trigger the decision making mesluln the case of the previously described
algorithm, the decision making module is the poaentrol unit. Thus, we need to define the
time instances of section 5.3.2 where users uptiaie transmission power levels. Many factors
influence this choice, including the hardware calias of the devices, the total number of nodes,
as well as the nature of the Cognitive Radio netwdir the power control mechanism is not
executed very often, the users tend to transmigubigher power than required, which is not
efficient from an energy point of view. On the atheand, very frequent triggering of the
transmission power decision module will result ietter regulation of the transmission power
between different user pairs, but will also implyiacreased cost in terms of energy and overhead
for the additional signaling required. These twotdas need to be balanced in order to achieve an
optimal operation of the entire system in termseagrgy consumption. In this direction, the
counterbalancing factors shall be modeled analigioa order to proceed to the derivation of the
optimal solution.
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The status of the user is modeled as a two-statgncus-parameter Markov model, similar to the
one described in [Mer09]. State 0 corresponds t@@propriate transmission power level, while
state 1 corresponds to an excessive transmissisargevel. Lett andu denote the rates of leaving
states 0 and 1, respectively, and leti@note the user’s state at time-or this model, the time
interval during which the transmission power ishegt appropriate (state 0) or excessive level (state
1) follows an exponential distribution with a mewme that equals the parameterd and 1y,
respectively. Thus, the transition probabilitiegt) from stata at timeto to statg at timetg+t are

A (1
Poa(t) = 1 +/J(l_e v mt))
Poo(®) =1 Ry, (t)
Pl =2 fL-et)

Pa(t) =1-R,(t) .

The steady-state probabilities, upon an arbitréageovation instant, ave=u/(1+u) andzi=A/(A+u),
respectively. If the transmission power increasegohd the appropriate level (as determined by
(5.55)) during a transmission cycle, the user lasldtect this event and thus select a lower
transmission power level so as to reduce the erenice caused to other users. In order to select th
“optimal” transmission power level the user triggéne power control unit. Each execution of the
power control unit is assumed to have a finite loneD and energy codi.

We are focusing on a periodic power update stravdwmgre thenth power control action is executed
at timet, =nT, 1<n <N, T is the update perio® is the duration of the session aNd- | B/T] is

the total number of power control actions perforndeding a session (for simplicity we disregard
the floor function). In every execution of the pawentrol module, if excessive transmission power
is detected, the user sets its transmission powrgu(5.55). Letpy denote the probability of
detecting excessive transmission power with a siegkecution of the power regulation mechanism,
pra(n) denote the probability of detecting excessivagnaission power with thieth execution, and
prq denote the probability of detecting excessive gmaigssion power with any one of tHeé
executions of the power control module. For thevalimodel and power update strategy, we have

A e
Py =Py (T) =m(1_e (A ﬂ)T))

Pu(n)=(@1- pd)n_l Py = I:)o,o(T)n_l EPO,l(T)
P = Z:l:l P (N) =1-PFy, (T)?B _

We defineq as the probability that the transmission powerobees excessive during the time
interval [0, B] that is required for finishing a sessidB i€ assumed to be considerably larger than
the time required for the algorithm to convergegt d denote the probability that the transmission
power exceeds the appropriate level during the tmterval [0,B], and this is detected by any of
the N monitoring actions. Under these assumptions, #ieation probability is given from the
following formula
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dqupfd_

If the transmission power becomes excessive damngctive session, the user will detect this in the
next execution of the power control module and el forced to perform a transmission power
update and, consequently, proceed to announce pdated interference price. However, the
additional powelPea Which is used in the time interval before theniifecation of the excessive
transmission power, is considered as wasted amitses a factoEexira = Pexira T Of Wasted energy.
We can analyz®.a as the difference between the optimal transmispmmer and the utilized
transmission power level. Then, the vallle of the wasted energy can be written as follows

B/T

WE = $ (E + Eextra) [(I]'_ pfd)+ Z N [GEextra-'- E) Djfd (n)

The first part ofWe expresses the energy that is wasted for the eséission duration if no
excessive energy is detected, while the secondeparesses the wasted energy if the fact that the
user is transmitting with higher energy than adyuadquired is alleviated by tha&h power control
action. Then we define the cost functio(T) that expresses the energy cost incurred whentsele

a periodic power update strategy with period

C(T)=(1-q)INE+qm.

The first part ofC(T) represents the energy that is wasted in poweatepections, when the
transmission power level is appropriate (an evdnprobability (L1-q)). This part of the cost
function favors the selection of large monitoringripds. The second part 6(T) represents the
energy wasted when the transmission power levetggssive (an event of probabilgy Thus, the

second part ofC(T) favors the selection of small monitoring period®., it favors frequent
monitoring actions). The optimal period can be wstiby solving the following equation

dc(T)=O
dT

However, the previous equation does not have alsimipsed-form solution and it can only be
solved numerically, using techniques such as Newtamethod. Solving it in mathematics we
derive the graph presented in Figure 5.30. Therdiglepicts the energy co€(T) for periodic
monitoring as a function of the monitoring peribdfor typical rates of leaving state O (appropriate
transmission power level) and state 1 (excessamstnission power level) and the average session
durationB. Selection of the optimal period can result in sidarable energy gains; specifically,
Figure 5.30 shows that the improvement in termsneirgy consumption can be almost up to 40%.

A three-dimensional graph showing the energy €§%) as a function of the monitoring period and
the session duration is presented in Figure 5.3 Jraph shows the reduction of the optimal
monitoring period, favoring more frequent power agas, if the time during which the user remains
in state 1 is increased, meaning that it is moobable to allocate excessive transmission power
level. Moreover, it shows that frequent updatesadge becoming more favorable when the session
duration is larger than, in that case, the potefdraexcessive transmission power and consequently
increased interference is more significant. Spedlify, we derive that for this scenario the energy
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cost C(T) is minimized if the test period is approximately 100 times smaller than the awerag
session duration.
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Figure 5.30: Energy cost as a function of monitoring period

Figue31: Energy cost as a function ©fandB

5.3.5 Summary

A power control algorithm, based on the algorithiniHua05], was presented for cooperative DSA
in unlicensed bands, utilizing MAC layer mechanidorsmessage exchange (“interference prices”)
between the secondary nodes, in order to achiéggenence mitigation. The main improvement in
this work [Mer10] compared to [Hua05] is the intuation of a coefficient that is serving as the
weight of the interference term, increasing its aipin cases of imperfect message exchange, long
update time intervals for interference prices, al as increased number of users. In such cases, th
interference that is caused to other user pairarbiyncrease in the transmission power of a user is
often underestimated, resulting in a convergendadefalgorithm to a non-optimal solution. In the
presence of such uncertainties, if this underesiimas compensated by a properly defined weight
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parameter, the system approximates its optimal \behas in the case of “perfect” message
exchange.

