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SUMMARY i ii

S U M M A R Y

Th is  dissertation shows tha t in ten tiona lly  embedded cydostationary signatures i)rovide 

a robust and flexible technique for overcoming t he challenge o f network rendezvous and 

coordination in emerging Dynam ic Si)ectrum Access Networks (DySPANs).

Conventional wireless systems oi)erate w ith in  fixed fre(iuency ranges and rely ui>on 

exclusively-assigned licenses for interference avoidance. In contrast, DySPANs dynam ­

ica lly  reconfigure the ir i)arameters of operation in order to exploit unuscxl spi'ctrum  

resources while using an awareness of the ir en\'ironnient to avoid the creation of harm ­

ful interference. In  th is way, DySPANs achieve high levels of spi'ct rnm use; eflicic'ucy 

and offer a so lu tion to the ‘spectrum scarcity ’ issue being faced by telecomnnmications 

regulators around the world.

The benefits o f DySPAN systems arise due to the ir high levels of ffcx ib ility . How­

ever, w ith  this increji-sed fle x ib ility  comes the challenge of nc'twork rendezvous and 

coordination. The fixed operating parameters of conventional wireless systems fa­

cilitate ' the establishment and maintenance o f communication links between ne^twork 

d('\'ices. In contra,st, DySPAN systems use o i)crating parani('t(;rs which are no longer 

fixed, bu t are dynam ica lly adapted in response to the operating environment . Under 

these conditions, network rendezvous and coordination can no longer Ije achic'ved using 

conventional tcchnieiues and new approaches must be devclo])cd.

Th is d issertation explores the use of cyclostationary signal processing as an enabling 

too l for rendezvous in DySPAN systems. It  has been shown that th is signal process­

ing aj^proach can leverage the inherent cyclic features of connnunications signals to 

accomi)lish a range of critica l tasks including signal detection, classification and syn­

chronization. However, th is dissertation argues tha t a number of significant drawbacks 

can be associated w ith  the use o f these inherent signal features to  achieve D yS I’A N  rc'n- 

dezvous. Inst('ad, the dissertation proposes the use of in t('n tiona lly  embedded cyclic 

features and shows that these a rtific ia l cyclostationnry signatures can be ern[)loyed 

to  overcome the drawbacks involved in the detection of inherent cyclic features and 

provide' an effective, practical soluticjn to  the challenge of DySPAN rendezvous and 

coordinatif)n.
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iv SUMMARY

Trie (Usscrtation first outlines em erging DySPAN system s, exam ines th(' regulatory 

and technical advances which are m aking these system s possible and highlights the 

challenge of DySPAN rendezvous and coordination. T he benefits of cyclostationary 

signal analysis are exam ined in the context of these em erging system s and the use (jf 

O rthogonal Fre(|uency Di\'ision M ultiplexing (OFDM ) subcarrier m apping to  generate 

artificial cyclic features is pro])osed. Sim ulations are used to exjjlore the  use of these 

cyclostationary  signatures and results are used to prove th('m  an ('Ifeclive tool for 

facilitating  signal detection, network identification and frequency accjuisition. The 

practical u tility  of em bedded cyclic features is highlight('d through the  im j)lem entation 

of a i)rototype DySPAN transceiver. Using this prototype, experim ents are carried 

out to  verify sim ulation results and to  show th a t cyclostationary signatures [)rovide a 

robust, flexible m echanism  for achieving DySPAN rendezvous and coordination.

In developing cyclostationarv  signatm es as a [)owerful tool for o\'erconiing the chal­

lenge of DySPAN rendezvous and coordination, this d issertation  rt'presents a signif­

icant step tow ards tlie realization of practical Dynam ic Si)ectrum  Access Networks 

(f)ySPAXs) and creates a firm foundation u{)on which to  advance the  fu ture develop­

m ent of highly reconfigurable, robust wireless com nuuiication syst(;ms.
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1. INTRODUCTION 1

1. INTRODUCTION

1.1 Overview

T h is  (hsserta tion shows t lia t in te n tio n a lly  embedded cyc lic  featnres or cydos ia t ion a ry  

signatufps  an ' an eflective t,of>l fo r overcom ing the challenge o f rendezvous and coo rd i­

na tion  in  em erging n n ilt i-c a rr ie r D ynam ic Spectrum  Access N etw orks (D ySPAN s).

A t a tim e  o f ra p id ly  increasing dem and fo r innova tive  new wireless systems and 

services w orldw ide, f)yS P A N s herald a pa rad igm  sh ift in  the  way in  w hich these sys­

tems exp lo it the  rad io-fre(iuency spectrum . C onventiona l wireless systems operate 

w ith in  fixed frec^uency ranges and re ly upon exclusively-assigned licenses for in te rfe r­

ence' avoidanct'. in  cont-ra.st, D ySPANs d yn a m ica lly  reconfigm e th e ir  i)a ran ie ters o f 

opera tion  in  order to  ex j)lo it mmsc'd spectrum  rc'sources w h ile  using an awaieness o f 

th e ir  env ironnu 'u t to  avoid the creation  o f ha rm fu l interference. In th is  way, D ySPAN s 

achieve new levels o f spectrum  use efhciency and offer a so lu tion  to  the  'spectrum  

s('a rc ity ’ issue being faced by tc 'leconunuuieations regu la to rs  around the w orld .

However, before tlu ; concept o f dynam ic spectrum  a(;cess can become a rea lity , m any 

challenges must firs t be overcome. In  te rm s o f s i)ectrurn regu la tion  policy, reform s 

are ne('d('d to  move away from  the tra d it io n a l command-and-contTOI approach under 

wdiich D yS P A N  systems cannot c'xist, and tow ard  more flex ib le  polic ies w h ich b e tte r 

reflect tJie dynam ic na tu re  o f em erging wireless technologies. VV'hile s f)ectru in  po licy  

reform  is essential in  order to  su i)po rt innovative  dynam ic  spectnnn  systems, these 

reform s are also m o tiva ted  by the  emergence o f advanced technologies w h ich  make 

those systems feasible. A s  the  p o te n tia l benefits o f D yS P A X  technologies become 

recognized, spectrum  regu la to rs  become more w illin g  to  acconunodate them .

.iTist as the p o te n tia l benefits o f D ySPAN  technologies are considerable, so too are 

the technica l challenges [>n'sented Iw  such systems. K ey among these is the  challenge 

o f D yS P A N  rendezvous and coo rd ina tion . The hxed ope ra ting  paranu 'te rs  o f conven­

tiona l w irek'ss systcnns fa c ilita te  the establishm ent and maintenance; o f conunun ica tion  

links  between ne tw ork devices. In  a D yS I’A N  system  however, tlu!se o i)e ra ting  param ­

eters ar(' no longer fixed, b u t are dynam ica lly  adai)ted in  response; to  the  opera ting  

(,'nvironnu'ut. Undc'r these cond itions, the  s tra ig h tfo rw a rd  rc'udezvous mechanisms o f

Sept(*inb(M 25. 2()()8 Pli.T). Tliosis
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(■(jiiveiilioiial networks cannot be enipkn'cd and new techni(iues must be devek)p('d.

T liis  dissertation expk)res the rok) which can be i)layed by cyck)Stationary signal 

analysis in overcoming the challenge o f DySPAN rendez\ous and coordination. This 

signal i)rocessing ai)i)roach exi)loits the innate periodicities which underlie many natu­

ral and man-made signals, h i the case o f teleconununicalions signals, it has been shown 

that cyclostationary signal analysis can be employed to accomplish a range of key tasks 

including signal (k^tectiou, classification and synchroni/atio ii. The approach appears 

to hold much potentia l as an enabling too l for rendezvous in DySPAN systems. How­

ever, there are a number of recognized (Irawl)acks associated w ith  tlie  cyclostationary 

analysis of inherent cyclic signal features. Therefore, this dissertation i)roposes the use 

of in tentiona lly  embedded c.yrlostuHonaiy signatures. It is shown that tliese a rtihc ia l 

cyclic features perm it the challenge of DySI^AN rendezvous and coordination to be 

address('d while overcoming the drawbacks typ ica lly  associated w ith  cyclostationary 

signal analysis.

1.2 Towards Dynam ic Spectrum  Access

The chaotic early days o f radio broadcasting in the I'S  in the 1920s left a legac^y o f tight 

'connnand-and-coiitror regulation which has shajjc'd spectrum policy to the present day. 

VVhik' the inefficiencies of sucfi a rig id system were recognized a,s early as the f950s, 

it is only in  the i:)ast decade that regulators have Ix'gun to seriously consider a mnn- 

ber of a lternative approaches. Since the early argtuneiits of Herzel and Coase |7. 8|, 

the case lo r grt'ater fle x ib ility  in  s{)ectrurn rnanagc'ment has been made by a range o f 

commentators including economists, lawyers and engineers. These connnentators ar­

gue tha t rig id  spectrum  policies provide i)rotcction for incumbent spectrum licensees 

and create a barrier for new entrants, thus hindering competition and s tifling  iimova- 

tion. W ith  in the incumbent licensees themselves, innovation is fiu 'ther stunted by thf> 

‘m o the r-nu iy -r phenomenon, whereby any changes in si)ectrum usage must be assessed 

and approvc'd by the r(!gulator. These in flex ib ilititis  prevent spojctrum resources from 

being devoled to  the ir most productive uses and have led to the situation o f apparent 

spectrum scarcity seen today wdiere new systems and services cannot gain access to 

spectrum yet resources wdiich are assigned to incumbent licensees are often severely 

underut iliz t'd .

The ])a.st decade has seen rajhd incre^ises in the demand for new wireless systems 

and services. As demand has increased, so too has the value placed on exclusive-iise 

si)ectrim i licenses, w ith o u t which these systems cannot be deployed. Coupled w ith  th is 

ha« been the  increasing economic value of siiectrum  usage, estimated at over £4t)bn in

P h .D . T lie s is S e p te ii i l)e r  25, 2(K)8
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the U K  in  2{)()6 alone. As the im portance  o f raclio-frequency spectnnn  and the systems 

w hich use i t  have increa^sed. regulators have beg iin  to  recognise the int'fhciencies o f the  

r ig id  com niand-and-contro l model and have s ta rte d  to  exam ine a lte rna tive  approaches 

w h ich  could support more p roductive  use o f spectrum .

In  a d d itio n  to  these economic drivers, a lte rn a tive  approaches to  spectrum  manage­

ment have been m otiva ted  by technolog ica l advances. D is ru p tive  technologies such as 

software-defined rad io  (SDR) and u ltra -w id e  band (U W B ) have forced i)o licy-u iakers to  

re-exam ine the  assumptions abou t wireless systems wdiich underlie  current regulations. 

\V h ile  the  rad io  broadcast technologies o f the  ea rly  20 th  cen tu ry  dei)end(;d upon s tr ic t 

r(!gu la tion  o f spectrum  access to  prevent in terference, advances in  wireless technologies 

have made it  possible fo r heterog('neous systems to  coexist in  conunon frc'cjuency bands 

w h ile  autonom ously avo id ing the creation  o f h a rm fu l interference.

Primary User
A

Frequency

Fig. 1.1: U nderlay  spectrum  acce.ss.

Co-channel o [)era tion  can b(' achieved by tra n s m itt in g  a very low  jxnver signal 

across a very w ide band o f frecjuencies. In th is  way, the' s ignal power level rem ains 

below' the  noise floo r ('xperienced by o ther w ireless systems and so does not cause 

ha rm fu l interference. T h is  is the approach used in  some form s o f U W B , an ach'anced 

fo rm  o f w h ich  can be? employed in  D yS P A N  .systc'ins. T h is  fo rm  o f coexistc'uce is te rm ed 

underlay  .spc;ctrum use and is illu s tra te d  in  Fig. 1.1.

In  c.'ontrjist, SDR tcchuo logy can be used to  p e rm it a w irek'ss systc^rn to  occu i)v 

.spectrum rc'sources w h ich  are unde ru tilize d  at a given tim e  and placc;. SDR systems 

a llow  o ])e ra tiiig  param eters o f a rad io  to  be rec'onligured using software' and so p rov ide  

a ve ry  h igh level o f Hc^xil)ility. T h is  f ie x il) il ity  can be used to  occupy id le  spectrum  

resources. T lu 'se  spectrum  w h ifr  .s]>aces are detected by devices w ith in  the ne tw ork  

and tc 'm i)o ra ril\ ' usc'd to  fo rm  c:onnnunication links. W h ile  using those id le  freciuency 

bands, the  SDR system  must i)c 'rform  m o n ito rin g  to  c'usure tha t th e y  rem a in  id le. U pon 

dc.'tcK'tion o f anothc'r, h igher p r io r ity  systcnn. the  spc'ctrurn rc'sourcc's are inu iie c lia te ly
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i^m a ry  User

Frequency

Fig. 1.2: O verlay ispectrurn access.

vacated in  order to  avoid the creation  o f h a rm fu l interference. Th is form  o f coexistence 

is term ed overlay  access and is illu s tra te d  in  F ig. 1.2.

Just as these technologies m o ti^ ’ate a change in  s jjectrnm  policy, the in tro d u c tio n  o f 

m ore flex ib le  ])o licies support those technologies and stim ulate U('\v iim o \’a tion . In  th is  

way, ne ither technologic'al advances nor spectrum  jjo lic y  reform alone can ensure the 

e ffic ien t and p ro d u c tive  use o f radio-fKHjUency spectrum . Rather, a combined a i)proacli 

in  w h ich po licy  and technology t)o th  in fo rm  and d ri\'e  the other can guarantee th a t the 

m ax im um  benefit is derived.

Enabled by advances in  b o th  technology and s i)ectnnn policy. IJynam ic Spectrum  

Access N etw orks (D ySPAN s) are systems o f wireless de\’ices which coord inate  to  form  

netw orks using id le  s])ectrum  resources. As the ava ila b ility  o f these id le r(?sources or 

s i)ec tnnn  ivfnte spaces may vary over tim e , loca tion  and frecjuency, D ySPAN  systems 

nm st be capable ( jf developing an awareness o f the  rad io  environm ent, id e n tify in g  those 

resources w liich  are nruised and u tiliz in g  them  w h ile  avoiding tlie  CTeation o f h a rm fu l 

interf(;rence for o the r spectrum  users. In  th is  w'ay, DySPANs can achieve very high 

levels o f spectrum  use efficiency w'hile {)ro te c tiiig  incum lxn it users. By reduc ing  tlie  

e n try  f>arriers tha t cu rre n tly  exist fo r new' systems and services. I3ySPANs can also 

foster iim o va tio n  and encourage co m p e titio n  in  spectrum  use.

SDR in troduces a new’ level o f re co n fig u ra b ility  and fie x ib ility  to  wireless uetw'orks 

by a llow ing  tlie  ope ra ting  param eters o f a rad io  to  be (;ontrolled using software. G eneric 

hardw are com ponents are used to  support a w ide range o f com m unications signals and 

standards w hich can be easily reprogrannned in  o rder to  change the fu n c tio n a lity  o f the 

device. T h is  benefit is h igh ly  a ttra c tiv e  to  equipm ent suj)pliers who can develoj) more 

effic ient vafu('-chains. Using a sm all num ber o f hardw an ' conii)onents, a w ide range o f 

w ireless devices can be m anufactured, s im p ly  using software reprogrannning. However, 

as well as s u p p o rtin g  m u ltip le  ex is ting  standards upon a generic p la tfo rm , SD R  tech­

no logy allows u(;w, h ig h ly  flex ibh ’ standards to  be devek)])t‘d in  w hich waveform s and
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pro toco ls can bo rcconfigur('<l at ru ii- th n c  and ta ilo red  to  the  ope ra ting  environm ent. It 

is th is  f le x ib ility  which makes the conce))t o f overlay dynam ic sp e c tn n ii access possible.

A transm ission schenK' unde rly ing  m any o f these n<>w, fh ix ib le  SD Il-based systems is 

O rthogona l Fr('quency D iv is ion  M u lt ip le x in g  (O F D M ). O F D M  is a m a ltica rr ie r trans­

m ission scheme in  which a h igh -ra te  da ta  stream  is converted to  a num ber o f low er-ra te. 

pa ra lle l streams which are tra n sm itte d  using m u ltip le  closely-spaced carriers. Using 

th is  aj)j)roach, O F D M  systems i)rovide robustness to  in te r-sym bo l in terference (IS I) 

w h ik ' g rea tly  s im p lify in g  tra n sm it and receive arch itectures th ro u g h  the a v a ila lji l ity  

o f e ffic ien t d ig ita l im p lem enta tions. I^ue to  these advantages, O F D M  already form s 

the core o f m any o f the ex is ting  wireless standards in  use today in c lu d in g  In s titu te  o f 

E le c tr ica l and E lectron ics Engineers ( IE E E ) 802.11 |9|, IE E E  802.1(3 |10|, D ig ita l A u ­

d io  B roadcasting  (D A B ) [11| and T e rres tria l D ig ita l V ideo  B roadcasting  (D V 'B -T ) [12). 

However, O F D M  also provides a num ber o f un ique advantages in  the  con text o f ('m erg­

ing D yS P A N  systems.

A n  O F D M  signal is generated in  the frequency dom ain by in d iv id u a lly  m o d u la tin g  

a num ber o f para lle l subcarriers. U pon a h ig h ly  flex ib le  SDR-bas(xl p la tfo rm , these 

subcarrie rs can Ix ' in d iv id u a lly  n ian ii)u la te d  and, in  th is  w'ay, the spectra l shai)c of t lu ' 

tra n s m itte d  signal can be d yn a m ica lly  altc'red. In  the  context o f D yS I^AN  systems, 

t l i is  pe rm its  an O FD M -based waA'C'form to  be ta ilo red  to  the id le  spectrum  rescjurces 

b(’ing  u tilize d . F u rthe r ad^•antages for dynam ic  s i)cc trum  access arise due to  the use of 

a Fourier transfo rm  in  O F D M  rc'ceivers. These are discussed in  C hap te r 5.

W h il( ‘ e.mc'iging t( ‘chnologies such as SDH and Ile x ib k ' O FD M -based waveform s are 

key in  enab ling  D yS P A N  systems, there rem ain  s ign ifican t technica l challeng(!S to  b(' 

ovcTCome l)efore these systems can be realised. T h is  d isse rta tion  addresses one such 

(hallenge: D yS P A N  rendezvous and coord ina tion .

T h (' issue o f rendezvous and coo rd ina tio n  in  D yS P A N  systems aris('s due to  th ( ' 

e x i) lo ita tio n  o f unusixl s i)ec trum  resources. The a va ila b ility  o f these spec trum  w h ite  

s])aces can \'a ry  over tim e  and between geographic locations. As a resu lt, D yS P A N  

devices m ay not have a p r io r i knowledge o f the ope ra ting  frequencies lie in g  used by the 

netw ork. Furtherm ore , as the  a va ila b ility  o f w h ite  space spectnnn  can depend upon 

the spectrum  occui)ancy o f o the r spectrum  users, those o ])c ra tiug  freciuc'iicies m ay 

change unpred ic tab ly . W ith in  conventiona l w'ireless networks, rendezvous m echanism s 

ty i) ic a lly  re ly  upon the use o f ope ra ting  frequencies w'hich are fixed and knowai in  

advance or w hich can b(' dot (nrn iru 'd  using fixed-frecjuency con tro l channels. U nder 

dynam ic  spectrum  access, o p e ra tin g  frequendes are no longer fixed and s ta tic  con tro l 

channels m ay not b(> sup i)o rted . Therefore, conventional rendezvous and c o o rd in a ti( jn  

techni(]ues cannot be em j)loyed. Instead, novel mechanisms are requ ired  to  su ])port
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6 1. I N T R O D U C T I O N

network discovery, link estai)lislnnent and link maintenance.