The value of the weight parameter was derived fi@rfuzzy logic reasoner. Fuzzy logic was
selected because it is particularly effective imlohg with uncertainties and vague requirements.
Moreover, the outcome of the proposed algorithmbieen compared to the original algorithm in
terms of the overall utility level (defined as them of the user utilities) under uncertainties that
cause 25% underestimation of interference. Furtbegmcomparison was also made between the
proposed algorithm in FBMC and OFDM systems. Is ttase, using FBMC increased the achieved
utility. The improvement stems from the fact th@MC uses lower transmission power for the
same bandwidth compared to OFDM and therefore sares#uced interference. Additionally, a
scenario of long update time intervals in which soofi the messages are delayed causing other
nodes to not have the latest interference pricermmétion was considered, and the performance of
both algorithms in a this case of non-ideal messaghange was evaluated. Results indicate that
the algorithm consistently outperforms previouseseés in terms of SINR under uncertainties and
can transparently exploit the improved physicaetayffered by FBMC. Finally, the optimal period
for triggering the power control module has beeimnee using Markov models.

5.4 Appendix - Derivation of the Optimal Power Allocation in (5.44) and (5.52)

We want to find the optimal solution for the followy optimization problem

2
maxZIog{H#} (5.57)
Ff,m i=1 0-,
N
st Y RQin<k,  0I0{L,, 1 (5.58)
i=1
Y P.<P, Om (5.59)
N,
P,20 0i. (5.60)

The problem above is a convex optimization problertroducing the lagrange multipliess,
and g, for the inequality constraints in (5.58), (5.590a5.60) respectively, The Lagrangian can
be written as

6= 3R (P 1) X 3R lJZﬁ(Z P_P] Pu (56)

i=1 I = i=1 iON

The Karush-Kuhn-Tucker (KKT) conditions can be vetit as follows
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a=0 0O0O{12-L1}; B,z0 OmO{1,2- M}
4 =0 0i0{1,2;--N}; PR,=20;

N
al ( Fl)Tlei,m - IIthj =0

i=1

UP =0; 0i0{1,2;-- N} (5.62)
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i=1
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Rearranging the last condition in (5.62) we get

1 o’

im =L M - 2" (5.63)
Ya'Ql,+> -4, [nl
=1 m=1
SincePR, =0, we get
2
9 < 1 . (5.64)
Nl >aal, +>p,-u
1=1 m=1
2
If U‘2< - 1 +— » then =0 and hence
el Yo', +>8,
1=1 m=1
2
i, ! 9 (5.65)

m= L M - 2"
ZaIQIi,m-'-Zﬂm ‘hm‘
I=1

2
. O 1
Moreover, if — ‘2

A

, from (5.63) we get

M

>
Yol +3 4,
=1 m=1
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1 o’ 1
- v >—1=>— v (5.66)
Ya 0, +Yp-u el Ya'al,+3 5,
1=1 Y m=1 =1 Y m=1
and since P, =0 and z£ =0, we get that?, = 0.
Therefore, the optimal solution can be written@®ws
2
" = 1 g (5.67)
ZO'Q ‘h ‘

where[x]" =max(0x) . If only one SU is assumed with interference caist I, (5.67) is
reduced to

P = | (5.68)

im O'I*Qli Z,B ‘h ‘
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6 The “Good Neighbour” Strategy for Decentralized
Dynamic Spectrum Allocation

The ultimate implication of the concept of cogrétivadio is that a communication system, for
example a base station and its users, which dateanhoccupied frequency band in the spectrum,
should have the freedom to exploit it, without m&yvio go through a lengthy clearance procedure
and coordinate with other systems in the same gpbgral area. Hence, the denomination of
opportunistic unsynchronized networks.

A first condition for such an environment to belise is the availability of an adequate physical
layer. The FBMC technique can meet the objectimdageims of performance and flexibility. Then,
a protocol must be developed to ensure global agewee and an overall transmission capacity
close to the optimal possible value at a givengkaad a given time. To that purpose, the approach
called “Good Neighbour” (GN) has been presentedeliverables [D8.1] [D8.2] and published in
article [Kuz10].

The subsections are organized as follows. In se@ib the GN approach is briefly reviewed in the

methodology level. Some corresponding technicaditdeaire provided in section 6.2. The issue of
practical adaptation of spectrum allocation sohsics discussed in section 6.3. A summary is given
in section 6.4.

6.1 Overview of the GN Approach

The approach consists of building the capacity ested by the users through a threshold regulated
local search and with minimum changes in frequdveryd allocation to reduce interference non-
stationarity to other systems. In fact, it can bwed as some kind of rule-regulated cooperation
between spectrum sharing subsystems without ekpfi@ia exchange between them and the
emphasis is on decentralized dynamic spectrum altmt A brief overview of the main
characteristics is as follows.

A. Local search based on antenna array interference mitigation

In the context under consideration, the base sistitynamically allocate the spectral resources to
their users, according to their requests. If thailalle capacity, in terms of number of sub-chasinel

and bit rate per sub-channel, is sufficient to nteetneeds of the users, the allocation procedure i
simple. There is just the option to use more sudniokls than strictly needed and distribute the
power, or maximize the bit rate and occupy the mum number of sub-channels. The latter

approach requires more power, but it facilitates #lccess for other systems. However, in some
circumstances and at some time, the resources rb@lmsufficient and several systems have to
share the same frequency bands. Then, provideddbe stations are equipped with multiple

antennas, they can resort to beamforming to méigaterference and maximize the Signal-to-

Interference-plus-Noise Ratio (SINR) for each aodithusers. The SINR values obtained locally

constitute the basis for spectrum allocation.

B. Threshold based spectrum allocation

The challenge for the opportunistic protocol isdistribute the total spectral capacity, taking into
account the beamforming contribution to interfeeemeduction, among the systems, in real time
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and with minimum delay. A simple approach consgtslefining a capacity threshold,, and

preventing the extension of the present frequerndland the selection of a new band at the base
station for a particular user, if its capadlys already above the threshdllj. The objective of the

concept is to guarantee resource sharing and seris@ probability of global convergence of the
process. An issue is how to determine the threshbltlis too low, convergence is fast but some
users might be frustrated and the total spectrymaaty might end up below the maximum possible
value. If it is too high, convergence may be longhazardous. Under the hypothesis of non-
cooperation, the threshold value must be determlioedlly by each base station. A technique
exploiting the SINR measurements for all the a\déaub-channels has been described in [D8.1].

C. Minimum number of band extensions or new band allocations to achieve the given threshold

In a dense exploitation of the spectrum, any nemdkalocation in a system causes interference to
other systems. Then, the objective of this concepd speed up convergence by minimizing the

non-stationarity caused by the changes in frequallmcations and the resulting interference

modifications.