1.3 Enabling DySPANs: Cyclostationary Signatures

This dissertation presents a novel solution to the challenge of rendezvous and coordina­
tion in OFDM-based DySPAN systems using intentionally embedded cydostationart/ 
signatures.

Many of the connnunications signals used today exhibit underlying periodicitic's 
which arise due to the processes used in their generation. It has be(>n shown that these 
latent periodicities or cyclic feafure.s can be discoverc'd using cyclostationary signal 
analysis and exploited to achieve a number of critical tasks including signal detec­
tion, classification and synchronization. One possible solution to the issue of DySPAN 
rendezvous and coordination would iu\'olve the ('xjjloitation of these inherent cyclic 
signal features. However this ai)proach suffers frt)m a number of drawbacks includ­
ing the re(iuirenient for long signal ol)servation times and considerable com putational 
comi)lexity.

Therefore, instead of using inherent cyclic signal features, this dissertation proposes 
th(' use of intentionally embedded, artificial cyclic fc'atures or cyclostationary siy nature s. 
These cyclostationary signature's can be generated in OFDM-based wav'eforms using 
l(W-complexity technic(ues and. as tliey are continuously present in the data-carrying 
signal, can be \'iev.'ed as a form of signal watermark. By detecting, analysing and 
exj)loiting embedded signatures, DySPAN devices can perform network discovery and 
establish conmnmication links with limited prior knowh'dge al>out tlu ' operating pa­
ram eters V)eing tised within the network. In the case where these connmmication links 
are unex{)ectedly broken, embedded signatmes i)ermit devices to re-establish those 
links and thus m aintain cormnunications. Furthermore, by using intentionally embed­
ded signatures ratlu 'r than  inherent signal features, many of the drawbacks typically 
associated with cyclostationary signal analysis can Ix' avoided.

1.4 Key Contributions

In addressing the issue of rendezvous and coordination in emerging DySPAN systems, 
the dissertation makes the following contrilnitions:
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Emerging DySPAN Systems and the challenge of Rendezvous and 

Coordination

T he  dissert at ion i^rovides an overview  o f em erging dynam ic spect rum  access technolo­

gies and examines the; reguh ito ry  and techn ica l advances w hich are m aking  these tech­

nologies possible. In  the area o f spectrum  jio lic y  the  issue o f regu la to ry  re fo rm  is 

addressed and the key argum ents in  its  favour are ou tlined . C hap te r 3 h igh ligh ts  the 

issue o f rendezvous and coo rd ina tio n  in  these em erging D yS P A N  systems. The im pact 

o f increasing system f le x ib ility  on rendezvous requirem ents is illu s tra te d  using exam ­

ples o f wireless systems b o th  cu rre n tly  deployed and in  developm ent. I t  is shown th a t 

as com m unica tion  syst('ms becomc; more n 'co iilig u ra b le  and ada])tive , the  im portance  

o f rendezvous and coo rd ina tio n  fo r netw ork fo rm a tion  and m aintenance is incr(;ascd. 

T h is  m otiva tes the  development o f novel rendezvous mechanisms ta ilo red  to  the  un ique 

rc'quirc'uients o f D yS P A N  systems.

Cyclostationary Signatures: Enabling DySPAN Systems

C.’yc lo s ta tio n a ry  signal analysis is presented as a signal proc(‘ssing t(K lm i(iu (' w ith  sig­

n ifican t advantages in  the con tex t o f D ySPAN  rend('zvous. T lu* m a in  disadvantages 

ty i) ie a lly  associat('d w ith  the use o f th is  ai)proach are ou tlined  and in te n tio n a lly  em l)ed- 

d('d cyc lic  features or cy d o  s ta t iona ry  signatures are present (xl as a pcjwerful and flex ib le  

to o l fo r achieving rendezvous and coo rd ina tion  in  m u lti-ca rr ie r D \'S P A N  syst('ins w h ile  

overcom ing these' drawbacks. S ignal i)rocessing arch itectures fo r the  generation, detec­

tio n  and analysis o f cyc los ta tiona rv  signatures are (k'veloped and com[>uter s im u la tions  

are used to  show th a t these a rch itectu res [)rovide excellent perform ance in  th (' key areas 

o f signal de tection , ne tw ork id e n tif ica tio n  and frequency acqu is ition .

Transceiver Prototype Developm ent

A h ig h ly  reconfigurable softw'are rad io  I)ased p la tfo rm  fo r D yS P A N  ('xp e rim e n ta tio n  

is i^resented in  C 'hapter 7. The d isse rta tion  (leseril)es the im i)lem (.'n ta tion  of a j)ro- 

to ty i)e  O F D M  transceiver upon th is  p la tfo rm  w hich uses embeddc'd cye los ta tion a ry  

signatures to  achieve rendezvous and coord ina tion . The key design decisions taken 

in  irnpk 'm e n ting  the; transceivc'r are exam ined and a num ber o f design \ ’a r ia tio n s  arc 

(liscussc'd.
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Experimental Transceiver Analysis

Using a p ro to ty i)e  O F D M  transceiver, the  d isserta tion  describes a range oi’ experi­

ments used to  exam ine the perforn iance o f cyc ios ta tiona ry  features when embedded 

in  rea l-w orld  signals and leveraged to  achieve signal detection , netw ork iden tifica tio n  

and frecjueucy ac<juisition. The results o f these (experiments are presented and used 

to  illu s tra te  the  value o f embedded cyc lic  features w lua i employed to  overcome the 

challenge o f D yS P A N  rendezvous and coord ina tion .

1.5 Chapter O utline

The d isserta tion  is organized as follows. Chapt(>r 2 examines spectrum  regu la tion  and 

the po licy  r(;forms cu rre n tly  being considered by regulators to  fa c ilita te  emerging w ire ­

less technologies and prom ote  s i)ectrum  use efhci('ucy. C hapter 3 looks at eme'rging 

D ynam ic Spectrum  Access Networks (D ySPAN s) and discusses the unicjue challenge o f 

rencU'zvous and coo rd ina tio n  w hich  arises w ith in  thesi' systenns. C hapter 4 presents cy- 

c los ta tiona rv  signal analysis as a i)ow erfu l s ignal processing to o l fo r enabling D ySPAN  

rendezvous and coord ina tion . The key advantages o f the ai^proach are ou tlined  and a 

num ber o f c r it ic a l lim ita tio n s  are iden tified . The novel use o f embedded cyc los ta tiona ry  

signatures for rendezvous and coo rd ina tio n  in  ()FDM-ba>;ed D ySPAN s is projjosed in 

C ha j)te r 5. The advantages o f th is  ap})roach are discuss('d and a lgo rithm s for s ignature  

generation and de tection  are ou tlined . C hapter 6 jjresents the results o f com puter s im ­

u la tions assessing the perform ance o f these cyc los ta tiona ry  signatures when employed 

in  D yS P A N  systems. The im p lem en ta tion  o f a p ro to ty [)e  transceiver using embedded 

cyc los ta tiona ry  s ignatures is exam ined in  C’hap ter 7 and experim enta l results obta ined 

using th is  im [)lem en ta tion  are presented in  C hapter 8. F ina lly , C hapter 9 suuunarizes 

conclusions from  th is  w ork and suggests areas for fu tu re  investiga tion .

1.6 Publications Record

The fo llow ing  j)ub lica tions  re la te d ire c tly  to  th is  d isserta tion;

•  C yclos tn t io i ia ry  Signatures in  P ractica l Coyniti.vc Radio Applications, S u tton , 

P.D ., N olan, K .E . and Doyle, L .E . , IE E E  Journa l on Selected Area.s in  C onnnu- 

n ica tions special issue - C ogn itive  R ad io :T lieo ry  and A i)i) lica tions . Vol. 26, No. 

1, PI). 13-24, January 2008.
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•  Cyclostatiovary Signature Detection in. Multipath Rayleigh. Fading EnvironmentH, 
Sutton, P.D., Lotze, J., Nolan, K.E., Doyle, L.E., In Proceedings of 2nd Interna­
tional Conference on Cognitive Radio Oriented Wireless Networks and Comnni- 
nications (CROWNCOM), August l-3rd, 2007.

• Cyclostutionury Signatures fo r  Rendezvous in OFDM-based Dynaniic Spectrvm  
Access Net'works, Sutton, P.D., Nolan, K.E., Doyle, L.E., In Proceedings of the 
2nd IEEE International Symposium on New Frontiers in Dynamic Spectrum  Ac­
cess N('tworks (DySPAN), April 17-20, 2007.

• A Platform for Dynaniic Spectrum. Experimentation, Doyle, L.E.. Sutton, P.D. et 
al., Ill Proceedings of tlu; First International Workshop on Technology and Policy 

for Accessing Spectrum (TAPAS), Boston, August 1-5 2006.
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2. SPECTRUM M A N A G E M E N T

2.1 Introduction

WorldwicU' cieinand for wireless systems and services ha.s grown rap id ly  over the past 

20 years and is ex{)ected to  continue to  do so for the foreseeable future. Driven to  a 

large c'xtent In' the ])opu la rity  of mobile telephony, the economic in i])ortancc of these 

systems and ser\'ices has grown accordingly. As Figure 2.1 illustrates, th(‘ mobile 

telei)liony market in 2005 in tlu,' US alone consisted of over 200 m illion  subscribers and 

creat('d revenues of over $115bn |1|.

250000000

 Estimated Total Subscribers
200000000

 12-Month Total Service Revenues ($000)

150000000

100000000

50000000

Year

Fig. 2.1: G row th o f the US M obile Telephony M arket 1985-2005. Source:lll

The ‘sine (jua non’ |13| of any wireless system is the radio S])ectrum - the set 

o f frerjuencies used to transm it in form ation  from one location to  another. Thus, a« 

demand for systems and ser\'ices ha.s grow'u, so too has demand for access to suitable 

radio spec'trum. W hile  sp i'c trum  can be viewed as an in fin ite  resource, then ' are lim its  

to lh (' number of services wdiich may be simultaneously supi)orted by a giv('u band of
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12 2. SPECTRUM MANAGEMENT

irequeiicics. Tlierotbre, as com petition increases for access to a givi'n set of fre(]uencies. 

the value associated w ith  tha t spectrum increases rapidly. Th is was seen most clearly 

in  the c;ise of the hrst auctions used for the tissignmcnt of spectrum licences in the 

U K  in 2000. For 5 T h ird  Generation mobile telephone licenses, covering 155 M Hz of 

spectnun, a to ta l j>rice o f £22.5hn was paid |14|. A lthough a direct economic benefit 

may l)e realised through the auctioning of valuable spectrum licenses in this way, even 

more' significant l)('iiefits may b(‘ gtnierated by tlu ' sc'rvices i)r()vi(l(,‘d through u.se of 

those licenses. One estim ation places the to ta l value of sj)ectrum use at over JL!40bn 

in the U K  in 2006 alone 13|. Th is constitutes a ri.se of over 50% on sim ilar e.stimates 

for 2002 |2|, as illustra ted  in Figure 2.2. S im ilarly, in Ireland, sijecti um u.se accomited 

for 1.4% of to ta l gross domestic product (GDP) in 2003. an increase of 25% on the 

previous year alone.

□ 2002 
■  2 0 0 6

Fig. 2.2: Economic Im pact o f the l^se of Radio Spectrum in the UK. Source:[2, 3|

As the value associated w ith  radio spt'ctrum  has increased, more focus has t>een 

placed upon deriving the maxinnun value that society can gain from the use o f that 

spectrum. This, in fact, is the key i)urpose of sijectrum  management.

S jiectrum  management is the process of organising how sj)ectrum is used and by 

whom. By allowing as many ellic ient si)ectrum users as i)ossible while ensuring tha t 

the interference between these users remains manageable, spectrum management can 

ensure t hat the maximum .social and economic Ixniefits arc* d(!rived from spectrum use.

P h .D . T h e s is S e p te iiilx .T  ‘25. 2{K)8



2.2 SPECTRUM MANAGEMENT TODAY 13

T he [)urpos(' of th is cliaptcr is to  exaiiiiiic the  im portance of s[)ectrum  managc'- 

m ent pohcy and to outline the relationshij) th a t  exists between curren t and i)roj)osed 

m anagem ent regimes and em erging Dynam ic Spectrum  Access Network (DySPAN) 

technologies. The key draw backs of current spectrum  m anagem ent regim es arc anal- 

ysc'd and the i^olicy reforms proposed to  overcome these draw backs arc exam ined and 

corrii)ared. I show th a t  these spectrum  policy reforms offer significant opportim ities for 

dynam ic spectrum  access technology and ilh istrate  the  key benefits tlia t can b(> (k'rived 

from developm ent and dei)loyment of these technologies.

T his chapter is s tru c tu red  a.s follow's. Section 2.2 exam ines the  dom inant spectrum  

m anagem ent regimes used today. A brief historical perspective on spectrum  regulation 

is pnn'icU'd in Section 2.2.1. T his h istory ilh istrates how curren t spectrum  policies 

have evolved and shows how some of the  draw backs associated w ith these policies have 

come about. A num ber of these draw backs are exam ined in Section 2.2.2. Section 2.3 

outlines new sp ec tn u n  m anagem ent regimes c in ren tly  being considered l)y regulators 

and comi)ares these regimes l)y analysing the spectrum  policy reform debate  which has 

si)anned th(' past 50 years. Finally, Section 2.4 discusses the  o i)portunities i)resented 

by new si)ectrum  m anagem ent regim es for DySPAN technology and concludc's.

2.2 Spectrum M anagem ent Today

T he dom inan t form of si)ectruni m anagem ent in use today  is comm only term ed  corimi.and- 

and-coiitrol. Undi'r th is approach, a regulator tightly  restric ts access to  spectrum , as­

signing tim e-lim ited  exclusive' licenses to  use si)ecific ranges of frecjuencies, or fr(‘(iuency 

bands, over given geograi^hical areas. These licenses s tric tly  define the  services to  be 

delivcTcd using the band  and the  technologies pe rm itted  as well as who provides and 

perhaps uses tlu ' services.

A lthough national regulatory  bodies hold responsibility for spectrum  m anagem ent 

w ith in  specific countries, tlu 'y  m ay do so w ithin broad guidelines laid down l:)y the  In­

terna tiona l Teleconnnunication Union (ITU ) and o ther in ternational bodies. T he ITU 

is a specialised agency of the  U nited N ations (UN) which broadly allocates s{)ectrum 

betw een 9 kHz and 275 GHz for particu la r uses. In th is way, a degree of harm onization  

b('tween individual ('ountries is achieved. W 'ithiu these broad guidelines, national reg­

u lato ry  au tho rities  are responsible for m aking more S})ecific spectrum  allocations and 

creating  licenses to  be assigned to  particu lar parties. In Ireland this au th o rity  is the 

C’onnnission for C om m unications Regulation (Com Reg) while in the  US and  UK the 

Federal Conununicaticm s Connnission (FCC) and the  Office of C om nnm ications (Of- 

com) are responsible for spectrum  managernc'iit respectively.

S ep lcn ib cr 2o. P h .D . I 'liesis



14 2. SPECTRUM MANAGEMENT

The coniniaiKl-aiul-conti'ol regime of spectrum  management permits national reg­
ulators to tightly control and monitor interference which can arise l^etween services 
in ueiglibouring frecjuency bands and services in the same bands but in different geo  
graphical locations. By modelling inleractious between wireless systems, the regulator 
can define license conditions such as transmission power levels and guard band sizes 
to ininimi/'e the risk of harmful interference. However, although this approacfi effec- 
ti\-ely niitigates the issue of interference, it involves a number of serious disadvantages. 
This section examines a nmnber of these (hawl)acks and illustrates the motivation for 
sj^ectruin j)olic3’ reform. First, a brief history of si)ectrum regulation is j^rovided in or­
der to outline the background behind the connnand-and-control ai)]:>roacli to spectrum 
management and the issues associated with it.

2.2 .1  A Brief History o f  Telecom m unications Regulation

In the U.S., regulation of radio spectrum  access began in earnest following the 1912 
T itanic distuster in which more? than a thousand people lost their lives. Confusion over 
distress calls and possible interference from anuiteur radio operators w(>re thought to 
have hani])('r('d rescue efforts. The Radio Act of 1912 provided for liccnising of all 
transm itting apj)aratus for interstate or foreign connnerce l̂ y the Secretary of Com­
merce and lor licensing of all station operators |15|. Howi'ver, with th(' emergence of 
radio broadcasting in the early 1920s, com petition for the airwaves resulted in exten- 
si\’e interferenc'(' on broadcasting ciiaunels. The Radio Act of 1912 proved inadecjuate 
a.s license restrictions could not be enforced and the Fc'cknal Radio Connnission (PTiC) 
was established with the Radio Act of 1927. The P"RC (and later the FCC) was en­
trusted  with responsibility for managing the radio sjKX'trum and granted the j)Ower to 
ckissify radio stations, prescribe the nature of the; service, assign bands of freciuericies 
or wavelengths, determine station j)ower and location and regulate apparatus to be 
used |1G|. In Ireland, these responsibilities w’ere retain(,'d by the Minister for Posts and 
Telegraphs in the Wireless Telegraj)hy Act of 1926 |17|.

In the (>arly days of spectrum  regulation, a form of trusteeship model was typically 
employed where licensees were seen to be using a natural j^ublic resource to provide a 
l)ul)lic service. Under this model, regulators w^ere tasked with managing the spectrum  
‘in tfie public in terest’. W ith a poorly defined assignment policy, licences were assigned 
in a relal ively ad-hoc manner. License ai)plications were made for a particular pur[)Ose, 
{n;(iuency and place. Public notices perm itted other applicants to come forward and 
in the event where more than one applicant ajjplic'd, a comparative hearing was held 
to determ ine which applicant was ‘more suitable’ to discharge the pul)lic interest obli-

Ph.D . T hesis S ep tem b er 25, 2(K)8



2.2 SPECTRUM MANAGEMENT TODAY 15

gations o f liccnsc'-holding. These 'Ix 'a iity  contests ’ were o ften deeniccl to  ht' p o h tica lly  

infhienced.

In  the US in  the 1980's the shortfah ings o f the  com para tive  hearing process became 

apparent w ith  the emergence o f a large num ber o f app lican ts for ce llu la r telephone 

service licenses. T ra d itio n a l processes w ou ld  have g rea tly  delayed the assigunient of 

licenses and so a system o f lo tte ries  w'cro adopted. T h rough  these lo tte ries, licenses were 

ra p id ly  assigned at no cost to  a jjp lica n ts  m eeting  a num ber o f m in im um  (jua liiica tions. 

M any  o f these lucky a i)i)licants p ro m p tly  ‘ fiip })ed ’ th e ir  licences for large [)rofits.