Clearly, space-time spectrum sensing is criticaltie “Good Neighbour” (GN) dynamic spectrum
allocation algorithm and it has to be implementedach base station to estimate the weight vectors
and SINR in all the available frequency bands. daths, it is assumed that users transmit pilot
symbols during sensing intervals and data signaisd data intervals. In [D8.2], the GN algorithm
has been modified to exploit estimated second ostiistics. A space-time spectrum sensing
protocol has been designed that allows such estimathe impact on the performance of the finite
amount of data has been investigated and the n@atron of the required amount of the training
data has been studied.

6.2 Further Details on GN and Spectrum Allocation

In this section, the major contributions of [D8dkjd [D8.2] on Decentralized Dynamic Spectrum
Allocation (DDSA) with multiple antenna array amtarference mitigation are briefly reviewed
and some additional details are provided.

6.2.1 System Model

The cognitive radio system shown in Figure 6.1 amstdered. It consists dN independent
subsystems with respect to base statiB8s, n=1,..., N. Each Base Station (BS) offers service
for M users or Subscriber Stations (SS), denoted as 8%f ,m=1...,M . The available

frequency bands are denoted Bywith F > M . Let assume that each base station deploys
antenna elements to receive and detect signalsn@trewband receive signal model of ti¢h
subsystem can be presented as

K =X D G By wSe®©+2, ON=1 N T =1 FL (6)

=1 m=1

wherex , (t) denotes thé< x1 receive signal vector bBS, in thef-th band at the time instant

h.., denotes theK x1 propagation channel vector in thtéh band betweeBS, and then-th user

fmin
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within thel-th subsystems,  t(Js theSS,, transmitted signal witk{| s, (t)|*} =1 andq?, is its

M
power with constrainth,fm =Q,n=1...,N, z,(t) is aK x1 Additive White Gaussian Noise

m=1

(AWGN) vector with E{z_ (t)z (1)} =0c’l ., d__ is the nmth element of theNxM decision

matrix D denoting the frequency band assigned to & , E{[} is the averaging operatqff)l is
the conjugate transpose operatibp,is the K x K unity matrix, and

T
g=1_ .. (62)
0 ifiz]

BSs have full information and control of their owrsers. In particular, they can estimate
propagation channels,,,, in all the available bands and assign the ind&idands and transmit

powers to their own users.

SSMI m BS, g
% SS,

Figure 6.1 System model for horizontal CR scenario

6.2.2 Random Channel Allocation

To understand and obtain the analytical performdaeend of DDSA strategy, the random channel
allocation has to be considered, as shown in FiguteThe system consists bf subsystemsM
users per subsystem arkl available frequency bands. Assume that the tbtBl users are
uniformly distributed withF frequency bands, in order to utilize the speateglurce in a very
balanced manner.
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Figure 6.2: lllustration of random channel allocation

As shown in Figure 6.2N, frequency bands includdl, users per band, and the rést N,
frequency bands includd, — (er band. The factorsl, and N, can be straightforward given by

_[MN
=[] 69
and
N, =MN-F(N, -1, (6.4)

respectively, WheréE_II denotes the ceiling function. Notice that the siseran arbitrary frequency

are selected from different base stations, whichdasnonstratively shown in Figure 6.2, by
distinguishing the symbols from their correspondootprs. The following prerequisite needs to be
satisfied

N=>N,. (6.5)
Throughout the investigation, the inequality isumsed to hold
K=N,. (6.6)

Thus, the diversity gain can be theoretically aehikin a multiple antenna system with receive
antennas and\, users within a frequency band. For a base statitn K < N, receive antennas,

the strong Co-Channel Interference (CCI) cannosthéstically avoided, which yields a relative
low Signal-to-Interference-plus-Noise Ratio (SINR) a user of interest. In the real practical
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implementation, the network operator is require@sbmate the system load and adaptively adjust
the number of receive antennids to satisfy (6.6).

In [D8.1] the performance bound for tiN, users withinN, frequency bands is discussed. In
this report, this issue about the spectrum allocatiandidates is investigated again with respect to
all MN users. Let the system witti =2, N =6 and F = 3be considered as an example. It yields
N, =4 and N, =3 by considering (6.3) and (6.4). Obviously, this @sspecial case, due to

F =N, =3. The spectrum allocation procedure can be sumethaz:

1. SelectN, = 4users fromN = 6different base stations. The number of combinatson

N

|
Cy = N =15. This step is represented by the black arrows in
© | (N =Ng)IN,! N=6,Ng=d

Figure 6.3.
2. The unallocated users of the rest BS can be alldcaiethe rest frequency bands
uniquely. This step is represented by the greemarno Figure 6.3.
3. Channel Spectrum allocation for the régf= ugers. The number of combination is
| - N)!
C nCin” ={ Ny (N = No)! = 6. This step is represented
(2Ng = N)H(N = Ng)t O (N = No)! | o,
by the red arrows in Figure 6.3.
4, As the users in the same BS are independent, ¢her fisl ™ should be thus considered.
BS index
1 2 3 4 5 6
1 ‘ ® O y
s }| @ @ @ @ @ O
User inde: \
) B M EH Wm | o

/) AN ! < / oA
¥ \‘J\\ ! AN ! U \ \
) \v’ N 4 v\
1 L @ . @ . O
Frequency s AN — ~
band index | 2 :. ] : \- . *D
| R N
3 |l N ] |
E 2 3 4

(Co-Band) User index

Figure 6.3: lllustration ofchannel spectrum allocation procedure for a systéimM =2, N =6 andF =3

Hence, the number of all the channel resource atilmt candidates can be given by

L=C} (C2NCy )M ™ =5760.




ICT-211887 Page 82 Deliverable 8.3

In the general case, it hold#s> N, . Let the system wittM =2, N =5 and F = 3be considered as

another example. It yields straightforwal) = a#d N, =1 by deploying (6.3) and (6.4). The
channel allocation procedure can be similarly sunmed as:

1. Selecting one frequency band frofn= bands and allocating, = 4sers fromN = 5
different base stations due to the asymmetric ation, the number of combination is
C[Cy, =15. This step is represented by the black arrowsdnre 6.4.

2. The unallocated users of the rest BS can be aiddat the rest frequency bands uniquely.
This step is represented by the green arrows iar€i§.4.

3. Channel allocation for the resN,= 4sers. The number of combination is
| - |
Cox-n-aCrnin = Ny D(N N, +1)! =6 . This step is
’ ° (2Ng =N -1)I(N = N, +1)! OI(N = N, +1)!

N=5, N, =4
represented by the red arrows in Figure 6.4.