Recognizing tlie  value now dissociated w ith  spectrum  licences, US congress in  1993 

au thorized  the FCC to  assign licenses th ro u g h  co m p e titive  l) idd ing . Since then, 82 

auctions have been held, y ie ld ing  s ign ifican t revenues for the  Federal Goverrnnent. In  

Septem l)er 2006 alone, $13.7 b illio n  w'as pa id  fo r 9 0 i\IH z  o f spectrum  in  the  1.7 and 

2.1 G H z bauds jl8 | .  The use o f spectrum  auctions in  the U K  began in  2000 w ith  the  

3G license auctions in  which £22.5bn w’as i)a id  fo r licenses covering a to ta l o f 155 M H z 

o f spectrum .

O n 24th  o f .January- 2008, b id d in g  w il l  begin fo r the  largest am oun t of m obile, 

b roadband U H F  spectrum  ever auctioned in  the US. The licen.ses in  th is  7 0 0 M H z T V  

band have a com bined reser\ e o f $10 l) il l io n  l)u t are expect('d to  raise much more.

2.2 .2  Critiques of Current Spectrum Policy

T h (' com m and-and-contro l approach to  spectrum  regu la tion  has proved h ig h ly  effec­

tive  at m itig a tin g  the creation  o f h a rm fu l intc'rference. Howev’cr, in  t ig h t ly  regu la ting  

w ho uses the spectrum  and fo r w ha t purpose, regu la to rs  have created the illu s io n  o f 

spec:trum scarc ity  th rough  serious inefficiencies and have severely s tun ted  techno log ica l 

innova tio n  and com pe tition . T h is  section exam ines a uurnl)er o f these jn o b h 'u is  and 

illu s tra t(\s  how tlu?y have arisen.

Inefficient Spectrum  Use

As early  a.s the 1950s, the inefficiencies o f the  ‘w’ise m an th e o ry ’ o f s i)ec trum  assignment 

whereby the  regu la to r assigned spectrum  on the  basis o f ‘p u l)lic  in te re s t’ were recog­

nised |8|. R a the r than  re ly in g  u j)on the w isdom  o f the regu la to r to  allocate- s])e(’t ru m  

resources, (,’oa.se argued th a t an (,‘ffic ien l m arke t Wrus the most (!ffec(iv(> too l fo r th (‘ 

a llo ca tio n  and tissigm nent o f scarce resoiuces to  th e ir  h ighest and best uses.

In  i l lu s tra t in g  the ine ffic iency o f cen tra l p lann ing  for the  a llo ca tio n  o f scarce re­

sources. Fau lhaber and Farber 119| c ite  the  exam ple o f G O S P L A N , the  cen tra l p lann ing

Soplcnibor 25. 2()()S Ph D. Thesis



16 2. SPECTRUM MANAGEMENT

agency in  the form er Soviet U nion. G O S P LA N  was responsible fo r care fu lly  p lann ing 

each sector o f the Soviet economy. Each in d u s try  and fac to ry  was allocated a (juota 

of scarce inpu ts  and ordered to  prrxiuce a specihc o u ti)u t. (Quotas and shipm ents were 

la rge ly influenced by intense lobby ing  and p o lit ic a l influences, resu lting  in  'w oefu l in ­

efficiencies and wasted resources’ . B y  m anaging s i)ec tium  in  a centra lized m aim er, 

regulators have ex[)erienced s im ila r [)roblems. Spc'ctrurn assignment procedures based 

on com i)arative hearings have }>een subject to  lobby ing  and i)ressure from  incuni})ent 

licensees, resu lting in  barrie rs for lU'W’ en tran ts  and fa\'ourabl(; term s for incum bents.

F u rthe r spectrum  usage inefficiencies arise due to  res tric tions  placed on the transfer 

o f licen.se between users. These res tric tions  i)r('vent the (occurrence o f many w in -w in  

trades wdiicli could fa c ilita te  new en tran ts  and inuovativ(> technologies wdiile p rov id ing  

coni})ensation for form er licensees. Instead, incum bents ar(> r(>luctant to  re linqu ish  th e ir 

ho ld on sj)ectrum  licenses and s})e!Ctnnn cannot be made availalole fo r lu.'w a llocations 

and as,signnients. W h ile  licenses are in  theory  assigned for a lim it( 'd  du ra tio n , in 

l)ractise they are almost always renewed and are often consider('d a key asset o f the 

licensee. Indeed, in a 2003 US bankru jo tcy ca.s(' invoh  ing NextW ave |20| a s j)ectrum  

license was considered an asset o f the firm  and a tt( 'm i)ts  by the FCC to  revoke the 

license failed. Ryan |21| examines the po ss ib ility  o f a s im ila r s itu a tio n  occurring  in 

Europe in  the context o f te lecom m unica tions companies w hich are s trugg ling  in  the 

wake o f the lucra tive  3G spectrum  auctions.

ku 'ffic ie n t spectrum  use has arisen p a r t ia lly  as a resu lt o f regulatcny assignment 

[)roce(hm 's. However, thes(> inefhciencies have bt'eu com i)ounded by the use o f s tr ic t 

spectrum  a lloca tion  ])olicies. W h ile  spectrum  licenses are assigned  to  specific users, 

spectrum  bands are also allocated  for use by p a rtic u la r technologies and services. In 

a lloca ting  spectrum , a regu la to r d ic ta tes the technologies and ser\ices which m ay he 

offered using th a t spectrum . Furtherm ore , the regu la to r nmst forecast dem and and 

a llocate  suffic ient spectrum  to  meet th a t demand. In(?fficienci«'s arise when these fore­

casts are inaccm ate. For exam ple, in  the  IfS  in  1994, the FC'C a llocated spectrum  on 

the  basis o f a p ro jec tion  o f 54 m illio n  m obile  service users by 2000. The year 2000 

saw an estim ated 110 m illio n  m obile  service us(>rs and a lack o f a llocated spectrum  to  

meet dem and |22|. S im ila rly  in  E inope , the  a lloca tion  o f valuable spectrum  fo r the 

misuccessful ER M ES {)aging and T F T S  in -flig h t phone systems have resulted in  tha t 

spectrum  ly in g  uimsed for over a decade |23|.

P h .D . Thesis S e p te m b e r 25, 2(K)8
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Stunted innovation

As well as causing serious inefficiencies in  spectrum  usage, conunand-and-contro l regimes 

severely res tric t technological innova tion  in  a num ber o f ways. F irs tly , spectrum  band 

a lloca tion  means th a t each new technology must be deemed w orthy o f an a lloca tion  

by the regu la tor. A ny  technologies not a llocated s i)ectrum  may never be tested in 

the m arketplace. Secondly, si^ectrum  assignment polic ies create barriers fo r new en­

tran ts , reducing co rrii)e tition  and the need for innova tion  by incum bent license holders. 

T h ird ly , innovation  is s tun ted  by the  ‘rn o th e r-m a y -r phenomenon, a te rm  coined by 

FCC  C ha irm an  Powell in  2002 describ ing t he need for businesses to  request perm ission 

from  the FCC before m o d iiy in g  spectrum  plans to  respond to  consumer demand [24|. 

However, in ad d itio n  to  these res tric tions , m any new technologies have been ham stnm g 

d im ply as they do not fit in to  a syst('in  o rig in a lly  dt's ig iu 'd  fo r regu la tion  o f broad- 

ca.st rad io  in  the early p a rt o f the  bust centvuy. Such technologies include u ltra -w id e  

band (U W B ), softw ani-defined rad io  (SDR) and mesh networks |19|.

T he  lim ita tio n s  o f the connnand-and-con tro l approach to  spectrum  management 

have l)een well docum ented since Coase’s firs t argum ent in  1959. Rec('n tly however, 

regu la tors have begun to  move away from  such a tig h t management strategv’ and have 

started  to  explore new% flex ib le  ap])roaches to  S[)ectrum regulation. Th is  change has 

been la rge ly p rom pted  l)y the  severe shortage o f spectrum  available for new a lloca tions 

and assignments in  the face o f increasing demand. T h is  apparent scarc ity  coincides 

w ith  num erous re{)orts p io v id in g  em p irica l (!vid('uce o f spectrum  usage inefhci(!ucy. 

The next section analyses some o f th is  em j)irica l evidence and illus tra tes  ways in  w hich 

m ore e ffic ien t s{)ectrum  use could be achieved. Section 2.3 then goes on to  describe the 

issue o f s j)ectrum  po licy  re form . Some o f the proposed a lte rna tives to  conunand-and- 

con tro l are exam ined and the key argum ents in  th e ir favour are presented.

2.2.3  Spectrum Scarcity

In  recent years, a num ber o f reports  have been published show ing em p irica l evidence 

o f si^ectrum  resources w hich are seriously im d e ru tilize d  [25, 26, 27, 28, 29, 30]. A t  the 

same tiiu (;, new technologi('s a.nd services are suffering from  a shortage o f spectrum  

available fo r new a lloca tions cind tissigmnents. T h is  inconsistency ha,s arisen due to  

h ig h ly  ine ffic ien t spectrinn  management policies and is a key m o tiva tio n  fo r spectnnn  

po licy  re fo rm  around the  world.

Between A j^ ril 16th and 18th, 2007, a series o f spectrum  occu[)ancy measurements 

were made in  D u b lin  by Shared Spectrm n Com pany and C entre for Telecoim nunica-

P h .D . Thesi.s S e p te m b e r 25, 2(K)8
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Fig. 2.6: Sj)ectruni Occupancy in Dublin, 2.5-2.G8 GHz

tions Vahu'-C'liain Rf\search (C T V R ) [311. MeasurenK'nts were taken I'roni the roof 

o f the ConnnisKion for Connnunications Regulation (ConiReg) Building, located in 

D ub lin  c ity  centre. A low-frequency disci)ne antenna was used to irieasure signals l)e- 

tween 100 M Hz and IG H z . A  sec'ond, high-frequency discone antenna was used to 

measure between 1 GHz and 3 GHz. Some of the results of these nieasurcanents are 

illustra ted  in Hgs. 2.4, 2.b and 2.G.

f ig .  2.4 shows occupancy in  a range between 2.3 and 2.3(>GHz, allocated in  Ireland 

for fixed mobile access. The first chart shows the maximum power level detected at 

each frecjuency, the second shows a w'aterfall p lo t of the measured power and the th ird  

shows the fraction  of tim e for wdiich power levels exceeded a threshold. In  th is  case 

the j)ower threshokl used was -110dBm, this value jus t exceeding the level of the noise 

floor, llesu lts  illus tra te  the very low levels o f occu{)ancy w ith in  this band. Overall 

occupancy was measured to be 0.1%, suggesting tha t much greater use could be made 

of the f)and in th is  location.

Fig. 2.5 shows rnea.surement results taken betw'een 2.39 and 2.5 GHz, encompassing 

the Industria l, Scientific and Medical (ISM ) band at 2.4 GHz. W hile nmch a c tiv ity  

can be identifiiu l in the' mt'astired band, ov(>rall s[>eciruui occuijaricy was jus t 14.3%. 

W ith in  this baud, it  may be d ifficu lt to improve spectrum occ upancy using conventional 

wireless systems w ithou t causing harm ful interference. However, advanced DySPAN 

systems which are capable of sensing s})ectr\mi occ\ipancy and using spectrum  whiU-.
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s])aces m ay be able to  operate .successfully in  th is  loca tion .

Measurement results taken between 2.5 and 2 .68G H z are shown in  F ig. 2.G. W ith in  

th is  range, the m ain  si)ectrura a lloca tion  is fo r broadcasting  sate llite . A  num ber of 

sa te llite  channels can be iden tified  a t s[)acings o f approxirna tc 'ly  15 M H z. S ])ectrum  

occui)ancy fo r the band wa.s measured at 14.5%. I t  can be seen th a t th is  low’ occupancy 

figu re  arises in  large [)art due to  the w ide guard  bands w hich separate each sa te llite  

channel pa ir. In  order to  increase occupancy in  th is  loca tion , it  may be ])ossible to  

safely reduce th (' w id th  o f these guard band. A lte rn a tive ly , these spaces could l:)e 

u tilize d  by secondary D yS P A N  systems on a non -in te rfe rin g  basis.

Measured Spectrum Occupancy in Dublin, Ireland
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Fig, 2.7: S i)ectrum  O ccupancy in  D u b lin

O vera ll s i)ectrum  occupancy results fo r D u b lin  are illu s tra te d  in  F ig , 2,7, S ign ifican t 

a c t iv ity  can be seen in  a num ber o f the  l)roadcast, sa te llite  and fixed m ob ile  bands. 

Even w ith in  these bands liowever, to ta l occupancy does no t exceed 40%. W ith in  a 

num ber o f bands on tlie  o th e r hand, such as the fixed m ob ile  band between 2.36 and 

2,39 G Hz, l i t t le  or no a c t iv ity  was detected.

W h ile  D u b lin  could be considerc'd a sm all c ity  w’ith  re la tiv e ly  low  u rl)an  d('nsity, 

measurements taken in  loca tions such as New Y o rk  and C hicago show s im ila r  j)a tte rns  

o f occupancy. F ig , 2,8 illu s tra te s  the results o f niea.surenierits taken in  these locations.
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M easured Spectrum  O ccupancy in Chicago and New York City
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Fig. 2.8: Spectrum  Occuj)<mcy in New York anti Chicago

P'nrtherm ore. these m easurem ents represent sp('ctrum  occupancy at locations w ith typ­

ically high (iemarul for wireless system s and servic(;s. M easurem ents taken  in m ore nu'al 

locations show much low'er levels of occui)ancy. For exanij^le. in mea.surements taken at 

Ri\-erb(?nd Park , G reat Falls, V irginia in 2004. average sp(>ctruni us(‘ (spectrum  bands 

in which any activ ity  was detected) ht'tween 30 and 2900 MHz was shown to  he just 

3.4% |25|.

By in troducing g rea ter flexibility into the m am ier in which spectrum  is regulated, 

it is hoped th a t these underutilized si)(!ctruni resources can be m ade available lor use 

by new, em erging wireless technologies and services. In the next section, some of the 

key ai)proaches suggested for achieving th is flexibility a n ' exam ined.

2.3 Spectrum Policy Reform

For the best j)art of half a century, the  inefhciencies of a connnand-and-control ap­

proach to  spectrum  m anagem ent have l>een recognized. In recent years, these inef- 

lici(‘ucies have Ix'come m ore api)areiit as th(' (k'maud for s[)ectrum  to  support mnv, 

innovative technologies and services has increased. A lot;k at the  US freciuency alloca­

tions illu stra ted  in F’ig. 2.3 would suggest tha t most fre(iu('ncy bands are fully utilized. 

However, em pirical m easiuem eut d a ta  from around the world has shown th a t perceived
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s[)octrum sc-arcity is an illusion crcatccl by poor nianagcment and that an abiuidance 
of spectrum  lies unused a t any given time or place. In order to correct tliis imbalance, 
regulators have begun to explore new, flexible approaches to  spectrum management.

In addition to the spectrum  scarcity issue, a significant factor driving the explo­
ration of new approaches to spectrum  nianagcment has been the remarkfxble success 
of the 2.4GfIz ISM band and particularly the Institu te of Electrical and Electronics 
Engineers (IEEE) 802.11 standard j)opularly known a.s W i-Fi which uses it. Widely 
regardc'd a.s a ‘garbage band’ due to its use by equipment such a.s microwave ovens, the 
2.4 GHz band was opened to use for cornnnmications without the need for a government 
license' by the FCC in 1985. Since then, w'orldwide Wi-Fi popularity ha.s grown signifi­
cantly with annual industry revenue estim ated at greater than  $ lbn  in 2002 alone |32| 
and forecast to exceed $40bn by 2008 |33|.

A significant step towards spectrum  policy reform wtis made in 2002 with the es­
tablishm ent of the Spectrum  Policy Task Force (SPTF) by the FCC. The SPTP" was 
established with the aim of ‘identifying and evaluating changes in si)ectrurn ])olicy that 
will increase th(' ])ublic })(>n('fits d(‘riv'('d from tlu; use of radio spectrum ' |22|. Among its 
key findings and reconnnendations, the SPTF recognized th a t s])ectrum access was a 
rnf)re significant pnjblem that of j)hysical scarcity of spectrum  in many bands. It noted 
that this was due in large j)art to  legacy ‘conmiand-and-controF regulation and reconi- 
mend('d the evolution of spectrum  policy towards more flcixibk; and markc't-orit'nted 
api)roaches. In addition, it was recognized that technological advances now made it 
possible to use spectrum  more intensively and to be more intc'rference tolerant tlian in 
the past. Similar findings and recommendations have been made in recent years by a 
number of regulatory bodies in other countries around the world including Ofcom in 
the UK |34| and the Australian Conuntmications A uthority (ACA) 135|.

While many regulators are currently moving towards a  more flexible approach to 
sj)ectrum management, opinions on what form tha t flexibility should take are divided. 
Since 1959. there have b('en a considerable number of contributors to the spcx'trum 
reform debate, some with greatly differing oi)inions. The next section outlines this 
debate, presents some of the key contributors and examines their arguments.

2.3.1 The Debate

Key contributions to the si)ectrum management debate typically })rescnt a tripartite  
categorization of si)ectrum management regimes |22. 34|:

1. Connnand-and-Control

Sep<rnib('r 25. 2()()K
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2. P roperty RightK /  Exclusive Use

3. Spectrum C’omrnoris /  Oj^en Access

'rhe  first o f tliese categories ai)j)lies to the predominant form o f spectrum manage­

ment used in most countries torlay. T liis  approac-h is conm ionly termed cornrnnnd-and- 

control and in\'olves tigh t control of all s[)ectrum access by a national regulator. Some 

o f the main criticism s o f this ai)proach have already been examined in Section 2.2.2.

The second and th ird  categories broadly cover the alternative approaches to  s})ec- 

trum  management which have been proposed over the past ha lf century. These are 

examined in tu rn  below.

Property Rights /  Exclusive Use

Like the connnand-and-control api)roacli to  sj^ectrum management, the property rights 

model involv('s the jussignmont of exclusive-us(' licenses to specific- parties. Where the 

two approaches differ is in the terms of those licenses and the freedom afforded to  

licensees. Under th(> connnand-and-control approach, licensees arc t ig h tly  resti'icted in 

terms o f 8('rvices to be provided as well as e(]uii)ment and technology to be used. It 

is this in fl(;x il) ility  which gives rise to  the severe spectium  u.se inefhciencies typ ica lly  

a«sociat('d w ith  command-and-control.

In contrast, the i)roperty rights model offers licensees much greater f le x ib ility  to  

decide the manner in which licc'used spectrum is used. Ih ide r this model, liccaises are 

defined in  terms which are technology and service neutral. Such terms can define si)ec- 

trurn  usage rights in the context of frequency, t ime and space as well as transm it and 

receive })ower levels or d isfributions. Furt her fle x il) ility  is afforded regarding change of 

use and change o f ownershij). Under this model for exami)le, a licensee would be free 

to use a spectrum band cmTcntly supporting a G lobal System for M obile (GSM ) net­

work to  operate a W orldw ide In te roperab ility  for Microwave Access (W 'iM A X ) system 

instead. Change of ownershij) fle x ib ility  would i)e rm it tha t same licensee to transfer 

licen.se rights to a th ird  party. A lternative ly, a licensee could choose to  offer secondary 

usage rights to a th ird  party  in  order to i)ernnt secondary access to licensed spectrum 

on a non-interfering basis. This could be achieved using underlay or overlay dynannc- 

si)ectrurn access.

By allow ing change o f ownership and change o f spectrum use. the property' rights 

model perm its market forces to d ictate spectrum use. An efficient secondary market 

for spt'ctrurn licenses would thus ensure a high level of spectrum use efficiency under 

this model. IIow('v('r, a k('y d ifficu lty  associatt'd w ith  the model lies in the d(>finition of

S e p te m be r 25. 2()()8 P h .D . T lio s is



26 2, SPECTRUM MANAGEMENT

techno logy-neu tra l spectrum  rights. In  p a rticu la r, licensee entitlem ents and ob liga tions 

regard ing h a rm fu l interference are not t r iv ia l ly  defined. W h ile  interference depends 

upon the j^roperties o f a tra n s m itt in g  device, it  is also a function  o f the receiver which 

is affected. W h a t is defined tib unacceptable interference for a pa rticu la r receiver may 

not be a i)rob leu i fo r an a lte rna tive , h igh  q u a lity  receiver w ith  more effective rad io  

frcHiuency (R F ) filte rs . These i.ssues are fu rth e r addressed in  Section 2.3.2.

Spectrum Commons /  Open Access

C on tras ting  w ith  the  p ro p e rty  righ ts  model is the ccjunnons. unlicensed or o])en access 

model. R a ther than  g ra n tin g  exclusive usage righ ts  to  a single licensee, the couunons 

appnjach pe rm its  shared access to  the spectrum  resource by a num ber o f users which 

have ('C)ual p r io r ity .

T h is  is s im ila r to  the approach cu rre n tly  used in the ISM bands defined by the 

IT U . Perhaps the most w e ll-know n IS M  band is the 2.4 to  2 .5 GHz band used to 

su j)port IE E E  802.11 b /g  wireless local area networks (W LA N s). In  th is  band, wireless 

systems are affordc'd l i t t le  protectieni from  ha rm fu l interference and must coexist w ith  

any o the r IS M  systems. In  sp ite  o f th is  however, the a va ilab ility  o f the 2 .45G H z band 

fo r unlicensed use has resulted in  s ign ificant innova tion  in  wireless systems. IE E E  

802.11 systems are cu rre n tly  deployed in  m illio n s  o f liotsi>ots a ll over t lu ' w orld  w ith  

ra p id ly  increasing num l)ers o f users.

A lth o u g h  tlu ; unlicensed ai)proach adopted fo r the ISM  spectrum  bands has l)een 

h ig h ly  successful, a recognized danger o f th is  ap})roacli is tfie  so-called tragedy o f the 

coTtimons. 'I 'lu ' tragedy o f the connuons arises w lun i fn '(' access to  a fin ite  resource is 

coupled w ith  un res tric ted  demand. Under these conditions, overuse o f the  free fin ite  

resource m ay occiu', resu lting  in  th a t resource f)econiing urmsable. In  the case o f 

the  IS M  bands th is  would involve a large num ber o f systems causing h igh levels o f 

in terference in  a single band w ith in  a given area, m aking th a t band unusable fo r a ll 

system s concernc'd.

In  o rde r to  avoid the danger o f t he tragedy o f the counnons, the open access model 

o l s i)ectru rn  management w ould involve the use o f an agreed pro toco l or e tique tte . T h is  

l)ro to co l o r e ti( iue tte  w ould  p e rm it wireless systems to  gain access to  spectrinn  w h ile  

l im it in g  the creation  o f ha rm fu l interference, a lloca ting  spectrum  in  tim es o f congestion 

and reso lv ing  conflicts. O n ly  those users w ho choose to  conform  w ith  th is  p ro toco l 

wT)uld he granted access. In  th is  way, decision-m aking a u th o rity  can l)e devolved to  

the  users o f the  spectrum  resource in  the cormnons model.

A d ilf ic u lty  associated w ith  th(> commons model o f sj)('ct rum management is the

Ph.D. The-Sis Septcinher 25, 2(X)8



2,3 SPECTRUM POLICY REFORM 27

(Ic fin itio ii of an accc})tal)lc protocol for use by hetcrogcncxMis wireless systems. W hile 

a simj)le protocol could perm it a w ider range of systems to use the spectrum band 

in  ciiiestion, a more complex prot(x;ol may be re(|\iired in  order to  cnsvire coexistence 

w ith o u t the cTcation o f harm ful interference and conflicts. A  more detailed discussion 

o f the challenges involved can l)e foim d at |3G|. However, in  overcoming th('se chal­

lenges, a successful spectrum conunons would greatly reduce l)arriers to entry currently  

experienced by new wireless systems and services. In  this way. the spectrum commons 

api^roach could encourage com petition and foster innovation while prom oting spectrum 

use effic'iency.

In spite o f the differences between the propcwed property rights and c o n n n o n s  mod­

els o f sjiectrum  managenunit, both  approaches would provide opportun iti('s  for the 

deployment o f DySPAN syst('ms through the supi)ort of spectrum sharing. S])ectrmn 

sharing under the i)ro i)crty rights model can l)e achieved through secondary s])ectrum 

access. This could occur where two wireless systems operate using a single s])ectrum 

assignment. W h ile  one system may operate w ith  p rio rity  access, the second system 

could use same spectrum on a non-interfering basis through dynamic' s})ectrum access 

techniques such a.s underlay or ov(;rlay access. In contrast, s])ectrum sharing under the 

connnons model involves a number o f users w ith  ecjual p rio rity . These users must rely 

upon dynam ic s jx 'c trm n accc'ss techniques to  s\i[)port coexistence and the m itiga tion  

o f harm ful interference.

In the pa.st 10 years, a.s the value o f spectrum has become increfisingly recognized, 

the spectrum reform debate has a ttract('d  considerable a ttention. Fig. 2.9 outlines a 

number of the most significant contribu tions to the debate. In the follow ing sections, I 

outline tlie  development o f the exc'lusive-use and connnons models by exam ining some 

o f these contributions.

2.3 .2  T h e  Property Rights Argum ent

The argument for pro i)erty rights in spectrum began w ith  Herzel in 1951 |7|- In  an 

a rtick ' discussing c'olour television regulation, he noted tha t frecjuency chaimcls were 

a scarce factor o f production. As radio regulation invoh'es the a llocation o f these 

channels, he argued tha t th is  a llocation should be an economic decision and not a 

policing decision. Accordingly, he pro])osed that channels should be leascfl to the 

highest bidder.

Herzers in it ia l argument g reatly  influenced the economist C’oiuse. In his sc'minal ar­

ticle ’Th(' Federal Connnunications C’ounuission' |8| published in 1959, Coasc' examined 

tht' in(!f[ici(Micy o f a s])ectnun a llocation scheme controlled by a national regula tor for
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th e  'public  interest, necessity or convenience’. In his argvuneiit he sta ted  ‘An allocation 

schem e costs som ething to  adm inister, will itself lead to  a misallocation of resources 

and may encourage some m onopolistic tendencies’. He observed th a t scarce resources 

in the  A m erican economic system  were typically allocated using a pricing m echanism  

and for th is apj)roach to  succeed, a system  of well-deiiiied [ivoptrty righU is required.

T he idea of a proi>erty right in spectrum  was presented in terms of the right to  

use a  specific fnujuericy or hand of fr(‘<j>ienc:it's. lu his diK:ussion. Coase recognized 

the need for a more liberal regulatory  approach by the FCC. He argued th a t while 

m arket forces c(juld be used to  effectively determ ine the way in which freciuencies were 

used, the  enforcement of detailed regulations for the o])eration of stations Ijy the FCC 

would severely lim it the  extent to which th is could occur. Instead, he observed th a t 

p roperty  rights should include a definition of the  extent to which those rights could be 

transferred  and coml)iiK'd th rough  the  m arket. In addition, Coase addressed the  issue of 

interference betw een operato rs on the sam e or adjacent fre(|uencies. He suggested tha t 

by clearly delim iting the  rights of opera to rs  to  cr('ate interference, market transactions 

could be relied upon to ensun; th e  gain from interference would more than  offset the  

harm  it produced.

T he spectrum  jjroperty  rights api)roach was advanced in 19G9 by DeVauy et al |37| 

th rough  an ex})licit definition of a system  of property  rights. A system bfised on th e  

dim ensions of tim e, area  and spectrum  (TAS) wa« [)roposed. In the proposal tim e  

refers to the tim e dm ing  which a transm ission occurs. Area describes gecjgraphical 

lim its, outside of which the  field s tren g th  due to  the transmission does not exceed a 

specified lim it. Similarly, the  th ird  dim ension, spectrum, refers to  a band of freciueucies 

bounded by upper and lower lim its outside of which the field strength  due to the  

transm ission does not exc'eed a certain  lim it. In addition t(; defining rights, DeVany 

exam ined how the  pro])osed j)roperty system  dealt with issues including radio wave 

propagation variation, nm ltipa th  i)ropagation and interm odulation interference.

Continuing the  argum ent for property  rights in 1975, JMinasian [38| argued th a t  a 

rigid system  of spectrum  use sj)ocifications was unlikely to  give rise to an efficient use of 

th a t spectrum . In order to  nuiximize the  value of i)roduction, a regulator m ust have all 

inform ation concerning the value of resoiuces in alternative uses. M inasian s ta ted  th a t , 

as changing technology continually enlarges the  range of alternative resource uses, any 

rigid system  cannot take  all inform ation regarding those uses into account. In add ition  

to  the Dt'Vany concept of emission rights over tim e, space and area, he proposed a 

system  including adm ission, use and transfer rights. Admission rights address the  need 

to  exclude others from licenscxl si^ectruni re'sources. U.se rights perm it a license holder 

to  choose technologies and services from all alternatives legally open to him, under th e
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restrictions of emission and admission rights. Transfer rights perm it a hcense holder 

to transfer those emission and admission rights to  others in whole or in part.

As w i'll as suggesting a system of suitable property rights for spectrum, DeVany 

in 1998 advocated the unbundling o f si)ectnun from broadcjist and transmission fa­

cilities |39|. Unbundling refers to the process o f relaxing the restrictions of spectrum  

licenses such tha t the license-ow’uer is free to  choose the services and technologies de- 

I)loyed vmdcr the terms o f t hat license. In  th is  way, standardization and price discover\' 

would l)e enaljled. Th is in tu rn  would perm it the development of liqu id  secondary- 

markets w ith  lowc-r transaction and entry costs, encouraging conii)etition. In  th is w'ay, 

liq u id ity  in the afterm arket for spectnm i would be greatly im jjroved, increasing th(' 

extent to  which market forces determine spectrunr a llocation and thus in ij)rov ing the 

efficiency w ith  which si)ectrum is used.

A set of specihc bu ild ing  blocks for a p roperty rights approach to  spectrum regu­

la tion were outlined by Spiller and C 'ardilli in 1999 |40|. The firs t o f these proposed 

bu ild ing  blocks was the righ t to [>roperty in si)cctrum, <is proposed by C’oasc' in  1959. 

Th(! second entailed the right to  use that spectrum rather than the right to j)rovide 

a particu la r service and tlu^ th ird  provided for the handling of interference through 

to rt law. In addition. Spiller and C a rd illi cited examples of si)ectrum property rights 

successfully ap])lied in N('w Zealand and C^uatemala.

In 2()0(J. W h ite  |41| used the analogy of real estate to  argues for s[)ectrum i)ro j)erty 

rights. In drawing parallels betw^'en land and spectrum, he made reference to the fin ite  

and scarce nature' of both. Fm therm ore, he notc'd tha t technological changes can have 

sim ilar influences on both, affecting the efli(!iency w ith  which land and sj)ectruni can 

Ijc u tilized, exj)anding the amount o f both  considered usable and productive as well as 

a ltering uses to which both  should economically be devoted. W hile  W h ite  recognized 

tha t a ‘clean slate’ approach to spectrum  reform is impossible in the ligh t of current 

management policies, he proposed a number o f steps in order to  move; tow ard a system 

of spec'trum j)roperty rights. These included assigning existing rights to  incumbent 

holders in  perpetuity, p e rm ittin g  license' trad ing  and establishing national registri('s for 

si)ectrurn ownershij). In  addition, he i)roposed tlu ' auctioning of under-u tilized bands, 

compensating incunrljents or moving them to a lternative bands.

In  2001. one o f the most outspoken sui)iK)rters of the p roperty rights model of 

siK'ctrurn management, Thom as H azlett, published his essay on airwave allocation po l­

icy |42|. In  it. he strong ly critic ized tlu ' FC’C ’s rejection o f Coase’s orig ina l proposals 

and mad(' a comj)n'hensive argument for the establishment o f p ro jx 'rty  rights in spec­

trum . H(' discussf'd the ‘wireless craze', the explosion in demand for wireless technology 

and services as well as the fade in  demand for broadcast television services, driven by
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alternatives including cable and sate llite  servi('es. R a ther th an  allowing for the reallo­

cation of spe^ctrurn from incum bent b roadcasters to  new en tran ts , H azlett outlined the 

tendency of a connnand-and-control approach to  i)rotect incum bents and rejec't new 

entran ts. T his argum ent was reinforced w ith num erous (jxamples taken from dates b(“- 

tween the  first days of regulation in the  US and the present day. He went on to  exam ine 

the  spectrum  auction ‘faux i)as’, the  fact th a t  auctions do not assign property  rights 

in spectrum  but ra tlie r licenses to use FCC-a[)[)roved devices to  cnnit radio waves. In 

this he noted th a t licenses are analogous to  operating  perm its as opposed to  titles in 

real property. In addition, he used exam ples of spectrum fnujedies to  argue against the  

notion of spectrum  conmions. The ‘tragedy of the  connnons’ describes the s itua tion  

where a resource is destroyed due to overuse. The opi)osite s itua tion , the ‘tragedy of 

the unconnnons’ involves ov('rj)rotection of a resource, giving rise to  underuse. In m ak­

ing the case for spectrum  jiroperty rights. H azlett illustratcxi how protection against 

s\ich tragedies can be provided through  the  us(’ of w'ell defined ownership rights.

Ado])ting DeVany’s proi)erty rights framework, Kwerel and W illiam s in 2002 ad­

dressed in some detail the issues of interference in space and frequency 143|. In fre- 

(luency, the issue of adjacent channel spillove'r was exam ined. W hile th is may result 

from a tra n sm itte r  em itting  radio energy outside the  licensed bandw idth , it may also 

arise due to  inadequate  (ilteriiig in receivers opera ting  in the ad jacent baud or from a 

com bination of both. Under these conditions, (he au thors argufnl th a t a na tu ra l dem ar­

cation of ‘tresj)ass’ m ay not be easily defined. Howev(>r, they  suggested tha t such issues 

m ay be res(;lved through Coasian bargaining between different licensees and regulatory  

safeguards are not required. A system  based on tha t used to  control out-of-area and 

out-of-l)aiid emissions in the personal conununications service (PC’S) band at the  tim e 

was proposed.

An extension of DeVany’s original .system of s]:)ectrum propery rights was proi)osed 

in 2005 by M atheson |44|. In his paper, IVIatheson outlined rights in term s of ‘electro- 

si)a(‘e', a  7-dirnensional space encom passing tim e. fre<iuency, space and  angle of arrival. 

In space, the  dim ensions of la titude , longitude and a ltitude  are included while the  

dim ensions of azim uth and ekivation angle m ake up the angle of arrival. Two s tra ig h t­

forward rules for spectrum  pro})crty rights were i)roposed. Firstly, the  right to  transm it 

w ithin certain  power restric tions in licensed s[)ace and secondly, the  responsibility to 

keep signal levels below a given level outside of this space.

In his 2005 essay |45|, H azlett focussed ui)on the i.ssue of spevtrum trn<iedies orig­

inally in troduced  in 2001. In discussing the tragt'dy of the conunons, he argued th a t 

the lack of well established ownership rights give rise to  overuse and destructive in te r­

ference. In con trast, the  tragedy  of the  anticounnons arises when ow nership righ ts are
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well defined but are so fragmented tha t efficient aggregation is d ifficu lt, resulting in 

underuse. Protection against both  dangers can be provided, in his opinion, by libe r­

a lization o f property rights through the allocation of exclusively-assigned, flexible-use 

spectrum (EAFUS).

Taking a step Ijack from the ardent calls for s])ectrum property rights in 2006, 

Hatfie ld and Weiser outlined some o f the m ajor challenges associated w ith  defining an 

enforceable set of ownership rights in spectrum |13l. In  the ir paper, while the authors 

recognized i)roperty-like rights as the best way to allocate s[iectrum to its highest and 

best uses, they outlined some of the key contributions to  the property rights argument 

since Coa.se and argued tha t these proi)osals d id not suffic iently appreciate the chal­

lenges iuA'olved. In [)articular, they identified the issues o f geographic and adjacent 

cliann('l spillover as obstacles to  the defin ition of p ro ])erly  rights. Relial)le measure­

ment o f when these situations arise may [X)se significant difficulties, while the use of 

prc'dictive proi)agation models may invite  rent-seeking by incumbents who i)crceive 

new entrants a.s a threat. The authors examined a number of such issues and sug- 

gc^sted that solutions are s till required bc'fore the move to a pro j)erty rights regime can 

be succ('ssfiil.

In (jue o f his most recent publications regarding spectrum policy, Hazlett attacks 

the tripa rtite ' categorization of spectrum management a lternatives |46]. H(> argues that 

the sejnuation o f modc'ls ])etween conmiand-and-control, exclusive-use and conunons 

confuses access regimes w ith  property regimes. W h ik ' an access regime dictates how 

consumers and j)roducers use resources, a in 'oi)erty regime determines how control 

over organizing choices is defined. Rather than sei)arating models in the manner of 

the SPTF' and Ofcom. Hazlctt argues that an underlying system of p ro jxn ty  rights is 

sufficient to  enable each of the usage models posited.

The pot(!utia l benefits of a system of spectrum property rights and a secondary- 

market for the trad ing  o f those rights are well understood. However, as H atfie ld and 

W'eiser point out, th(' development of an enforc-eable set of such rights is not an easy 

ta.sk due to  the im ])redictable nature of electromagnetic rad ia tion  and the subjective 

nature o f radio receivers. At the opposite side o f the debate, a number o f comnu'ntators 

ha\'e ])roposed a much differeuit approach for spectrum management. Relying largely 

on emerging ‘sm art’ radio tcK'lmology, the spectrum commons proj)osal would perm it 

many heterogen('ous systems and users to  share the same spectrum band while avoiding 

the creation o f harm ful interference. In  the next section. I examine this proposal and 

outline a number of the key arguments in its favom'.
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2 .3 .3  T h e  Com m ons A rg um en t

A rg u a b ly  the m ost im j)o rta n t c o n tr ib u tio n  to  the s iicc tru m  [)olicy re form  debate in 

fa \'our o f a connnons-based m odel was provided in  1998 by Yochai B enkler (47|. In  

his essay ‘O vercom ing Agoraphobia: B u ild in g  the commons o f the d ig ita lly  networked 

ern 'iron rnen t’ , Benkler warned against the dangers o f a spectnm i i)o licy  based on o u t­

dated a.ssumptions a ljo u t interference and noise. Recognizing tlu ' emergence o f prop- 

(T ty  r ig lits  as the key regu la to ry  a lte rna tive  to connnand-and-contro l. he question('d 

the w isdom  o f such an approach, argu ing th a t it  is liased on the concept o f s i)ectrm n as 

a scarce resource w hich needs to  be managed. T h is  concept is. in  his op in ion , rendered 

obsolete by technological advances in  d ig ita l in fo rm a tio n  i)rocessiug and wireless com- 

num ications. leather than  s im p ly  choosing betw(;en a licensed, conm iand-and-contro l 

model and one based on p r i\ ’a tisa tion  and i)rope rty  rights. B ('nkler analysed a th ird  

a lte rna tive : regu la ting  wireless transm issions as a pu l)lic  commons, s im ila r to  the ap­

proach ty i) ic a lly  adopted for highway systems or com puter networks.