4. Finally, the factorM ™ = 2° = 32should be also considered.

BS index

12
1@ @

4 5
(CO-BS) \“ l‘ i . i .\\ ‘\\
User inde: ' L !
2/ B W H m.m
'I\\ \‘{‘\ :,—/—- s \X, \\\
,'l \\\ /"\I)\\ Ill ',' \\‘ .
A P \ N
. @, e e O
Frequency == ‘ Y
band index | 2 L4 ; h . []
= 7 <
s |/ u |
1 2 3 4
(Co-Band) User index
Figure 6.4: lllustration ofchannel allocation procedure for a system with=2, N =5 andF =3

Hence, the number of all the channel allocatiordadates can be given by
L= (ClFCr\’]IO)(Czr\:\?o—N—lCS—_r\Ts:ll)M " =2880.

Both examples above present the methodology tmastiand compute the number of the spectrum
allocation candidates with respect to the schemé&igure 6.2, instead of providing a closed
mathematical expression, which can be differentinficase to case, and depends on e.g. whether

F >N, or F=N,. In Table 6.1, the number of the channel allocatandidated. is provided for
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some systems with different dimensions. As theregiee, by the exhaustive search, the number of
the resource allocation candidate is presented by

N
F!
L. = PN . 6.7
o= (A) LF_M)J (6.7)
Table 6.1: Number of channel allocation of given systems
N F M N, N, L, = (Aﬁ )N L
3 3 2 2 3 216 48
4 3 2 3 2 1296 576
5 3 2 4 1 7776 2880
6 3 2 4 3 46656 5760
7 3 2 5 2 279936 80640

6.2.3 System SINR Distribution

For the given statistically independent normal ribisted variablesX, ¥ (0,1),i=1---,k, the

Kk
random variable<:ZXi2 obeys chi-square distribution with degrees of freedom, denoted as
i=1

x ~x?(k). The Probability Density Function (PDF) of chi-age distribution withk degrees of
freedom is given by

1 k/2-15-%/2
f.(x)=1 2°r (k/2)

0 for x<0

forx=0

wherel ()denotes the Gamma function. Let the channel acoeffi of an arbitrary user from the
overall N, user be denoted g%;];, with i=0,---,N,—-1and j=1---,K . The corresponding
channel coefficients are assumed to have followlisgribution as

R[]} ~ W’(O%) andim{[h ], } ~ W’(O,%).

Obviously, it is necessary to focus on the proligbitlensity function of random variable
k

y=g(Xx) :%x = Z Xi2 . With respect to the dependency property of proityalbensity function, it
i=1

holds

1|
dlg(y)] /dy]

1
d(2y)/dy|

f, (y) =% [F [g‘l(y)] =‘ ‘ ¥, (2y)
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1 k/2-1_-2y/2 _ 1 k/2-1,—
20— (2 eV2=_— YWV fory>0
= 2W2r(k/2)( y) r(k/z)y y=2
0 fory<O0

Throughout the investigation, the modified chi-sgudistribution f, (y) is thus considered. In the
cognitive radio network, an arbitrary subsystemalggthes anN, x K multiuser Multiple Input

Multiple Output (MIMO) system, wher& denotes the number of receive antennas at the base
station, andN, — Istands for the number of users, who produce Qds Wwell known, that the

diversity order of theN, x K MIMO system isK — N, + 1at high SINR. According to the previous
study on the relationship between diversity andstjuare distribution, thé&l, x K MIMO system
has 2(K - N, + 1) degrees of freedom, and thus the SINR distributtan be obtained
straightforward as

L 1 o
gy = L yomegy 6.8
rk2’ FK-N,+3) 7 (6.6)

w(y) = f,(y) =

As the diversity order corresponds especially tohilgh SINR, the functionv(y) is the asymptote

with respect to high SINR. In Figure 6.5, this effean be observed, by comparing 2vw4 to the
2x12 MIMO system. Because thex12 MIMO system yields higher SINR, the measured PDF
function perfectly matches the theoretical PDF figmc

0.35 ‘ ‘
— — — 4 Rx Antennas, 1 CCI estimated
—<%¢— 4 Rx Antennas, 1 CCl measured
0.3 12 Rx Antenna, 1 CCl estimated |1
12 Rx Antennas, 1 CCl measured

Probability

SINR values

Figure 6.5: Comparison between measured and theorethical PRESU
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S

For a given PDF functionv(y), the termP{i,Noj = Iw(y)dy stands for probability, that an
H a

Hs

NoN;
arbitrary user’s SINR is bigger than, shown in Figure 6.6. The terlﬁ(i,Noj stands for

S

thus the probability, that the SINR i N, users are all bigger tham . Consequently, the

probability 1 - Pl(i,
U

S

NoN;
NO] denotes that at least one user out oN\gIN, users does exist, whose

L

NoN;
SINR is smaller tham . Hence, the terr{%l— F}(i, Noj ] indicates the probability, that in an

S

arbitrary spectrum allocation option out of &llcandidates, one user does exist, whose SINR is
smaller thana . An equivalent expression can be given for a sysith L spectrum allocation
candidates, namely, the maximal value of minimutdRSbut of NN, users is always smaller than

a . This expression is presented in the (8.16) of IP&s

N
0N s

NoN;
P mLaxminSINR<aj:{l—F}(i,Noj } :

0.18

0.16

0.14}

0.12

0.1

Probability
0.08F

0.06

0.04

0.02}

0 5 10 15 20
SINR valuesy

Figure 6.6: lllustration of the probability that an arbitrarger's SINR is bigger thaor

S

By deploying the rule of integration by parts, thebability P{%,Noj can be straightforward

obtained by
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a +00 1 +00 _ _ 1 _ ~
P —,N — Wi d - K NOe yd = K=Ng yd
1(;15 j Jwdy =g [ Y g YT
_ _ CN.-1 — _ _y Tt a k- i
:{_ y NoeY_ yK Ny _m_yey_ ey} :e_ﬁTsK Nol(ij
(K=Ny)!' (K-=N,-1)! 1 o |a LA

For the system resource allocation scheme in Figu2e let allMN users be considered. The
eguation above can be straightforward extended as

NN, MN-N,N, Tt
Pr(maxminSlNR<aj:[1— F{i,Noj F;(E,No—lj } . 6.9)
L MN /j

S S

MN - NN,
The term F;(i, N, —1] indicates the probability, that the SINR N — N N, users in the

S

rest F — N, frequency bands are all bigger than Note that the user number in each band of the
restF — N, frequency bands idl, — .Hence, the number of CCls with respect to antranyi user

is N, — 2, which is lower than that of previous, frequency bands and thus yields higher diversity
order.