In  exam in ing  the iho ice  between licensed and unlicensed ai)j)roaches. he argued tha t 

it  wa.s unknow n w hether a m arket in  ecjuipment. ba.s('d on unlicensed spectrum , or a 

spectrum  m arke t bas('d on p riva tisa tio n  w ould be more efficient. However, he gave some 

ind ica tion s  th a t an eciuipment m arke t w ould have sign ificant advantages and sviggested 

th a t, at the least, b o th  api)roaches should l)e allowed to  develop. In  p a rticu la r, Benkler 

argued th a t com{)lete p riva tisa tio n  o f s i)ectrum  w ould sever(>ly cu rta il the development 

o f the  unlicensed api)roa(;h. W h ile  he was in  favour o f the  develojMiient o f b o th  licensc'd 

and unlicensc'd apj)roaches. he ]jos it('d  a num b(;r o f key argunu'nts in  })reference o f 

unlicensed regu la tion . A m ong these was the argum ent th a t in a system  bast'd on 

owned in fra s tru c tu rt;, the  in fo rm a tio n  w h ich flows over th a t in fra s tru c tu re  may be 

dete rm ined by the owner. In  an imowned in fras truc tu re , the end user determ ines what 

is com m unicated. In  a societa l context and in  term s o f dem ocratic  values, B enkler also 

contended th a t an in fo rm a tio n  in fra s tru c tu re  should be free o f centra lized con tro l by 

any body, governm ent or connnercia l.

F ina lly , B enkler presented three key measures to  ‘negate the p o ten tia l in s t itu t io n a l 

and technolog ica l lo ck -in  effects’ o f an auc‘tio n in g  policy. The  firs t rnea»sure suggested 

th a t the  constra in ts  })laced upon  unlicensed devices be revis ited in  order to  avoid 

w a rp ing  the develo[)ment o f devices opera ting  in  an unlicensed environm ent around the 

nc'eds o f incum bent licensees. Secondly, he reconnnended the constra in t o f auc tion in g  

jK)licies in  o rder to  a llow  a m ore inform ed choice to be made between the devo tion  o f 

spectrum  to  p riva te  use and use as a commons. T h ird ly , he reciuested th a t auctioned 

licenses come w ith  w arnings abou t renewal u nce rta in ty  to  leave open the j)o ss ib ility  o f

I 'h . n .  T h e s is S e p te ii ih o r  2 5 , 2(KW



2.3 SPECTRUM POLICY REFORM 33

ica lloca tio ii as a commons.

In tlie  same year ax Bcnkler’s i)aper, a system of open s])ectrum access was projjosed 

by Noam |48|. Under his proposal, spectrum would he license-free wuth users accessing 

spectrum bands on a pay-as-you-go l)asis. Th is would be achieved using access tokens, 

ek'ctronic money transm itted together w ith  content. Access j)rices would vary accord­

ing to congestion, leading to spot and futures markets. In  opposing spectrum auctions 

and licensing, Noam argued tha t they restrict free (electronic) speech and deteriorate 

in to  revenue tools. In addition, he claimed tha t auctions encourage oligopolies by 

posing a barrier to entry, esi)ecially affecting new entrants and unproven technologies. 

However. Noam accejited that auctions were better suited to  the state o f technology 

at tha t time, suggc'sting that they b<; continued but tha t licenses be grant<;d w it li lim ­

ited duration  to  preserve future flex ib ility . Furthermore, he proposed tha t s ix ic tru in  

resale and flexible use be i)erm itted and tha t iim ovation in  spectrum usage sclu'ines }>e 

('ucouraged through expansion o f the milicensed concept and dedication o f frequency 

bands to  the open-access model.

Continu ing the argument for spectrum conmions, Lessig in 2001 addressed the issue 

in his book ‘The P'uturc' (jf Ideas' 149|. In it ,  he asked whether control of spectrum as 

a resource is necessary. Instead, he suggests tha t, rather than rc'gulating access to 

SjK'ctrum, the devices used to do so should be certified. As the internet dei)(;nds iq>on 

the eth('ruet {)n.)tocol. he argued that spectrum resources should be shared through 

coordination protocols. Conq)aring the connnons regime w ith  the property regime, 

Lessig accepts tha t the danger lies in  overuse. However, w hik ' a property regime can 

produce great conq)etition. I k ; claims tha t the market costs of negotiating and secm’ing 

rights to  acce.ss spectrum m ider th is aj^jjroach could become prohib itive. L ike Benkler 

and Noam before him , Lessig suggested that both  regimes be alknved to develop side- 

by-side in order to  stinm late innovation. By selling si)ectrum l)efore alternative uses 

can de\'elop, he asserts tha t you place the resources required for those uses in  the hands 

o f those w ith  strongest incentives to stoj) them.

In 2002, Werbach made the case for open sijcctrum  |50|. In  doing so, he cited a num ­

ber of si)ec“trum  ‘m yths’ and made four key proposals to promote the development o f 

th(' 'most pro-innovation, pro-investment, deregulatory and democratic spectrum po l­

icy regime’ . Among the si)ectruni myths discussed, he addressed the idea o f sj^ectrum 

scarcity, s ta ting  that it was sinq)ly a result o f the current regulatory regime. He also 

(juestioned the use of auctions to put spectrum in the marketplace and clainu'd tha t 

nia,ssiv(‘ ca j)ita l in\'estment should not be required to exi)lo it the spectrum. The first 

o f liis ])roposals t(j ])romote the (leveloi)ment o f open si^ectrum was to develoi) rules en­

couraging mori! effectiv(' cooiM;ration betwfH'n unlicensed sj)ectrurn users. Secondly, he
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])ioi)os('d t lia t more speclru iii l)e set juside for milicensed uses. In addition lie suggested 

tha t underlay technicjues be i)e rn iitted  across licensed hands and ex})erinientation in 

unlicensed wireless technology be promoted.

F’ocussing on the technical-economic aspect of the spectrum policy reform debate, 

Benkler in 2002 |51| viewed the choice between projXTty rights and oi)eu spectrum as 

a tradf^o ff between network capacity and its  rate of growth on the oat' hand and the 

(ifhcicnicy w ith  w liich tha t capacity is a llocati'd among com ixiting users on the other. 

He argued tha t a property rights model would involve investment which is centralized 

at the core of the netwcjrk, w ith  cheaper end-user devices. Contrastingly, an open 

s[)ectrum model would focus investment on end-user devices. As a result, the free 

a\-ailability of l)andw'idth and the higher com putational intensity of open spectrum 

systems would support greater capacity and perm it that capacity to grow over time. 

However, Benkler acceptc'd that it  is too early to choose decisively ijetween the alter­

native approaches and proposes a j)eriod o f experim entation involving both. In  this 

way, experiences gained could be used to inform  more long-term strategies.

In the same year, Reed |52| made the argument for a connnons approach to  spectrum 

management on the basis of research in to  the capacity of n<'tworks. C'iting examples 

from Shejjard at Massachusetts Ins titu te  of Technology (M IT ) and Gupta and Kum ar 

at U niversity of Illino is, Url^ana Cham))aign. he argued tha t spectrum cai>acity can be 

managed such tha t it increases w ith  greater numl)ers o f users. This is achieved where 

si)cctrum  users are organized in to  a cooperative network rather than an uncoordinated 

set o f po in t-to -i)o in t channels. Accordingly, in Reeds estimation, spectrum is unlike any 

conventional property and so should not be managed using a market-ba.sed approach. 

Rather, an architecture along the lin(!s of that underlying the internet is reciuired, 

fac ilita ting  coo[)erative spectrum use while allowing the absori)tion of unanticii)ated 

innovation.

The use of spectrum auctions was strongly criticized by Buck |53| in his pai)er T^e- 

placing Spectrum Auctions w ith  a Spectrum Coimnons’ . He argued tha t auctions i)Ose 

a barri(>r to  entry for h ighly innovative, mid-sized companies and that they nuike it 

more expensive for ru ra l and poor users to partic ipate in modern media. In addition 

he claimed tha t they retain government in providing centralized allocation and bureau­

cratic' enforcement of mouoi)oly rights to spectrum. Instead, he j^roposed a system of 

regulating s))ectrum ivs a conm ioii property regime. This approach is j^referable to  a 

{)rivate property regime in  his opinion, as collective management allows the transaction 

costs o f deals ensuring com i)lim entary spectrum usage to  be avoided. He also suggested 

tha t a eonunons is a preferable api>roach for an indivisib le resoiuce, arguing tha t new 

technology makes it  j)ossible for nu ilti])le  users to share the same spread (jf frequen-
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cics w ith o u t interference. In  i)ro j)osing a spectrum  connnons approach, he suggested 

a num ber o f ‘m eta-ru les ’ fo r such a commons inch id ing  the  need for c learly  defined 

boundaries and users as well as m o n ito rin g  mechanisms, g raduated  sanctions for users 

w ho v io la te  ope ra tiona l rules and confllict reso lu tion  mechanisms.

In  2003, W erbach heralded the  com ing o f a ‘Radio R e vo lu tio n ’ (54|, In  cjuite a 

h igh-leve l overview, he outlincKl the corning tra n s itio n  from  s ta tic  netw orks to  more 

dynam ic  systems w 'ith  sm art devices rep lacing hard -w ired  i)roadcast networks. These 

sm art devices w ould make use o f dynam ic wireless technologies inc lud ing  SDR. nicsh- 

n e tw o rk ing  and space-tim e coding and would p rom p t a move from  a m arket fo r cen tra l­

ized in fra s tru c tu re  and p ro p rie ta ry  services to  one for consum er devices, software and 

ancilla ry ' services. Echoing proposals made in  2002, he called fo r po licy  makers to  a l­

locate m ore dedicated m ilicensed spectrum , enabk' shared unlicensed underlay devices 

and o p p o rtu n is tic  spectrum  sharing as well as ensure the p ro m o tio n  o f e x j)c rim cn ta tio n  

and research in to  new, dynam ic wireless systems.

M o v in g  tow ards a i)rac tica l systc'ui for ena])ling shared access to  a si>ectruin com ­

mons, Leh r and Crow’cro ft in  2005 ou tlined  a num ber o f key features reciuired for a 

s])ectrurn sha iing  p ro toco l or e ti(|ue tte  |36|. They firs t characterized the fu tu re  un li- 

cens('d env ironm ent a.s com pris ing  n u ilt ip le . heterogeneous devices w ith  lo ts o f [)o ten tia l 

opc'rators and us(’rs w ith  a re la tive  abundance o f a \a ila l) le  spectrum  due to  the  remo\-al 

( jf ine ffic ien t legacy regulations. T hey then presented a set o f constra in ts  reciuired to  

enable such a flex ib le , decentralized and open access env ironm en t. The firs t of these 

constra in ts  addressed the nc'ed for devices to  have bo th  tra n s m it and receive ca i)ab ili- 

ties. T ra n sm it-o n ly  devices are not p e rm itte d  as they  cannot su p p o rt a feedback loop 

and rece i\’c-on ly  devic-es have no interference righ ts  as they have no way to  signal th e ir  

presence. A  second proposed recjuirement wa.s the need fo r power lim its  on devices to  

help m itig a te  interferenc'c. In  a d d itio n  to  transm it power lim its , the  requ irem ent for 

some system  o f l im it in g  aggregate power levels was iden tified . A  fu r th e r cons tra in t iri- 

voh'ed the need for a s igna lling  capa l)ility , such as a com m on co n tro l channel. However, 

p rivacy  concerns associated w ith  th is  rcxinirernent were noted. O th e r requirc'inc'nts in ­

cluded mechanisms fo r con ten tion  reso lu tion , enforcement and p rivacy  p ro te c tio n  as 

w ell a.s rea lloca tion  o f spectrum  for a lte rna tive  uses i f  needed.

A lo n g  s im ila r lines and Lehr and C row cro ft, Weiser and H a tfie ld  in  2005 addressed 

the issue o f p o lic in g  a spectrum  commons |55|. They looked a t a num ber of self­

regu la tion  ai)proaches w hich could be adopted inc lud ing  social norm s, free m arket 

so lu tions and technica l architectures. Ih id e r  social norm  regu la tion . i)a rties  in te rac t 

r('p('a1edly and i)eha\ io u r is con tro lled  as i)a rtie s ’ re i)u ta tions  are key in  those in te rac­

tions. However, where parties do not in te rac t repeated ly and re p u ta tio n a l sanctions are
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no t available, social norm s tend to  be less effective and k'ga l enforcement is required. 

Free m arke t so lu tions invoh'e a m arket ordering  th a t creates incentives for and against 

certa in  types o f behaviour. These succeed where j)a rties can ('asily contact eacti o ther 

to  w ork ou t m u tu a lly  acceptable arrangements, however they can fa il where bad actors 

are not in terested in  cooperating  w ith  a co llective so lu tion  which is in  the interests 

o f the  conunun ity . W h ile  Weiser and H a tfie ld  accept th a t technical arch itectures can 

be effectiv(‘ together w ith  ce itih ca tio n  systems, th ('y  note th a t protocols are e*a.sily c ir­

cum vented, esjK 'cia lly in  the case <jf software and, s i)ecifically, software d(;iined radio. 

R a the r than  depending upon one so lu tion  to  ensure ijo lic in g  o f a si)ectrum  commons, 

they  suggest tha t a com b ina tion  o f ai)i)roaches are recjuired, inc lud ing  oversight by a 

regu la to r suc:h as the P"CC. They propose th a t the regu la to r fo llow  l)o th  reactive a j> 

proacluis such ajs device ce rtifica tio n  and proactive  approaches inc lud ing  the d e fin itio n  

o f spectrum  e tiq u e tte  rules and tfie  in tro d u c tio n  o f database reg is tra tion  reciuirements.

2.3.4  Resolving the Debate

W liile  the  s i)ectrum  po licy  debate lias become cjuite polarized over tim e, some com ­

m enta to rs  have addressed bo th  sides and a ttem p ted  to  provide some resolution. One 

exam ple o f th is  approach was provided in 2(KJ3 by Fau lha lje r and Farber, fo rm er ch ief 

econom ist and form er ch ie f technologist w ith  the FCX' respectively |19|.

Fau lhaber and F^arbei' iden tified  critiques o f the conunand-and-contro l approach to  

s[)ectrum  m anagem ent in  the context o f the econom ist and t he engineer. The ec'onomist 

critic izes the  ine ffic ien t resource a lloca tion  th a t arisc's due to  centra liz('d  con tro l and 

prom otes the  use o f m arket forces th rough  a syst('u i o f p ro p e rty  rights. The engineer, 

on the o the r hand, c ritic izes  the in c o m p a tif) ility  o f a rig id  license system w ith  new' w ire ­

less technologies such as U W B , SDR and mesh networks. In  order to  fa c ilita te  these 

technologies, the  engineer proposes the commons model o f spectrum  management. In  

assessing b o th  i)roposaIs, the  authors note th a t a choice l)etween the tw o depends upon 

tw’o key factors; sca rc ity  and transaction  costs. W here resoiu'ce scarc ity  exists, there 

is a danger o f overuse and a ‘tragedy o f the com m ons’ type  scenario. However, where 

scarc ity  is n o t a s ign ifican t issue, a j)ro p e rty  righ ts  system may incm ' unnecessary trans­

ac tion  costs. Tak ing  a long-te rm  view , Faulhaber and Farl^er suggest th a t spectrum  

scarc ity  w ill in e v ita b ly  become an issue due to  ra i) id ly  increasing demand and thus 

a pure spectrum  connnons approach w ill not work. Instead, they  propose the  u.se o f 

p ro p e rty  rig h ts  regimes which p e rm it s})ectrum  sharing, e ithe r th rough  non -in te rfe rin g  

unde rla j' approaches such as 11W B  or th rough  negotia ted sharing o f exclusively-owned 

spectrum . F 'urtherrnore, they argue th a t a spectrum  conm ions ap])roach can be sup-
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port(xi by a pi'oporty rights systoin tliro u g li the p iird iase o f .spectrum blocks for this 

puri)Ose by the government. They go on to  propose a process for transition  to  a 

property rights scheme. Th is would involve the auctioning o f all technically usable 

spectrum w ith  incentives for existing license holders to take i)art. Following this ‘big 

bang’ auction, the authors expect an active secondary market in spectrum to arise.

A sim ilar comparison between the [)ropcrty rights and commons aj)j)roaches was 

made in 2004 by C’ave and Webb in the U K  |56|. Key points made in  the ir c:oniparison 

includc' the view tha t si)cctrum  connnons are unlike ly to alleviate congestion in  the 

short term. Accordingly, they i)ropose tha t unlicensed, spectrum connnons approaches 

to sj)ectrum management should only be ai)plied to spectrum bands where there is 

a low p robab ility  of congestion. The authors accept tha t this approach requires the 

likelihood of congestion to  be i)redict('d and would i)rcfer th is to be performed by the 

market. Th is would be possible where a band manager buys spectrum under auction 

and chooses to tu rn  it in to  a private commons.

Also in 2004, Goodman took a neutral stance in addressing the spectrum policy 

reform debate and suggested that both a i)ure j)roperty rig iits  and a connnons approach 

were strongly utoi)ian in nature |57|. She proposed tha t, in spite o f the oppositional 

stanc(; of the two theories, there was no reason why a m ixed apjiroach to spectrum man- 

ag('mcnt invo lving both could not be taken. Furthermore, she suggested tha t on l)o th  

sides of the debate, a recognition exists tha t this dual mode of spectrmu management 

is desiral)le. In discussing the aj)proj)riate m ix of both approaches, CJoodman cites the 

unproven nature o f the technologies form ing the basis for the spectrum commons argu­

ment. Due to the uncerta in ty tha t exists regarding these technologies, in  her opinion, 

it is undesirable for the connnons model to  become the [)rim ary approach. However, 

she also accepts tha t a trausi)arent and predictable system of s[)OCtruni p ro i)e rty  rights 

luus yel to ]>(' developed. Accordingly, (Joodman se.('s a signilicant role for the rc'gulator 

in a m ixed regime of spectrum  management for the foreseeable future.

The fu tu re  d irection o f spectrum [)olicy reform is as yet unclear. However, regardless 

of whether a p ro i)crty  rights approach, a connnons-based a[)i)roach or indeed a m ix of 

the two is adoi)ted, what is certain is tha t fu ture spectrum regimes w ill seek to ovtjrcome 

tlie  strict lim ita tions  o f cornmand-and-control and w ill perm it greater f le x ib ility  of 

S])ectnnn use. W ith  th is fle x ib ility  w ill come signihcaiit o j)po rtun ity  for emerging 

D> SPAN technologies. Some of these opportun ities arc outlined in the next section.
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2.3.5 DySPAN Opportunities

T he iiit ro (h ic t io ii o f greater f le x ilj ih ty  w ith  spectrum  pohcy re form  can open the door for 

t lie  deploym ent o f innovative  recorifigurable wireless systems. In  jja rtic u la r, systems 

which are not ti(;d to  specific o [)era ting  rre(ju(>nci('s or s])ectrum  bands w ill p rov ide 

key advantages. The term  D ynam ic  Spectrwn  /Iccc.s.s Network (DySPAN)  is used to 

describe these systems. These DySPy\N syst('ins w ill p lay a key role in  e ffic ien tly  

u t il iz in g  rad io  spectrum  th rough  the e xp lo ita tio n  o f these increasingly flexib le  spectrum  

management r(;ginies.

W ith  the adop tion  o f a p rope rty  righ ts  system  o f spectrum  management, ada i)tive  

wireless systems would a llow  netw ork owners to  choose spectrum  rights on the  basis 

of price and i)ro j)aga tion  characteristics instead o f pu re ly  technical recjuirements. By 

a \'o id ing  the neefl to  become lock(xf in to  one p a rtic u la r set o f opera ting  frequencies, 

such systems w ould ])erm it owners to  i)uy and sell s jx 'c tru m  righ ts  according to  price 

flu c lu a tio u s  and market demand. In a d d itio n , aggrc'gation o f si)ectrum  righ ts  would 

l)e g rea tly  s im p lified  where licenses fo r d iffe rent s i)ectrum  bands c(juld Ix; us(.'d over 

d iffe ren t geographic regi(;ns. U nder these cond itions, adaj)tive systems w ould  choose 

ope ra ting  frecjuencies on the l)asis o f th e ir geograi)hic locations. F lex ib le  wireless sys­

tems could also be leveraged to  o p p o rtu n is tica lly  acc('ss s i)ectnnn  on a non -in te rfe ring  

basis. T h is  can be made possif)le th rough  the in tro d u c tio n  o f p ro [)erty r ig h ts  ease­

m ents, discussed in  Section 2.3.1. In  th is  way, secondary users could access s j)ectrum  

})elongiug to  a p rim a ry  us(^r under the cond ition  tha t no ha rm fu l interference is caused.

To a ce rta in  ex ten t, adaptive  and recoufigurable wirc'less networks form  the t)a.sis for 

th(> argum ent in  favoiu' o f spectrum  connnons. T h rough  the use o f spectrum  eticjuettc'S 

o r policies, such networks pe rm it a range o f hxxiuencic.'s to  be shared between a num ber 

(.)f heterog('ueous systems w ith o u t the (Tcation o f ha rm fu l interference. In  th is  way, 

very h igh levels o f effic iency in  the w'ay spectrum  is used can be achieved and the high 

ca i) ita l costs ty p ic a lly  associatc>d w ith  spec tnm i access can be avoided.

2.4 Summary

A ro u n d  the w orld , regu la tors are acknow ledging the inefficiencies fissociated w ith  a 

com m and-and-contr(.)l ap[)roach to  s[)ectrum  regu la tion . In  order to  ca iiita lize  on the 

grow ing  value o f rad io  frecjuency si)ectrum , these regulators are active ly  eva lua ting  a 

num ber o f a lte rna tive , ffex ibk ' regimes w hich have been ])roposed in  a s i)ectrum  po licy  

re fo rm  del>ate spam iing  the  past 50 years.
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By examining some of the key argiunents of tliis spectruni policy reform debate, 
it can be seen that the issues involved in moving away from a eonunand-and-control 
basc'd approach are complex and highly contentious. While the arguments have become 
polarized between those advocating a property rights approach and those proposing 
adoption of a spectrum  connnons, a straight choice between either involves significant 
drawbacks.

Although the introduction of proi)erty rights in spcctrum  would leverage the power 
of the market to allocate spectrum  resources to their most i)roductive uses, no well- 
dc'fined system of rights has been proposed which deals effectively with the issues of 
interference and rights enforcement. In addition, a pure system of exclusive-use prop­
erty rights may preclude the deployment of a range of emerging wireless technologies 
with significant potential such as SDR and UWB.

On the other hand, the arguments in favour of a system of si)ectrum commons 
depend heavily on the ability of ('merging wireless technologies to overcome the complex 
issues of interference avoidancc; and reliable service pro\'ision wdiile ensuring fair access 
to six'ctrum . As these technologies are a.s yet unj)roven, the decision to allocate wide 
swathes of s])ectrum for conuuons use would involve' a significant gamble. However, as 
wireless technology dev(,'lops, non-interfering, shared access to a sjiectrum connnons on 
a non-exclusive basis may become a reality. Current decisions made regarding six'ctrum 
policy should be wary of exchiding this possibility.

H('gardless of what form future spectrum management regimes may take, the in- 
creas(xl flexibility of those regime can provide significant opportunities for th(' deploy­
ment of innf)vative DySf’AN syst('uis. The jjotential advantages of these advanced 
wireless syst('ms are considerable, ffowcjver. the introduction of such flexilMlity while 
ensming s\'stem  robustness and reliability is one of the most significant challenges fac­
ing wireless system designers today. In the following chapter, I look at some of th(' 
t('chnologies which may form the basis for these systems and address some of th(' key 
challenges invoh'cd in their design. In particular. I examine the challenge of network 
rendez\’ous and coordination and discuss the reasons why, as systems become more 
flexible, these t:hallenges l)ecome more significant.
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3. RENDEZVOUS AND COORDINATION  
IN DYSPAN SYSTEM S

3.1 Introduction

D ram atic growtli of wireless communications technology over the past two decades has 
driven a significant increase in the demand for radio frequency si)cctrum to support 
new. innovative systems and servic(!s. However, serious iuef[ici('nci(!S in 1li(' wav s])ec- 
truni is managed have given rise to a situation of api)arent spectrum  scarcity. The 
resulting inability to make si)ectrum available for new allocations and assignments has 
had a stifling effect upon many potential new systems and service pro\'iders. At the 
same time, a number of empirical studies from around the world have shown that an 
abundance of spectrum  lies unused at any given time and ])lace. In an attem pt to 
rectify this situation, teleconununications regulators are currently examining new and 
flexible approaches to si>ectrum management.

This introduction of less restricti\'e s])cctrum management policies promises a num­
ber of significant opportunities for the deployment of highly adaj)tive, reconhgurable 
wireless systems. These systems, in turn, i)roniise new levels of spectrum  usage ef­
ficiency by sharing spectrum  resources while avoiding the creation of harmful inter­
ference. At the heart of these intelligent syst(>ms are networks of devices cai)able 
of dynamically ctianging operating freriuencies and spectrum  bands as required while 
maintaining connnunication links and thus, network connectivity. Such networks of 
devices are term ed Dynamic Spectrum Access Network (DySPAN)s.

Significant advances in digital signal processing and software-defined radio (SDR) 
over tlie past de(;ade have brought the concejit of DySPAN systems nmch closer to a 
reality. liowever, there still exist a number of comi)lex challenges which need to be 
overcome before robust DySPAN systems can be realisc'd. Not least among these is the 
challenge of rendezvous and coordination.

Currently, one of tlu' major roles of a teleconnnunications regulator is the mitiga­
tion of harmful interference between wireless systems. Under the; command-and-coutrol
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42 3. RENDEZVOUS AND COORDINATION IN DYSPAN SYSTEMS

inethod of spectru iii n ianageiiKnil, th is was achievc'd flu o iigh  the allocation of spectruiu 

bands to  specific wireless technologies, the fu rtlie r assignment w ith in  those hands of 

freciuency ranges to ind iv idua l operators and then the tight r('gulatiou of radio ecjuip- 

nient used l)y those operators. A  direct consecjuence of this form of regulation was 

the confinement of 0[)erat0rs to  si)ecific, fixed frecjuency ranges. Accordingly, wireless 

systems deployed by operators were designed to operate at very sj)ecific fn.'quencies 

w ith in  tliese ranges.

W ith  the in troduction  of more flexible approaches to  spectrum management, regu­

lators are a ttem pting  to move away from the tig h t strictures of connnand-and-control. 

More relaxed regulations w'ill afford operators greater choice in wireless technologies 

emi)loyed anti operating freriuencies used. However, w'ith improved flex ib ility  w ill corne 

the ne(,'d for wireless systems to self-organize and agree ui)on parameters of operation 

including spectrum bands and operating fre(iuenci(;s. It is this self-organizing ab il­

ity  which comprises the challenge of DySPAN rendezvous and coordination. The key 

purj)ose of this chapter is to examine this challenge.

Section 3.2 begins by discussing a number (;f existing wireless technologies and 

examining the approaches used in each to achi('V(? rendezvous and coordination. In 

appraising these existing systems, it w ill be seen th a t tlu ' significance of network co­

ord ination increases w ith  greatcjr system fle x ib ility  and reconfigurability. Some o f the 

existing solutions to DySPAN coordination are investigated in Section 3.3 and Sec­

tion  3.4 concludes the chapter.

3.2 Th e  Challenge of Rendezvous and Coordination

DySPAN technology offers a solution to  ciurc'nt spe(;trurn usage inefficiencies ba^sed 

on the a b ility  to dynam ically adaj)t oi)erating frequencies to share spc'ctrum resources 

while avoiding the creation o f harm ful interference. A  number o f significant challenges 

uuist be overcome before this soluticjn can be realized however. One of these key 

challenges is tha t of frequency rendezvous. In  trad itiona l wireless connmmications 

networks, devices typ ica lly  have a j)r io ri know'ledge o f the in it ia l operating frequencies 

to  be used. This means tha t upon conmiencing operation, nodes w ith in  the network 

may hav(' a predetermined frecjuency, or lis t o f frequencies which can searched in  an 

a ttem pt to  established a wireless connmmicaticjns link  w ith  t lu 'ir  peers. In a DySPAN 

system, the freciuency o f operation may not be know'u in itia lly ; establishing a common 

comrnim ications channel may be dejiendent on the available spectrum and on other 

systems which may be \ising it .  The potentia l channel may therefore lie w ith in  a 

much greater freciuency range and may also change during the operating lifc'time o f the
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network. The chailenge of rendezvous in this case involves not only synchronization 
with, but also the detection and identification of signals of peer devices in the network.

I will examine the challenge of freciuency rendezvous and network coordination by 
first looking at approaches taken within a mnnber of existing wireless systems.

3.2 .1  Static  Control Channels - Global System for Mobile 

(GSM)

A popular apjjroach for achie\-ing network rendezvous in cellular systems is the use of 
fix('d fr('(}uency control channels. Under the command-and-control method of spectrum  
management, regulators assign fixed bands of s{)ectrum to individual operators. W ithin 
these bands, static control channels can be deployed. Equipped with a prior knowledge 
of the operating frequencies and bandwidths of these control channels, network devices 
can perform time and freciuency synchronization, obtain network configuration data 
and join the network.

(ilobal System for Mobile (C^SM) is the world's most popular second generation 
cellular technol<jgy. Developed in the mid-1980s by a special working group of the 
Euro])ean Conference of Post and T('l(;comnmnications (CEPT), GSM wa.s introduced 
to the European market in f991 and by 2001 had over 350 million subscribers world­
wide |4|.

Like many conventional networks, GSM Tises fixed frequency control charmels which 
are known in advance l)y all subscriber devices. Due to this static configuration, net­
work rendezvous is achiev(;d in a straightforward manner. Charmels of 200KHz are 
defined within two 25 MHz bands, centred at 902.5 NHlz and 947.5 MHz. frequency- 
di\'ision dui^lexing (FDD) is used with base-subscrib('r transmi.ssions taking i)lace in the 
upper band and suljscriber-base transmissions occurring in the lower band. Forward 
and reverse link channel j)airs are sei)arated by 45 MHz and are identified using absolute' 
radio frequency charmel numbers (AI^P"CN)s. Time Division Multiple Access (TDMA) 
is used within ('ach channel to permit sharing f)etween up to 8 suliscribers. A physical 
channel is thus described using an Af^FCN and a unicjue timeslot (TS).

Thirty  four specific ARFCNs are defined as broadcast channels, used for periodic 
control signalling by f)a.se stations. W ithin the forw'ard link of each l)roadca,st channel 
(BCti), TS 0 is reserved for control signalling, while TS 1-7 are used for regular data  
traflic. The control data broadcast is determined by a repetitive 51-frame sec|uence 
known as a control inultifranie. The GSM control multiframe is illustrated in Fig. 3.1.

W ithin the 51-frame sequence, frames 0,10,20.30 and 40 are used for freciuency
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Control MuRiframe - 51 TDMA Frames - Timeslot 0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 20 21 22 40 41 42

F S B B B a C 0 C 0 F S C C C F S C F S C
-

F; Frequency Correction 

S: Synchronization 

B: Broadcast Control 

C; Common Control 

I: idle

Fig. 3.1: G SM  C on tro l M u ltifra n io . Reproduced from  |4|.

correction , a llow ing  subscribers to  synchronize th e ir  local clocks to  tlie  freciuency o f 

the base s ta tion . S>'Uchronization bursts fo llow  each freciuc'ncy c:ori'ection l)u rs t in  

frames 1,11,21.31 and 41. S ynchron iza tion  bursts con ta in  a  f ram e iiurribcr and a Ixlsc . 

sta tion  rdenfity  code and are used to  ad just subscriber t im in g  according to  the d istance 

from  the base s ta tion . PVarnes 2-5 are used to  broadcast con tro l in fo rm a tion  inc lud ing  

cell and ne tw ork iden tihca tio ri, con tro l channel con figura tion , channels used w ith in  the 

cell and congestion. T lu ' rem ain ing broadca^it tirnc'slots are used for l)aging and acc('ss 

grants on the fo rw ard  lin k  and for random  access on the ri'verse link .

Thus l>y scaim ing a known con tro l channel, a GSM subscriber can achieve tim e  

and frequency synchron ization  and receive con tro l messages about the netw ork con­

figu ra tion  {)rio r to  nc'twork (‘n try . In th is  way, th(' use o f p ( 'iio d ic  s igna lling  on fixed 

frequency con tro l channels provides a s tra igh tfo rw a rd  techniciue fo r achieving netw ork 

rendez\-ous.

3.2.2 In-Band Control Signalling - W iM a x

A n  a lte rn a tive  apj)roach fo r achieving ne tw ork rendezvous is the use o f in -band sig­

na lling . In  th is  case con tro l signals are not broadcast on ly  on fixed frequency con­

tro l channels bu t are ra the r tra n sm itte d  together w ith  data tra ffic  on a ll used chan­

nels. T h is  is the approach adopted for W orldw ide  In te ro p e ra b ility  fo r M icrowave 

Access (W iM A X ) ,  a broadband so lu tion  fo r wireless m e tro p o lita n  area networks based 

on the In s t itu te  o f E lec trica l and E lectron ics Engineers ( IE E E ) 802.16 fa m ily  o f s tan ­

dards |1()|.

A lth o u g h  the IE E E  802.10 fa m ily  o f standards describe a w ide range o f P H Y  and 

M A C  layer op tions  fo r fixed and m obile  access in  bo th  the 2-11 G H z and the 10-6CGHz 

ranges, these options have been reduced to  a s(‘t o f s])ecific prohles for im plem t^nta tion
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OFDM Symbol Number (Time)

DL Burst 2 DL Burst 3

OL Burst 4

RangloQ

Downlink Subframe - - Uplink Subframe -

Fig. 3.2: W iM AX fianic s tructure. Reproducx'd from

hy the W iM AX Forum. Profiles aro defined for fixed and mobile access using a range of 

operating freciuencics, cfiaunel haudwidths and duplexing modes. Network rcndezx'ous 

is achieved within each [)rofile through use of in-band signalling.

W iM AX signals are Orthogonal Frequency Division Multiplexing (OFDM)-l)ased 

and ('(jui\alent uplink and downlink frame structures are specified for b o th  time-division 

(lui)lexing (TDD ) and FD D  implementations. W ith  TD D  implementations, uplink 

and downlink subframes are transm itted  scfjuentially within a  single channel, while 

FDD operation sj)ecifies simultaneous transmission on separate  uplink and downlink 

channels. Th(' TD D  subfram e structures arc outlined in Fig. 3.2. Each frame l)e- 

gins with a preamble, used for time and freciuency synchronization. This is followed 

by a frame control header (FCH) which includes information on frame configuration, 

usable OP'DM subcarricrs, m odulation and coding schemes as well as the s truc tu re  

of the MAI’ messages tiscd to  specify uplink and downlink bandw id th  allocations for 

indi\-idual subscribers. This  is followed by the ui)link and downlink MAI’ messages 

themselves. W iM A X  uses a wide range of m odulation and coding schcmes which may 

be tailored to  suit channel conditions for individual subscribers, however control sig­

nals are t ran sm itted  using a single', highly reliable scheme such as BPSK with 1 2 rate  

coding and repetition  coding.

I 'h is  downlink frame s truc tu re  effectively facilitates subscribers performing lu't- 

work rend('zvous. Upon couuneucing opercition, a  subscriber scans each of the  known
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W 'iM A X  chaiiiiel.s in  tu rn  for frame [)reanibk's. Upon cU'te'ction o f a preanif)le, tim in g  

and freciuency synchron iza tion  is perform ed, a fte r w h ich  con tro l messages m ay l)e re- 

ce i\ed and used to  configure tfie  device p r io r to  netw ork entry. Sul^scribers tfien  enter 

ttie  netw ork using the content ion-basc'd rang ing channel o f the up lin k  subframe.

3.2.3 Dynamic Spectrum Access Networks (DySPA Ns)

N etw ork rendezvous using l)o tf i in -band  con tro l s igna lling  and fixed frecjuency con tro l 

channels depends upon the use o f know n channels w h ich may be scanned for con tro l 

in fo rm a tion . D y S i’A N  systems achieve h ig h ly  effic ient spectrum  use by (k?tecting and 

occupying spectrum  w'hite space - frecjuency f>auds wdiich are u iiocc iii)ied  by o ther 

netwcjrks at given tim es and places. As the a va ila b ility  o f th is  w h ite  si)ace spectrum  

fluctua tes over tim e, the channels us(;d by a l)yS P .'\N  system may not h)e know n in  

a(h'ance and can change uu i)red ic ta f)ly  o\'er tim e  a,s o the r [)r im a rv  and secondary net­

works occupy and \'acate them . U nder these cond itions, more com[)lex techniciues are 

r('qu ired to  pe rfo rm  u f'tw o rk  rendcvA'Ous.

>4---------------------------------  SUPERFRAME 1    — -------SUPERFRAME 2 ---------------------------- ^

1 Incumbent '

2 Vacant [ I Incumbent

Vacant

Preamble

Preamble Preamble

Vacant

Irfcumbent

Time

Fig. 3.3: IE E E  802.22 Suj)erfram e struc tu re . Reproduced from  |6|.

T he  firs t nctw^)rking s tandard  based on the use o f D ySPAN  technology is cu rre n tly  

under develo i)n ient by the IE E E  802.22 w ork ing  group on wireless regional area ne t­

works |58|. The s tandard seeks to  o u tlin e  tlie  P H Y , M A C  and a ir in te rface  fo r use 

by license-exem pt devices on a non -in te rfe rin g  basis in  broadcjrist T V  sp t'c tru m  be­

tween 41 and 910 M H z. A  fixed p o in t- to -rn u lt ip o in t (P -M P ) topo logy is sj)ecifled w ith  

a m in in u n n  peak downstream  ra te  o f 1 .5M bi)s  per subscril)er. A  c r it ic a l r('qu ire rnent 

for th(! s tandard  is the  i)ro tec tion  o f legacy netwcnks o j)e ra ting  in  the same spectrum  

bands in c lu d in g  broadcast TV ' netw'orks as well as o tfie r ser\’ices such as wireless m i­

crophones. In  order to  [)rovide legacy netw ork p ro tection , a system o f d is tr ib u te d  

sensing is proposed whereby spectrum  sensing is perform ed by each suf)scriber device
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and observations within a cell are pooled by the base station in order to reach spectrum  
occupancy decisions.