P{mLaxmhiln(Userlnformatim Rate)< R)
1 . ™

0.9

0.8

0.7r

0.6

0.5f

0.4

T
® &

0.3

0.2

0.1

T
zzz=zx
IBLLNT
TAITR
~N~No obhw

Information rateR (bps)

Figure 6.7: CDF curves of information rate of the CR system$able 6.1 F=3)
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In Figure 6.7 the theoretical Cumulative Distriloumti Function (CDF) curves for the user
information rate of the cognitive radio systemsTable 6.1 are presented with respect to (6.9).
Apparently, the system performance can be influérme multiple variants, e.g. by limiting the
number of the users, or increasing the number oeive antenna elements at BS. Let the
straightforward solutions be focused on, by intwdg additional available frequency bands. As
the SINR bound for the CCI free cognitive radiotegs, equation (6.9) can be represented by

Mnh
Pr(maxminSlNR<aj{1— F;(ﬂ ,1} ] (6.10)
L MN /'[S

A

M
=Pr(minmaxminSINR<a):1— 1{1— F}(i,lj } :
N AF M A

where F =MN and L = A’ hold, and the approximation is presented in [D&djation (8.19). In

Figure 6.8, the CDF curves are presented for aitegrradio system witiM =2 and N =3.
Obviously, the minimal user information rate in thygstem can be improved by either deploying
additional frequency bands or increasing the nunobeeceive antenna elements. With increasing
number of antenna elements, the performance boiuthdwy CCI can be extremely approached. On
the other hand, the trade-off should be considestdieen the cost of additional frequency bands
and additional antenna elements. Figure 6.8 shbwspotential of interference mitigation with
multiple antenna arrays for cognitive radio system.

Pr(mLaxmhiln(Userlnformatim Rate)< R)

1 T T
0.9 ]
0.8 .
0.7 ]
0.6 K=20 |
0.5 .
04 —©— M=2,N=3,F=3
: - - M=2,N=3,F=6
(No CCI bound)
0.3 —6— M=2,N=3,F=3
-<4- M=2,N=3,F=6
0.2 (No CCI bound)
M=2,N=3,F=3
01 M=2,N=3, F=6
(No CCI bound
0 i T T
1 12 13

Information rateR (bps)
Figure 6.8: CDF curves of information rate of the CR systerthw=2, N=3
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6.2.4 “Good Neighbour” Approach and Evaluation

Let's now review the basic Good Neighbour (GN) ifgeence Mitigation (IM) based DDSA

algorithm developed in [D8.1] and [D8.2].

GN IM-based DDSA algorithm

* Sensing interval
-1
Rd(o)nhd,ﬁﬂzmnn
h’ R, h

d(o)mnn d@n" "d{@mnn

Calculate the minimal SINRy, = Iogz(1+ mln h’ RS h )

d@mnn *d@n "d{Qmnn

1. Calculate antenna weighte:, =

with m=1,...,M, d© denotes the allocated frequency bandnfeth user inn-th
BS, andR , denotes the interference covariance matrix of i (+th user in
n-th BS);

2. If the minimal SINRy, is not smaller than a given threshglg then go to the

“Data interval” stage without updatind, ; otherwise, go to Step 3;
3. Update the band allocation vectdy by

d,=arg ZISIgn(f —-d)|

m=1,.. Mfl]¢vf¢fql ,,,,, M,

subject to
Ing (1+ h*t,nmnn _1rh tnmnn) 2 yO
. . . R h nn
with the optimal weight vectow, = —— % R il ,m=1...,M;
hdnmmnn Ay h dpmnn

» Data interval
SS,, . m=1...,M transmit data in bands assignediyy

BS, receives data with the optimal weight vectars,, m=1,..., M for interference
suppression.

The general system assumptions are summarizedl@sso

1. BSs allocate different bands for all users in tiseiipsystems, i.e., all rows in matiix contain
different elements
2. Rayleigh propagation channels are stationary inddget random Gaussian Vectc

h.., JCN(,07l,), whereg? =1 is assumed to emphasize interference limited scenar
o} is a random variable according to the pathlosssiradiowing models for particular systs
geometry.

3. For simplification, constant power for all usershe system is assumed, i.e., locally select
frequency bands are the only adjustable paramdtarthermore, exhaustive minimum swit
(MinSwitch) local search in Step 3 of above aldoritis assumed to be feasible.

174
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M
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4. All subsystems know their own second order stasisti.e.,BS, knowsR, andh for

n=1..,N,m=1...,M, f=1...,F, and has no information oR, andh, for | #n.

Assume that users transmit the pilot symbols duthmg sensing intervals and data signals
during the data intervals, and the sensing interf@l different subsystems do not overlap| A

low probability of overlapping of the sensing intals can be achieved, for example, by means
of random duration of the data intervals as illatgtd in Figure 8.2 in [D8.1].

fmnn

In [D8.1] and [D8.2] Markov chain model is explatéo analyse and evaluate the convergence of
the GN IM-based DDSA algorithm above. As being ee@nalytical study, the number of spectrum
allocation candidates is assumed tolhe= (A}, )" in an exhaustive manner. The parametgrfor
some cognitive systems is summarized in Table Bdnce, the Markov chain model can be
represented by ah, x L, transition probability matrix?. The row index of matri¥ denotes the
current spectrum allocation schema, or the ingotation candidate for the GN IM-based DDSA
algorithm to optimize or evaluate. The column inagéxmatrix P denotes consequently the output
spectrum allocation schema. If the solution id siit satisfactory, the iterations are required by
deploying the GN IM-based DDSA algorithm again. Apmtly, the convergence is found, if
output of the GN IM-based DDSA algorithm is exadtly/input. Namely, an arbitrary convergence
point locates on the diagonal of the matrix thewhose row index is equal to its column index. In
Figure 6.9 this procedure is illustrated. Assurnsa thei-th channel realization is invariable within
the temporal duratiofy <t<t,+T, which corresponds to a constant transition proipalmatrix

P . Figure 6.9 demonstratively presents the iteratiby deploying the GN IM-based DDSA
algorithm, and finally approaching the convergespectrum allocation schema aftdk,, — 1
iterations, wherdl; denotes the sensing interval.

Channel realizationj1)-th Channel realization;th Channel realizationi«1)-th

AL AL Time axis
-~ ~ ™~
t,—-T to+T o+ 2T
I:)i—l I:)i+l
Transition
probability ——>
matrix p,
Time axis
t0 + (Niter _1)Ts
Figure 6.9: lllustration for the sensing the subsystems t@iteely find the convergence (red point), withpest

to L, x L, transition probability matrixP
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6.3 Adaptation of DDSA Solution in Practise

The Markov chain model is a prominent analyticabl tto evaluate the GN IM-based DDSA
algorithm. In [D8.1] and [D8.2], considerable simtibn results can be referred to. In this section,
let's come back to focus on the algorithm applmatin practise, and think about the variant and
modification of the algorithm to adapt to the rgallThree aspects need to be considered.