The draft standard s{)ecifies use of ()FDM-b;ised modulation for both the uplink and 
downlink and network rendezvous is facilitated through use of a specified superframe 
structure, illustrated in Fig. 3.3. At the s ta rt of each su[)erframe is a preaniV)le which is 
us('d for frame detection and synchronization. The preamble is followed by a sui)erfranie 
control header (SCH) wdiich provides all information needed to associate wnth the 
b^usestation and enter the network. A key challenge for 802.22 devices commencing 
operation however, is the detection of those channels ctu'rently in use by the ni'twork.

I'pon  starting up, an 802.22 subscriber w'ill perform a scan of the TV channels 
in order to ])uild a spectrum  occupancy map and identify vacant channels. Each of 
these channels may i)otentially be used by the netw'ork and so each is scanned for 
suj)crframe preambles. Upon detection of a superframe, synchronization is performed 
and the SC'H is used to obtain control information for the; network. Once netw'ork 
rend(!zvous is achieved, the spectrum  occupancy map is provided to the ba.se station 
for use in the distributed sensing process.

Network rendez\ous is also complicated by the use of channel V)onding in the 802.22 
draft standard. Cluinnel bonding is used to achieve the high data rates required by the 
802.22 si)ecifications and involves the sinniltanc'ous use of up to three unoccupic'd TV 
chann('ls, pnn  iding an overall bandw idth of 18 MHz for 6 MHz channels. In i)erforniing 
network rendezvous however, a subscril)er docs not have prior knowledge of the number 
of })onded channels in use by the network. For this reason, the superframe j)reaml)le and 
SC'H used for network rendezvous are transm itted  indei)cndently upon each channel 
used (see Fig. 3.3). Subscriber devices may thus detect transm itted superframes and 
receive SCH control messages by scanning individual channels.

3.2.4 Summary

Looking at a number of the mechanisms used for frequency rendezvous and network 
co(;rdination in ('xisting wireless systems, it can be seen th a t each depends upon i)rior 
knowledge about operating frequencies, channel schemes, signal bandw idths and or 
waveform ])arameters in use w'ithin tha t system. As flexibility in these operating j)a- 
ramet(TS is introducc'd, the challenge of rendezvous and coordination l)ecornes more 
significant. The power of DySPAN systems stems from the ability to introduce exactly 
this form of flexibility. Thus, in order to facilitate rendezvous and coordination in 
DySPAN systems, new mechanisms are reciuired.
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In  the  next section, I exam ine a num ber o f i)ropose(i techniciues and address t lie ir  

strengths and weaknesses.

3.3 Existing Approaches to DySPAN Rendezvous and 

Coordination

Spectrum  ava ilab ih ty  fo r D yS P A N  systems m ay depend upon the occupancy o f o ther 

systems opera ting  in the same s j)ectrum  band, b o th  h ig h e r-p rio rity  p rim a ry  networks 

and o the r (‘( ju a l-p r io r ity  seconcUjry networks. Under thojse conditions, a s ta tic  chan­

nel may not be a llocated and so a fixed freciuency con tro l channel such as th a t used 

in  GSAI networks m ay not be used to  achieve netw ork rendez\'0us and coord ina tion . 

In -band con tro l s igna lling  such as th a t used in  W iA IA X  and proposed IE E E  802.22 

networks offers an a lte rna tive  approach to  th a t o f the fixed freciuency con tro l channel 

by inc lud ing  con tro l tra ffic  togethe r w ith  data tra ffic  in  u p lin k  and dow n link  frames. 

However, th is  approach relies on the  use o f known channels w h ich can b(> in d iv id u a lly  

scanned fo r frames con ta in ing  con tro l data. In  th (' case (jf IE E E  802.22, these channels 

ar(' determ ined by the m ain  wirele.ss system present in  the same spectrum  band, terres­

tr ia l t)roadcast T V . U nder more general dynam ic spectrum  access cond itions however, 

a w ide range o f heterog(>neous networks may be reciuirc'd to  u tilize  the same s i)ec trun i 

band. Th('se networks may use a range o f d iife rin g  channel sclu'mes and may need to  

dynam ica lly  ada[)t channel l)andw id ths  according to  system re(|uirements. Thus, in  o r­

der to  achieve h ig h ly  effic ient spectrum  use, U yS P A N  systems must take advantage o f 

any unoccupied S{)ectrum w hich can be re liab ly  detected and nnist not be constra ined 

by fixed charmel schemes and ca rrie r frequencies. A  so lu tion  to  the challenge o f fre­

ciuency rendezA'ous and netw ork coo rd ina tion  nnist therefore fa c ilita te  device disco\'erv, 

ne tw ork cremation and netw ork e n try  while sui>porting h igh degrees o f f le x ib ility  in  the 

ca rrie r fr<Kin('ncies, signal bandw id ths  and wavc'forms u tilized  by the network.

A  s ign ifican t advantage o f such a h ig h ly  ffcjxible mechanism for rendezvous in  

D yS P A N  systems would be the a b ility  to  ap i)ly  the same ai)i)roach to  a num ber o f 

d iffe ren t heterogeneous networks. D ySPAN  systems m ay com prise a num ber o f h ig h ly  

adaptab le  heterogeneous devices, each capable o f a d o jitin g  a w ide range o f o j)e ra ting  

l)aram eters inc lud ing  c'arrier frecjuencies and signal bandw id ths  as well as waveform - 

specific j)arameters. Such devices are no t confined to  a single netw ork b u t m ay jo in  

a range o f networks, lx ) th  dynam ic and s ta tic , th rough  careful choice o f ope ra ting  pa­

rameters. A  conunon netw ork approach for rendezvous and coo rd ina tion  would p e rm it 

devices to  cpiickly detect the i)resence o f a ll com patib le  networks in  a given loca tion , 

choose tha t which is most suitc'd to  its  reciuirenients and ix ir fo rm  rendezvous.
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One suggested approach for fac ilita ting  the levels o f co-ordination required is the 

use o f a static connnon control channel over which systems could negotiate access to 

available s]:)ectruin |59, 60, Cl|. However, the conanon control channel approach has a 

number o f significant drawbacks.

The firs t of these is the assumption of continuously available si)ectrurn on which 

to host the control channel. In a DySPAN environment, the spectrum available for 

use may change dynam ically due to  the occupancy o f other systems. Under these 

conditions, it  may not be possible to  allocate a fixed contro l channel and an a lternative 

mechanism for coordination is required. Secondly, in  order to  access the common 

control channel, all DySPAN systems nmst agree upon and support a predefined set of 

waveforms, parameters, frame structures and access protocols to be used. By employing 

a less restrictive and conii)lex mechanism for coordination, it may l)e possible to perm it 

a greater range o f wireless system types to  take i)a rt and access the availai)le spectrum. 

Furthermore, a connnon control channt'l pos(!s a performance bottleneck and single 

point of failure for all networks emi)loying it.

An a lternative aj^proach |G2, 63] involves the use o f local control channels which 

are dynam ica lly assigned w ith in  cognitive node clusters. W ith in  a node cluster, spec­

trum  ava ilab ility  may be consickned uniform  and a contro l chamiel may be allocat(;cl. 

However, the successful creation and maintenance o f these node clusters invoh’es con- 

si<lerable additional network com plexity and overhead.

Cordeiro and C’hallapali |64| propose the use o f a rendezvom channel (RC) in order 

to coordinate nm lti-channel DySPAN systems. Th is channel is dynam ically chosen 

in a distributc 'd ffisliion and a backup channel system is used to provide robustness. 

However, the cognitive medium access control (IMAC) ])rotocol [)roposed relies upon 

the use o f a known channel scheme as a beaconing and channel scanning system is 

emi)loyed for in it ia l choice o f the RC.

A system using frequency domain decision statistics is suggested by Horine and 

Turgut |65|. The approach involves transmission o f an a tten tion  signal w ith  an ea.s- 

ily  identified spectrum in  order to  achieve lin k  rendezvous. L istening nodes scan the 

spectrum band of interest, using fast Fourier transform  (F F T ) processing to perform  

frc(iuency dom ain detection of the a tten tion  signal. The authors propose the use of a 

double-sideband signal, am plitude modulatcxl w ith  a set of discrete tones at si)ecific 

relative am plitudes and offset freciuencies. These particu la r tones arc used for iden- 

tilic.ation. VVhik' this low-coni])lexity ap[)roa(di would facilita te  rendezvous between 

heterogeneous L^ySPAN ckn'ices w ithou t the need for a i)r io ri knowledge about a wide 

rangf! of operating parameters, it  suffers from  a number of drawbacks. The firs t o f these 

is an intolerance to  noise in general and frequency-selective fading in particu lar. Any
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c iis to rtio ri o f the  specihcd tones may resu lt in  a missed detection. Furtherm ore, the 

use o i a dedicated l)eacouing signal reciuires a l)eac'oning node to  transm it at the same 

tim e  and opera ting  frequency being scanned by a lis ten ing  node. Once a connnunica- 

tions lin k  is estab lis lu 'd , no mechanism is s[)ecified to  sup[)ort rendezvous by a th ird  or 

subse(]uent devices. Poison |66| likens th is  use o f beac<jning to  two men searching for 

each o the r w ith  flash lights, a m ile  a j)a rt on a nuxniless, dark  n ight in the m idd le  o f a 

desert.

3.4 Summary

In  th is  chapter I have exam ined the challenge o f frecjuency rendez\ous and netw ork 

coo rd ina tio n  fo r D yS P A N  systems. B y exam in ing  a num ber o f nu;chanisms used to 

overcome th is  challenge in  current networks, I have shown tha t current approaches 

ty p ic a lly  re ly  upon p r io r  knowledge' o f ope ra ting  frequencies, signal bandw id ths, chan­

nel schemes and o r  waveform -specific param eters. D yS P A X  systems promise v(.>ry high 

levels o f spectrum -use efhciency th rough  sharing spectrinn  resources w ith  o the r net­

works w h ile  avo id ing the creation  o f ha rm fu l interference. In  ord('r to  do th is , they 

nmst be cai)a})le o f dynam ica lly  adap ting  s o i i k '  o f these opera ting  parameters which 

are ty p ic a lly  hxed in  conventional systems. W ith  tlu ; in tro d u c tio n  o f th is  f le x ib ility  

conies the challenge o f D yS P A N  rendezvous and coord ina tion .

I’lie  first rc'quirt'HKuit foi' a D ySPAN  rendezvous and coord ina tion  mechanism is a 

(k'gree o f independence from  the dynam ic i)aram eters o f the system. B y develoi)ing 

a tech iii( iue  w h ich  can lie  employed w h ile  o ffe ring  s ign ittcant fle x ib ility  in  opera ting  

l)aram eters, tlu* pow('r o f the system to  ada j)t and reconngure can be preserved. A n y  

coo rd ina tio n  technique w ill,  by de fin ition , require  some features o f the system to  rem ain 

constant. However, i t  m ay be possible to  keep these i)a rticu la r feature's cf>nstant w hile  

a llow ing  some fundam enta l param et('rs o f the  system to  be dynam ica lly  adapted.

D yS P A N  systems are like ly  to  operate in  spectrum  bands which are shared w ith  

o the r heterogeneous wireless syslems. T h is  issue fu rth e r com plicates the process o f 

rendezvous and coord ina tion . R ather than  s im p ly  de tecting  and synchron iz ing w ith  

a signal o f in terest in  one o f a num ber o f know n channels, D ySPAN  devices nm st 

detect a signal o f in terest (SO I) received a t any ope ra ting  freciuency w ith in  th a t sharexl 

spectrum  band. F urtherm ore , they m ust be capable o f un ique ly ide n tify in g  th a t SOI 

as be ing tra n s n iilte d  by a m em ber o f a ne tw ork w ith  w hich they can jo in . Fo llow ing 

id e n tifica tio n , they m ust synchronize w ith  the SOI in  frequency and tim e  in  order to  

estab lish a com m unica tions lin k .
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3.4 SUMMARY 51

In addition to these challenges, a techniciue for DySPAN rendezvous and coordina­
tion must involve relatively low complexity, yet must perm it rendezvous to be achieved 
within a minimum tinu'frame and with a considerable degree of roljustness.

The development of an ideal technique which succcssfvilly meets each of these cri­
teria poses a significant challenge'. However, DySl’AN syst('ms are enabled by the 
considerable power and flexibility of softw'are-defmed radio (SDR) and today’s digital 
signal processing capabilities, which place a range of powerful tools a t our disposal. One 
such tool is cydosiationary signal analysis. In the next chapter, I examine cyclosta- 
tionary signals, a number of the ways in which they can be processed and analysed and 
I discuss ways in which they can be leveraged to overcome the challenge of frequency 
rendezvous and network coordination for DySPAN systems.
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4. CYCLOSTATIONARY SIGNAL ANALYSIS 53

4. CYCLOSTATIONARY SIGNAL 
ANALYSIS

4.1 Introduction

In  tlie  previous fh a i) te r. the  challenge o f rc'ndezvous and eoord ina tion  in  D ynam ic 

S pectrum  Access N(;tvvorks (D ySPAN s) was ou tlined . I t  was seen th a t the  challenge 

l)ecornes m ore s ign ilican t w ith  th(> in tro d u c tio n  o f H e x il) ility  in  the  fundam en ta l o})er- 

a tin g  param eters o f a wireless system. As the power o f D yS P A N  systems stems from  

precisely th is  type  o f fle x ib ility , new technic|ues fo r achieving rendezvous and coord i­

n a tion  ar(' re(ju ired.

One too l w ith  considerable p o te n tia l f(;r use in  the development o f a rendezvous 

mechanism fo r D yS P A N  systems is cij d o  s ta t ionary  signal analysts. M any  o f the corn- 

nm uica tions signals in  use today m ay be m odelled a« cyc los ta tioua ry  })rocesses due to  

the presence o f in i]) l ic it  i)e riod ic ities . These period ic ities  are caused by the cou])ling 

o f s ta tio n a ry  message signals w ith  i)c riod ic  sinusoida l carriers, pulse tra in s  or repeat­

ing  codes as well as i)rocesses such as sam pling and rm iltii) lc x in g . U sing uon-linear 

trans fo rm a tions , the  cyc los ta tiona ry  properties o f a signal can be detected and lever­

aged to  aecoin])lish key tasks in c lu d in g  signal detection  |67, 68), c lassifica tion  |G9, 70|, 

synchron iza tion  |71, 72] and equa liza tion  |73, 74|.

In  th is  chapter I in troduce  cyc los ta tiona ry  signal analysis and exam ine some of 

the  ways in  w h ich  the technique may be employed in em erging D yS P A N  systems. 

Section 4.2 addresses the concepts o f s ta tio n a r ity  and cyc lo s ta tio n a rity  and presents 

the  k('y functions  used to  exam ine cyc los ta tiona ry  signals. In  Section 4.3, some o f the 

ways in  w h ich cyc los ta tiona ry  signal analysis is employed in  connnun ica tion  systems 

today are exam ined. Some p o te n tia l app lica tions o f cyc los ta tiona ry  signal analysis in 

I ) \  SPAN systems arc; discussed in  Section 4.4. Section 4.5 concludes the chapter.
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4.2 Cyclostationary Signals

4.2.1 Stationarity and Cyclostationarity

M uch o f classical signal processing theory  is basc'd u jjon  tlie  use o f a stationary ' signal 

model, i l l  w h ich  the second and h igher order s ta tis tics  o f the  signal are d(>enu'd to 

l)e constant over tim e. However, inherent pe riod ic ities  w h ich underlie  m any o f the 

n a tu ra lly  occu rring  and m an-m ade signals ty i) ic a lly  ('iicountered cause the s ta tis tics  

o f tliose signals t( j vary ])e riod ica lly  w ith  tim e. These signals are more approi>ria te ly 

modelled ti.s cyclostationary.

A signal is cyc lo s ta tio iia ry  w ith  order n i f  and on ly  i f  there exists some /ith -o rd e r 

nonhn('ar tra n s fo rm a tio n  o f th a t signal w hich w ill g(’iie ra te  lin ite -s trc 'ng th  a dd itive  s iiuv 

wave com ponents 175|. A  signal, x{ t ) .  is said to  exh ib it sccond order  cvc los ta tiona rity  

i f  its  mean and au toco rre la tion  are period ic  w ith  some period, 7o |7G|:

/ /x(/ +  ^o) =  / ' . ( 0  (4.1)

/«■,.(/+  7 i „ r )  =  /?.(/,, r )  (4.2)

Here the mean, n,r{t)  and t lu ' autocorre la ti(M i. Rj . \ t , T )  ar(' defined as:

f i A t )  =  l^[r{ l ) ]  (4.3)

t )  =  E[ . r { t )x* { t  -  r ) ]  (4.4)

where £ ’[.r(^)] denotes exiiected \-alue o f x{t ) .

' I ’his d e fin itio n  o f signal cyc l( js ta tio n a rity  can !)(> illu s tra te d  by way o f an example, 

r<‘produc('d here from  |77|. Fig. 4.1 illus tra tes  a random  b ij)o la r rectangu la r })ulse 

sequence, w ith  keying i)e riod  I q illustratc.'d as r .

In  de riv ing  the au toco rre la tion  o f a process on the basis o f the  p ro b a b ilis tic  de fin i­

t io n  (as in E(p 4.4), a s ta tio n a ry  or cyc los ta tiona ry  model may be adopted dej)ending 

u j)on the d e fin itio n  o f the  ensemble used. A n  ensemble is an im ag ina ry  set o f an in f i­

n ite  num ber o f instances o f the j)rocess under consideration. In  the case o f the  ];ip o la r 

rectangu la r pulse seciuence w ith  pe riod  Tj) and am p litude  -1 or 1 illu s tra te d  in  F'ig. 4.1, 

a ll num ihers o f the  ensemble w ill have the same period and am p litude  bu t w ill have 

d iffe ren t random  da ta  sequences.

In  order to  adopt a cyc los ta tiona ry  m odel, the tem pora l re la tion  between members 

o f the ensemble is key. P a rticu la rly , i f  members o f the ensemble are synchronous

P h .D . T hes is Septcinl>(,T 25, 2(K)8
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x(t)

--------- W  W

To

>  t
-‘T» To T o -2To -To 0 To 2' fo 3'

.A . A .

0̂ 4T„ 5Tfl

Fig. 4.1: Autocori(!latioii of a b ipolar rect angular square pulse sequence.

(symbol transitions occur a t the sam e tim e) then  the  cyclostationarity  of the  process is 

pres('rv('(l. However, if iiK'mlx'rs of the  ensem ble are asynchronous (there exist random  

pha.se differences betw een m em bers), phase random izations arc; introduccxl, the  innate 

periodicity  of the  procc'ss is lost and it becom es stationary . T his iss\ie of synchronous 

cmsemble membc'rs is illustratc 'd in Fig. 4.2 and Fig. 4.3.

Fig. 4.2(a) shows two membc^rs of an ensem ble w ith synchronous sym bol transitions. 