* Antenna configuration — due to the limitation ofndinsion of the multiple antenna arrays in the
reality, Uniform Linear Array (ULA) or circular aay will be deployed. The correlation of the
channel coefficients between the antenna elemeatsases.

* Number of iteration — in the reality, the duratiohan arbitrary channel realization is quite
limited. The system convergence cannot be guarantéhin such a short term. Sub-optimal
spectrum allocation solution is thus important wetv or even no iterations.

* BS channel allocation — highly correlated chanrels even allow the BS allocates its own
users to the same frequency band, which can thilice additional degree of freedom as the
control mechanism in the decentralized system.

The aspects above motivate the study on coherei@AD&blutions in this section. Throughout the
investigation, the half-wavelength ULA is takenoinaccount. The coherent DDSA schemes
introduce additional degrees of freedom to cootdinhe beam patterns and to suppress the
interference. Additionally, the concept of virtaitennas can be deployed in uplink to improve the
interference suppression. As shown in Figure GfXBe signal source is far away enough, the equal
phase planes of electric and magnetic waves ate&aleto the propagation direction. The phase
difference between Antenna 1 and Antenna 2 correfpto the path in the red mark. The phase
difference can be quantized by

quz%dsiné’, ~90° <6< 90°, (6.11)

where A stands for the wavelength of the carrier frequeranyd & denotes Direction of Arrival
(DoA). In the illustration in Figure 6.10, Anten@ahas the advanced phase. In the general case, this
depends orf, namely Antenna 2 has the advanced phaseé fof <90°, and Antenna 2 has
lagged phase for90°<8<0°. The conclusion can be extended for antenna awrtty multiple
elements.

Figure 6.11 illustrates the phase difference betwaae arbitrary receive antenna and the reference
antenna (Antenna 1). A so-called array steeringorexcan be introduced as

;
iZZasing  jPZodsing 2 adsing

s(@)=[1 e’ e’ e’ . (6.12)

Especially, if half-wavelength array is deployednrely d :%, it yields

S(H)I[l gi7sing - g 27sing ejansina]T_ (6.13)
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°
Signal

Equal Phase Plane Source

Antenna 1 q Antenna 2
Figure 6.10: Calculation of the phase difference
Antenna #1 #2 #3 #4
f AN f AN
Reference Phase
Phase 0 .
Ag, = 2n 2dsind
A
Phase Phase
Ag, :%dsine A¢14=%3dsin0

Figure 6.11: Phase difference between an arbitrary receive aatand the reference antenna

Notice that the channel estimation can be done re#pect to pilot or so-called sounding signaling.

Let the pilot based channel estimates be denoteth,byThe DoA & can be straightforward

estimated by evaluating the eigenvector of mdhroixOH . A rotated channel vector can be computed

by
h = diads” (8)] th, . (6.14)

Due to the high correlation, the elements of chhnaetor can be averaged, it yields
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m=%2mm. (6.15)

With the DoA 8 and mean channel resportge K, virtual antenna elements [Doh02] [Hon10] can

be introduced to improve the uplink performancguFé 6.12 illustrates the procedure to generate
the channel response for the virtual antenna elesnkrnolds

ho,va:[hoT h)eansinH h)ej(K+Kv—1)nsin6]Tl (6.16)

In Figure 6.13 illustrates @ x K MIMO system. The BS of interest h&s receive antennas. Each
user has a single transmit antenna. The user efeisit delivers the signa). And the resQ -1
users are the interferers. The MIMO system equasigiven by

S
_ _ S
y=Hs+n=|h, h, - ho 0 7 |+n (6.17)
So-1
h, hy, o n
= Mo &, + oy &+ + Mo B + k
he o hy 2 hK,Q—l Nk

Virtual Antennas
A

-~ ~
1 2 K,
| | ...... | | * * *
DoA estimationd
Channel estimation ! ! !
1 X ......
hy =2 hiK] | | :
k=1 | | |
ho[l] ‘ hO[K _1] h)eansinH ej(K+KV—1)zrsin€
j(K+1)mrsing
hol2] hoK] 1

Figure 6.12: Procedure to generate the channel response feirthal antenna elements
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Detector
User 0 S
(User of interest) (BS of
interest)

User 1
(Interferer 1) s

UserQ-1 So-1
(InterfererQ —1)

Figure 6.13:  Uplink MIMO system withK receive elements fof) users

The classical Wiener-Hopf solution allows estimgtithe useful signal by minimizing the square
root of error with respect to the pilot signallingholds

Wy =Ry, "hy = E[yy"]7h,. (6)18

Being denoted as Minimum Mean Square Error (MMSKjorithm, equation (6.18) can be
approximated as

Q-1
Wy, =W = E hh'" +0%)h, (6.19)
i=0 ot
=(E.hh," + Y E hh" +a%)h,
i=1

Q-1
=(hh," + ZhihiH +a?)*h,,
i=1

where g denotes the variance of AWGN, the unity transroiter is assumed, namely, =1.

Throughout the investigation, the cognitive radystem in Figure 6.14 is studied. There &te= 5
BSs, each of which hagl =2 users. There arE =3 available frequency bands. The coverage of
each BS is also shown in Figure 6.14. Throughoatitkestigation, the users only drop in the hot
spot in the middle.

Being the lower and upper bound, the random resgoaltocation and max-min resource allocation
corresponds to the decentralized and centralizephitee scheme, respectively. The max-min
resource allocation can be represented by theionte (6.20)
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H H
méaxmin o wrhh, w ,fori=0,1,---,Q-1. (6.20)
ZWththW+WHnnHW
j L)%

150

100

Dlstange 50l
(meter

-150 -100 -50 0 50 100 150
Distance (mete

Figure 6.14: Investigated cognitive radio system layout

A central unit is required to compare and find it optimal solution. Thé&l x M frequency band
allocation matrixD indicates them-th user of then-th BS to occupy one of thE available
frequency band. For the example in Figure 6.14 apthe frequency allocation matrix can be
obtained as

#1 #2
——> User index
#| [1 2
#2| |2
D=#3| |2 1|, (6.21)
#al |2 3
#5 _1 3_
BS inde»

by considering random allocation. In Figure 6.1t beam patterns of the BSskn=3 frequency
bands are presented with respect to equation (6TH@) users with negative low SINR values are
marked.
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Figure 6.15: Beam patterns of the BSs with random allocatios 3,K = 4)

Being a decentralized system, the low SINR valuelm only detected by the own BS. According
to the conventional solution, the user needs tocemio another frequency band. Let’s denote it as a
transition from statd, to stateD,,, within thei-th sensing interval. Nevertheless, it can lead to
the unexpected solutions. For instance, a coupleusgfrs with low SINR occasionally and
simultaneously shift to another frequency band ttogiedue to being decentralized. The situation
will not be improved either, or other users witivI&INR appear in the new staie,,. Obviously,

a number of iterations are required to approaabiwien for the complete cognitive network. If the
convergence hasn’t be approached before the chasaletation changes, the resource allocation
has to be started over again.

Hence, the first algorithm is proposed under tluatext, to avoid shifting to another frequency
band, if the SINR is not adequate. The virtual mnéearrays are introduced to improve the SINR.
The flow diagram is provided in Figure 6.16.
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* Algorithm 1: virtual antenna solution

Deploy random resource
allocation, in a decentralizeg
wireless network, withN
Base Station (BS)M users
per BS,F available
frequency bands

!

Each BS measures the
SINR of corresponding
M users.

Is any user’s SINR
smaller than threshol@?

Deploy the virtual
antenna based
interference
suppression for this

user

Enc

Figure 6.16:  Algorithm 1: virtual antenna solution

Let the example in Figure 6.14 and Figure 6.15dmwesiclered again. The SINR threshold is defined
as G=0dB. The number of virtual antenna I§, = . 4n Figure 6.17, the beam patterns are

presented. Notice that the user of BS 1 in bandslnow an improved SINR value, by introducing
virtual antennas. The beam pattern is thus narrcavel can suppress the interference from the user
of BS 3. In band 2, the similar effect can be obsér The SINR value of the user of BS 3 is now
above the SINR threshol@ = 0OdBNevertheless, the SINR of the user of BS 4 dagssatisfy

the SINR threshold. Further resource allocatioatstgy will be discussed after presenting some
numeric results.
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Figure 6.17: Updated beam patterns of the BSs in Band 1 and Bawith K, = 4 virtual antennas

In Figure 6.18, the CDF curves of minimal SINR lo¢ tdetermined allocation stal®, denoted as
SINR® ' are shown with respect to different resourcecalion schemes. The result reveals that

the virtual antenna solution can flexibly bringtire improvement by defining a SINR thresh&d
P(SINRY <)

min

1
0.9 b
0.8 b
0.7 b
0.6 b
0.5F J
0.4fF b
0.3 =
—&— Random allocation
0.2 Virtual Antenna K, = 4,G = 0dB)
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0 = 1 I
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y [dB]

Figure 6.18:  Performance of algorithm 1, CDF curves of minimiNS with respect t&, virtual antenna and
SINR thresholds (F = 3,K=4,N=5)

Notice that it can happen that the minimal SINRnzdrsatisfy the given SINR thresholl, even
virtual antennas are deployed. In Figure 6.171t{®,SINR of the user of BS 4 cannot be improved
due to the distribution of interferers. For thigmsario, another solution should be considered. The
corresponding flow diagram is provided in Figuré%%.




ICT-211887 Page 98 Deliverable 8.3

* Algorithm 2: virtual antenna and band switch santi

After deploying the virtual antenna solution forcertain user, the updated SINR will be again
compared to the SINR threshdBl. If it is still not satisfactory, the user will #ah to use another
frequency band. Thus, the spectrum allocation ddatef the cognitive system transits to stélg, .

This is so-called an iteration. The number of iieress N, is defined. It has to be emphasized that
the channel realization within all the iterationsosld be constant. Otherwise, the spectrum
allocation stateD, will be irrelevant, and cannot be regarded asstag of a new iteration. In order
to strictly satisfy this assumption, the number itefations for the following investigation is
N, =1.

iter

Deploy random resource
allocation, in a decentralized
wireless network, witiN Base
Station (BS),M users per BS,
F available frequency bands.
Set countelC =1.

v
@ Each BS measures thp This BS measures the

SINR of corresponding SINR of this user
M users. again.

No Is any user’s SINR
smaller than threshol@?2

Is this user’s SINR sti
smaller than thresholG?%

=

Deploy the virtual Yes Switch this user to anothg

antenna based frequency band with good
interference ‘él@ channel quality (uplink
suppression for this channel gain).

user No Update counte€C=C+ 1

e O

Figure 6.19:  Algorithm 2: virtual antenna and band switch salnti

In Figure 6.20 and Figure 6.21, the performancealgbrithm 2 is presented for target SINR
thresholdG = 0dB and G = 4dB respectively. By comparing the performance obatgm 1 to

algorithm 2 at the target SINR threshold wily = , the improvement can be apparently observed.
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SINR thresholds =4dB (F = 3,K=4,N=5)
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As discussed in [D8.1] and [D8.2], it is assumeat thhe optimum allocation will be found, if any
BS will allocate its own users in different freqagrbands. Nevertheless, in the coherent DDSA
solution, this should be re-evaluated. Let theofwihg sets be defined
€ = { All possible spectrum allocation candidates } (6.22a)
4 = { Spectrum allocation schemes | Co-BS usersar€o-Band } (6.22b)

7 = { Spectrum allocation schemes | At least onall@mtommodates Co-BS users }. (6.22c)

Obviously the number of elements in s&t ## and# are L
holds

L andL,, —L, respectively. It

ex?

%=%1 U%z (6.23)

In Figure 6.22, the CDF curves 8INR" are presented for three search space. Noticértliae

min

global optimum solution, there is almost at least band accommodating Co-BS users.
P(SINRY <))

min
1
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15

y [dB]

Figure 6.22:  Performance of Max-Min allocation, curves of miniBNR with respect to search spaée<3;K =
4,80r 12N=05)

By allowing the Co-BS users in the same frequerarydba BS in the decentralized system has an
additional degree of freedom to combat the interfee. This is the motivation of the algorithm 3,
whose flow diagram is presented in Figure 6.23.
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» Algorithm 3: modified virtual antenna and band shisolution

Deploy random resource
allocation, in a decentralized
wireless network, withN Base
Station (BS),M users per BS,
F available frequency bands.
Set countelC =1.

v
Each BS measures the This BS measures the
@" SINR of corresponding SINR of this user
M users. again.

Is any user’s SINR
smaller than threshol@?

Is this user’s SINR sti No
smaller than thresholG?

Deploy the virtual Yes
antenna based

Is any Co-BS use

interference C< Ny, ? SINR bigger than a
suppression for this defined threshold. 2
user No
S
Yes
End
Y
Allocate the user to the Switch this user to anothgr
same frequency band as N frequency band with good
the Co-BS user, with \AJ channel quality (uplink
strongest SINR. channel gain).

Update counteC=C+ 1 Update counte€C=C+ 1

Figure 6.23Algorithm 3: modified virtual antenna and band shisolution

After deploying the virtual antenna solution focertain user as in algorithm 1, if the SINR of this
user is still inadequate, instead of the immediaguency band switch, the BS will check, whether
another Co-BS user with extreme good SINR doed éyisntroducing another threshold, e.g.

L =10dB. If this happens, it indicates that this band a$ overloaded or the user distribution is
fine. Hence, it allows the BS to reuse this frequyelmand and allocate the target user to this cHanne
Although both Co-BS users are thus in the sameuéegy band, they can still be spatially
separated, by deploying virtual antenna, if neagss#ence, further performance improvement can
be expected. The numeric simulation results inle@@u24 and Figure 6.25 support this conclusion.
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6.4 Summary

In this section, the “Good Neighbour” (GN) Intedace Mitigation (IM) base Decentralized
Dynamic Spectrum Allocation (DDSA) approach is geflg reviewed, which is intensively
investigated in [D8.1] [D8.2] and provides a promgssolution for the issue on coexistence in the
opportunistic unsynchronized cognitive radio netgorAdditionally, a prominent analytical tool,
Markov chain model, is exploited to evaluate the @®MNbased DDSA algorithm. The Markov
chain model provides a brand new view point tosillate the convergence of the GN IM-based
DDSA algorithm. The corresponding investigationwhdhat GN IM-based DDSA algorithm holds
excellent convergence characteristics and thusifieigntly outperforms the classical DDSA
solution, such as “Selfish” IM-based DDSA algorith&bundant simulations from diverse view
points support this conclusion.

Secondly, the adaptation of DDSA algorithm to tihacpise is focused on. Due to the invariance of
the wireless radio channel, large number of itereticannot be expected, which try to approach the
optimal spectrum allocation scheme in a decengdlimanner, and must be executed within a
constant channel realization. Investigation sholat the performance gap between the DDSA
algorithm and the optimum solution can be redudeg,appropriately introducing additional
antenna elements, as presented in Figure 6.8 éorcdkeK =8. In the modern communication
system, this is applicable and can be supportedntsfligent physical antenna selection or
deploying virtual antennas. Throughout this segtibmee corresponding DDSA mechanisms are
proposed to improve the system performance witlsipbslimited iterations.
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7 Opportunistic Unsynchronized CR Networks

The introduction of opportunistic networks in sopeticular frequency bands, such as the digital
dividend, will be motivated by their economic impamnd the perspective of enhanced spectrum
utilization. A number of favourable situations damenvisaged for applications.

A. High speed local complement to cellular systems

Due to their universality, their rules of deploymhemd their rigid protocols, cellular systems are
unable to support economically the high capaciibgh might be requested at particular times and
particular places by some customers. Opportunistisvorks, capitalizing on their capability to
adaptively share the spectrum, may have the ptissioi build up the frequency bandwidth needed
by the high bit rates involved.

B. Broadband networksin rural areas

Opportunistic networks can help improve the coverad rural areas and, through dynamic
spectrum sharing, offer economical broadband lacakss to their users. In such a context, they
might cooperate with cellular systems or with fixeetworks to organize and optimize the global
traffic.

C. Easy and cheap accessin sparsely populated areas

With their light infrastructure and their versdiili they can adjust the capacity to the user
instantaneous needs and follow the evolution ire tand space.

D. Temporary high capacity networks for emergency and moving events

At some place and some time, the requested capamty be so high that the networks are
congested. It is the case in emergency situation®rolarge scale moving events, such as the
cycling race “tour de France”. Then, opportunistietworks can make the best usage of the
instantaneous available spectrum and divert agbdhie traffic load.

E. Peer-to-peer communication

This classical way of communication between useither people or machines, can be further
developed by opportunistic broadband access, mstef capacity, coverage and mobility.
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8 Conclusion and Perspectives

In the field of cognitive radio, the most importacbntribution of the project concerns the

opportunistic unsynchronized networks, which arde dlo access the spectrum on their own

decision and without synchronizing and cooperatimigh other networks sharing the same

frequency bands. With the FBMC physical layer,afele spectrum sensing and monitoring can be
achieved, as well as efficient data transmissiahaguaranteed protection of the other systems. A
tool box is now available for design and implemé&ota

The access protocol is a critical component of ojpastic networks, because of the numerous
constraints and objectives, particularly the faicess which must be ensured to all the systems
operating in the same area and the high leveladailspectral efficiency. In that respect, the “@oo
Neighbour” strategy which has been proposed hasvbar of desirable features and its theoretical
convergence has been proven. The next step isetthectton to practice, which will require
simplification of the algorithms and some optimiaat particularly regarding the adaptivity of the
threshold involved in the spectrum allocation ahd teal time pilot based space-time spectrum
sensing. Real world deployment and field triald ¥ necessary to validate the concepts.

The opportunistic unsynchronized network is a nmahmunication paradigm and its successful
introduction amid existing networks and its praigion depend on a number of conditions.

A first condition is the availability of spectraabds dedicated to cognitive radio. It is not réiali®
imagine that networks which are based essentiailysgectrum sensing can be deployed in the
complete RF band, from 400 MHz to 6 GHz. Such systaeed coordination and they have to rely
on centralized data bases and employ specific sefieauch as the pilot control channel or the
cognitive control channel. However, in a limitechdae.g. 100 MHz or 200 MHz, reliable spectrum
sensing and monitoring can be achieved, partigulaith the FBMC physical layer described
above, and opportunistic unsynchronized networksrealize their potential in terms of flexibility
and spectral efficiency.

A second condition is the existence of standardsragulatory policies. A key issue is coexistence
of systems and acceptance by all the players infigid, i.e. administrations, operators and

industries. Relevant parameters will have to batifled and specifications will have to be agreed.

Among the key parameters are interference levets signal detection thresholds. In any case,
performance is critical. Regarding regulatory peb¢ the most important aspect is the spectrum
allocation. It can be bands reserved for opportimnisetworks or authorized access to already
occupied bands under well defined rules and praesdin this respect, the availability of spectrum

space in the UHF band, after the shift from anadogudigital television, is a unique opportunity.

A third condition is related to business. An appraje business model is essential for the start and
the sustained growth of opportunistic networksfdot, the approach will be successful if it is
accepted by the administrations and current opes,aifoit satisfies needs of customers better than
existing systems and if it is cost efficient. Refey to the history of WiFi, the availability of
reserved appropriate frequency bands seems ed$semtiaunch the process of building the
opportunistic business model. In the end, the derxa and commercial success will be
materialized by the presence of the opportunisticfionalities in PCs and communication sets.
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In this respect, it is worth pointing out that tlesults of the PHYDYAS project will be transferred
to the new COST action IC0905, “Techno-Economiculaigry framework for radio spectrum
access for cognitive radio/software defined radi6RRA)":

The main objective of this Action is to develop amprehensive techno-economic
regulatory framework for radio spectrum access sultor CR/SDR based wireless
applications, catering for envisaged CR/SDR depkrinscenarios and shown to benefit
most optimally the development of the wirelessstréks and consumer interests at large.
Furthermore, the Action will provide assistanceElaropean administrations in formulating
a European position on radio spectrum access ride€R/SDR applications.
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