In this ca.se, cyclostationarity  of the signal is j)reserved. T he tw o-paranietcr autocorrc'- 

lation illustratc 'd in Fig. 4.2(b) shows the  tirncvvariant propertic's of the autocorrc'lation 

function. From this function, it can be seen th a t the au tocorrelation  is periodic w ith 

period dei)endent upon th e  lag r .

On the  otluT  hand, Fig. 4.3(a) sliows asynchronous ensem ble m em bers, leading to 

a loss of cyclostationarity . This results in the timc;-invariant triangu lar autoc’orrelation 

illustratc;d in Fig. 4.3(b).

The non-{)robabilistic c'quivalent of enseml)le avc;raging is tim e averaging, w'here 

a signal is averaged w ith tim e-shifted versions of itself. In the  case of synchronous 

averaging, these tim e shifts c:omprise an  integer num ber of sym bols and so syrnl)ol 

transitions rcnnain concurrent and signal cyclostationarity  is preserved. How’ever. w ith 

a.synchroncjus averaging, random  pha.se shifts are in troduced, remcn'ing the  iin iate  pe­

riodicity <jf the  signal and m aking it stationary .

As the  au tocorre la tion  of a cyclostationary  signal is ix 'riodic in tim e, it accepts a

St'p lcinber 2'). 200K Ph.D.  T hesis



50 4. CYCLOSTATIONARY SIGNAL ANALYSIS

x(t)

T „  -2To ■Tn P Tn 2t„ 3to 4To 5Tu

-I

x(t)
A

-5To - To -3T„ To 1 H c [) Fo 2’ r „  3T„ 4 r n 5'

(a) Synchrt)iiim s ('iise inh le iiicn ibe rs . k 'ading' to  |)rcsc rva tii) ii of cyc lo s ta tiou a rity .

R ,(t. X)

(Ij) A u to c o n e la tit) i i o f  c y d o s ta tio n a ry  rec ta n g u la r puls(; s(;ciiu!iicc

Fig. 4.2: C ydosta tio iia ry  modelling of a b ipolar rectangular pulse sequence.
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x ( t )
A

! Tn T f -2t „ ■Tn J To 2To 3To 4To 5To

-I

X ( t )

-3T

(a) A syiichroncnjs ('iise iiib lo  ineniber.s, le<i(ling to  loss of (■yclostatioufirity .

R x ( t ,  x )  

A

-2T

(b ) A u to c o rre la tio n  o f s ta tio n a ry  rec ta n g u la r pulse sec[uonce

Fig, 4.3: S ta tio n a ry  ino (l(;lling  o f a h i[)o la r rectangu la r iMilso scqucnc-c.
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Fourier series expansion |7Gl:

(4.5)

where { a }  inchides a ll values o f a  in  the p rinc ipa l dom ain ( —:^.^] for which the cor­

responding Fourier coefficient is not id e n tica lly  zero ;is a fu n c tio n  o f t . The Fourier 

coefficients, /?" w ill be non-zero on ly  a t \a lues o f a  which ecjual a period o f the  au­

toco rre la tion  function . I f  is non-period ic , a ll coefficients o f the expansion w ill

be zero except fo r H[l. 'lliese! coedicients therefore' n'present t i i ( “ cyc los ta tiona rity  o f a 

signal in  the tim e  dom ain  and are know n as the cycl ic autocorrelat ion funct ion  (CAF'J:

The id e n tity  a  is know n a*s the cycl ic frequency.  T lu ' set o f values o f o  for which ^  0 

is know n as the cycle spectrum .

W h ile  the CAF" m ay l>e used to  exam ine signal cyc lo s ta tio n a rily  in  the tim e  do­

m ain, it also reveals the im i^act o f tha t cyc lo s ta tio n a rity  in the freciuency dom ain. PVom 

Eq. 4.7. it can be seen th a t is the signal .r{t)  sh ifted  in tlu ; frtKjuency do­

m ain  by (y. Therefore, the cyclic  autocorre la ticm  o f ./ ( /)  is s im j)ly  the cross-corre lation 

between the signal and a freciuency-shiftc'd version o f itse lf. I f  a signal x ( t )  is cyclosta- 

tio n a ry  w ith  cyclic frecjuenciy cv. there exists a non-zero co rre la tion  between th a t signal 

and a version o f itse lf, sh ifted  in frecjuency by a-. T h is  is known as spectral cor relat ion  

and is th ( ‘ frequency dom ain m an ifes ta tion  o f cyc los ta tiona rity . Spectra l co rre la tion  

and the sftecfrurn correlat ion function, (SCF)  us(;d to  analyse it  are exam ined in  the  

next section.

4.2 .2  Frequency-Dom ain Representation : Spectral Correlation

In  the freeiuency dom ain, signal c yc lo s ta tio n a rity  m anifests as a co rre la tion  p a tte rn  

in  the spectrum  o f the signal. These co rre la tion  pa tte rns m ay be exam ined using the  

Fourier transfo rm  o f the  C A F , the s jje c trum  co rre la tion  fu n c tio n  (SCF) |76|:

For cyc lic  frequency a  =  0, the and SCF reduce to  the con\'entional au toco r­

re la tion  func tion  and power spectra l density  respectively, re la ted by t lu ' w e ll-know n

=  E[x { t ) . r * { t  — t ) (

(4.6)

(4.7)

(4.8)
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Wieiier-Kliiiichiri thooroni |78|.

-2

Cyclic F re q u en cy  { a  T̂ j)
S p ec tra l F re q u en cy  (f T^)

(a) SCF of a basebaiK] BPSK signal

12 S p ec tra l F re q u en cy  (f T )
Cyclic F re q u e n c y  (a  T^)

(h) SCF of a pa-sshaiul BPSK .signal 

Fig. 4.4: Sjx'ctral forrela tion functions of baseband and passband BPSK signals.

Many of the  (,‘oniuuuiications signals in use today exhibit cyelostationarity  due 

to the j)rocesses us('d in their generation. While a message secjuence in itself m ay be
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GO 4. CYCLOSTATIONARY SIGNAL ANALYSIS

s ta tio u a iy . innate  pe riod ic ities  are in troduced  tiiro u g h  cou[)iing  w it i i  sinusoidal carriers, 

re])eating pulse seciuences or repeating  codes. C yc los ta tiona ry  features are also created 

by processes such as san ii)ling , n u ilt ii) le x in g  and, in  th (' case o f O rthogonal FrcKjuency 

D iv is ion  M u ltip le x in g  (O F D M ), the  use o f a cyc lic  pn -fix . One o f the key benefits 

o f cyc los ta tiona ry  signal analysis is the  a b ility  to  use these features to  derive useful 

in fo rm a tio n  about the  processes whic'h cause them .

F ig. 4.4 shows the SCFs assoc'iat('d w ith  baseband and passband b ina ry  phase shift 

keying (B P S K ) signals. E xam in ing  the SCF fo r baseband BPSK in  Fig. 4.4(a), we 

can see the power s i)ectra l density  (PSD ) o f the  signal at cyclic fre(iu(‘ncy rv =  0. 

The  rectangu la r j)ulse shape o f the  tim e-dom a in  signal gives rise to the sinc^ i x)  shape 

seen in  the frequency dom ain. In th is  example, the  baud rate.' o f the signal is 1. 

Accord ing ly, a cvc los ta tiona ry  featiu 'e associatt'd w ith  th is  baud rate can be seen at 

the  cyclic freciuency «  =  1. H arm onics o f the  baud ra te  also give rise to cyc los ta tiona rv  

features, these can be seen at in teger nm ltip les  <jf the  base cyclic  fretiuency o  =  2. 3, 4....

In  add ition  to  features associated w ith  the  signal baud rate', features aris ing due to  

the ca rrie r frecjuency o f a passband BPSK signal can be .seen in  Fig. 4.4(b). In  th is  

exam i)le. a carrier frequency o f — ITIi is used. T he  res id ting  c \c lo s ta tio n a ry  feature 

can be s(>en at a  =  2F^ =  87y.

T h rough  exam ination  o f the pa tte rns  o f s jie c tra l co rre la tion  |)resent in a signal, a 

great deal o f m fo rm a tion  can be deri\'ed about th a t signal and the j)rocesses us(,'d to  

generate it. In  the case o f a B P S K  signal, we ha\'e s(>en th a t these' cyc los ta tiona ry  

features can he used to  determ ine b o th  the baud rat(> and the carrie r fre(|uency. In  

th is  w'ay. cyc los ta tiona ry  signal analysis can be used to  achieve b lind  receiver s y n c h ro  

n iza tion  [71. 72|.

T he  SCFs for baseband and passband B PSK can be com i)ared w ith  those for 

quadra tu re  phase sh ift keying (CJPSK) in  Fig. 4..5. W h ile  the baseband features o f 

b o th  signals can I)e seen to  be iden tica l, the  SCF o f the passband (^PSK exh il) its  no 

ca rrie r freciueiicy-related features. T h is  can be expla ined by th(' fact th a t B P S K  is 

a real signal, w ith  conste lla tion  po in ts  w h ile  C^PSK is a com plex signal w ith

conste lla tion  po in ts |1 ■ i. 1-i, -1 i, - l - i | .

As a real signal, baseband B P S K  e xh ib its  re flective  sym m etry  about the  zero fre- 

(luency axis. However, being com plex, baseband C^PSK does not exh ib it th is  synunetry. 

For pa.ssband signals, pos itive  and negative freciuency com ponents arc; i(41('ct('d about 

the zero freqiiency axis. The baseband synnne try  o f B P S K  means th a t s ign ifican t cor­

re la tion  exists between i>ositive and negative frecjnency com ponents separated by tw ice  

the carri(‘r fn*(}U('ncy. As C^PSK does not e x liib it th is  ri'flec tive  synm ie try , com po-

P h .D . I 'l ie s is S e p te m be r 2 5 , 2(K)8
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-2

Cyclic Frequency (a T̂ j)

(a) SC'F of a basrf)aiul QPSK signal

Spectral Frequency (f T^)

12 Spectral Frequency (f T )
Cyclic Frequency (a

(h) SC.'F of a passlMiiul Q PSK  signal 

Fig. 4.5; S jx 'c tra l  correlal ion func tions  of l>ascl)and and  pa.ssband Q P S K  signals.
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iie iits  separated by 2F^ are uncorre lated and cyc los ta tiona ry  features due to  the ca rrie r 

frequency do no t occur.

A lth o u g h  the  power spectrum  for BPSK and Q PSK signals are very s im ila r, i t  can 

be seen th a t th e ir  spectra l co rre la tion  properties are ({uite d ifle ren t. " l lu ‘S(' d ifiereric(‘s 

can be observed using cyc los ta tiona ry  signal analysis and so th is  aj)j)roach can be 

used to  d iffe ren tia te  the  two. In  the same way, m any o f the  m odu la tion  schemes 

employed in  com m unications signals exh ib it d is tinc t s i)ectra l co rre la tion  properties 

w hich can f>e determ ined th rough  cyc los ta tiona ry  signal analysis and used to  perform  

signal c lass ifica tion  |69, 70|.

4.2.3 Measurement of Spectral Correlation

M uch o f the  in it ia l w ork dem onstra ting  the i)ower o f cyc los ta tiona ry  signal analysis 

when app lied  to  wireless connnunications was carried out })v G ardner and his col­

leagues |75. 79, 80, 8 f|.  In  |82|. the issue o f spectra l co rn 'la tio n  measurement was 

addressed.

In  discussing the mcii-surement o f s j)ectra l corre la tion , G ardner showcxl tha t es­

t im a tio n  o f the spectrum  co rre la tion  func tion  (SCF) for a tim e  series e x h ib it in g  cy­

clostat io n a r ity  can be perform ed using bo th  tim e -sn io o lIkmI and frequency-sm oothed 

a])proaches. The tim e-sm ooth ing  approach involves use o f the tim e-sm oothed cyclic  

cross periodogram  (T S -C C P ), which has been shown to  be a consistent, a -sym ptotica lly 

unbiased and com plex no rm a lly  d is tr ib u te d  es tim a to r for the cyclic  spectrum  |83|:

where A 'l /A / ( ^  (') is the  com plex envelope o f the  narrow  band-pass com ponent o f x{ t )  

w ith  centre frequency v and approx im ate  ba n d w id th  A / :

/ ■ t + l / 2 A f

X i / A f { t . v ) =  /  (4.10)
J t - \ / 2 A f

G ardner showed th a t th is  approach is com ple te ly c (iu i\a le n t to  the frecjuency- 

srnootlied approach, using the  frequency-sm oothed cyclic cross periodogram  (PS-CC’P);

/  +  r v /2 ) A '* ^ ( 7 .  /  -  a / 2 ) d t  (4.9)

1 1

Here, A '^ ( ( / : , / )  is defined by 4.10 w ith  1 / A /  replaced w ith  A ^
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By illustrating the ('quivalcnce of the  tim e and frecjueney-smoothed approaches for 

si)ectral correlation ineasvuement, G ardner  provided a unifying theoretical framework 

for cyclic si^ectrum estimation. A key a.spoct of this framework addresses the  reliability 

with which spectral correlation estimates m ay l)c m ade using either approach. Specifi­

cally, G ardner  showed th a t  in order to minimize random  effects and increase es tim ate  

reliability, the  temporal-si)cctral resolution product must greatly exceed unity:

A t A f » l  (4.12)

Here A t  and A /  are the  temporal resolution  and spectral resolution  respectively. Due 

to  us(' of the Foiuier transform, the spectral resolution capaljility, A / ' ’ of a cyclic 

periodogram mea.surernent is on the order of the  reciprocal of duration 1 /7 ’ of th(' 

series which is transforuK'd:

(4.13)

T he tem[)oral resolution cajjability, A/'^’ is determ ined Ijy the lengt h of the  tim e integral, 

T:

A f” =  T  (4.14)

Coml)ining these, it can be seen tha t  the  tem poral-spectral resolution i)rodnct is ap ­

proximately imity for any gi\'en \'alue of T:

A^‘' A / " ^ 1  (4.15)

How('ver, in i)erforming spectral correlati(jn measurem ent, the jjrocess of sm oothing 

will in\olve a reduction in one of these two resolution capal)ilities. In order to ensure-

that, random ('Ifects are minimized, substantia l smoothing is recjuired. Thus, for time-

smoothing,

A t  »  1 / A /  (4.1G)

and for frequency-smoothing

A / » 1 / A i  (4.17)

Thus, for both  ai)i)roaches, the temi)oral-spectral resolution product iiuist greatly  ex­

ceed unity:

A / A /  > >  1 (4,18)

This relationship betwc.'cn the temi)oral and spectral resolutions of a cyclic spc'c- 

t rum  estim ate  has a significant bearing upon the observation tim e required to  reliably 

estim ate  a gi\'en cyclostationary features. Specific:ally, as the sj^ectral resolution needed 

to  r('solve a fV^ature decreases, the  overall observation time rexjuired to  perform reliable
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('stiinatKJM iiK.Tcascs and vica-versa. The' significance o f t l i is  tradc'-o ff in (he- ccjntext o f 

D ySPAN  rendezvous and coo rd ina tio n  is address(;d in  tiie  next chapter.

W h ile  the  TS -C C P  and FS -C C P provide estim ates o f the cyclic spectrum  for a tim e 

series, it  is o ften useful to  exam ine the spectral cohercnce exh il)ited  by a series. Th is

is achieved th rough  use o f the autocoherence func tion  (A F ):

S’“  ( f  'If ]  = ________________'___________ (4 i()\
[ 5 ' ' ( /  +  a /2 ) S '^ ( / - a /2 ) l^ / ^   ̂ ‘

The AP" is constra ined to  the range |0.1| and is the time-av('rag('d corre la tion coefficient

for frequency com{)onents o f j-(^) sei)arated by «.

A  recognized lim ita t io n  of cyc los ta tiona rv  signal analysis is the com pu ta tiona l com­

p le x ity  w h ich is typ ica lly  entailed. T h is  com p lex ity  arises due to  the large numb(;r o f 

co rre la tion  c-omputations recjuired in order to  estim ate the cyclic spectrum  across a 

large region o f the bifreciuency ( / - a )  plane. T h is  com pk^xity is incn'ased by the need 

to  oversaniple the signal (jf int('r('st (SO I) in order to perform  cvc losta tiona ry analysis. 

In  order to  successfully analyse the spectra l redundancies exhibitc'd by cyc losta tiona ry 

signals, these signals must be sampled at a rate greater than  N y(i\iis t. I f  a signal's 

b a n d w id tli is no greater than  the N yqu is t bandw id th  [ — there is no dup lica ­

tion  o f in fo rm a tion  w ith in  the signal. In  th is  case there can l)e no spt'c tra l co rre la tion  

and therefore' no cyc los ta tiona rity .

One approach for reducing the com pu ta tiona l com p lex ity  recjuin'd for cyc los ta tion ­

ary signal analysis involves reducing tlu ; b ifr('(|uency i)lan(> s(;arch space. I f  the cyclic 

features o f a signal can be estim ated in advance, there may be no ne('d to estim ate  the 

fu ll (‘yc lic  spectrum  of th a t signal. B y choosing a sm all range o f spectra l and cyclic 

frequencies, the con i[)u ta tion  required for analysis can be; s ig n ilica n tly  reduc(;d.

W h ile  com pu ta tion a l com p lex ity  is s t i l l  a key issue, i t  has become less o f a barrie r 

over the past decade as a result o f s ign ificant increases in  the  i)roc(!ssing power available 

across a range o f p la tfo rm s. Furtherm ore, the (leveloi)ment o f co m pu ta tion a lly  efficient 

a lgo rithm s for cyclic spectra l analysis has also served to  reduce the com p lex ity  asso­

ciated w ith  cyclic spectra l analysis. Using the TS-C C P as a basis, R oberts et al |84| 

descrilx ' a num ber o f such a lgorithm s. T h e ir ai^i^roaclies take advantage o f the  h igh ly  

efficient fcist Fourier transfo rm  (F F T ) a lg o rith m  in order to  i)erform  spectra l analysis 

and to  reduce the com p lex ity  a,ssociat(;d w ith  the tim e-sn ioo th iug  process.

Ph.D. Thesis Septemlxjr 25. 2(K)8
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4.3  Applications of  Cyclostationary Signal Analysis

4.3 .1  Overview

Periodic pheiioiuena give rise to cyclostationary signals in a diverse range of areas 
including telecornnnniications, telemetry, radar, sonar, mechanics, radio astronom y and 
econometrics. W ithin these areas, cyclostationary signal analysis has been successfully 
ai)plied to overcome a broad range of challenges. Comprehensive surveys of the use of 
cj’clostationary signal analysis in these aretis can be found a t |85| and |86|.

In this section however, I focus on the use of cyclostationary signal analysis in 
wireless communications systems. Speciftcally, I address the areas of signal detection, 
chussification, synchronization and equalization as well as cyclic W iener or freciuencv 
shift (FRESH) filtering. The advantages of leveraging signal cyclostationarity in these 
contexts are outlined and key researc'h contributions are discussed.

4.3 .2  Signal Detection and Classification

In the area of signal detection for wireless conuimnication systems, three broad cate­
gories of d('t('ctors can be id(‘nlili('d. Tlu^s(' are non-coherent energy detectors, feature? 
detectors and coherent detectors such as matched hlters.

Radiometric or eru'rgy detectors r('quire little or no prior information about the 
signal to be detected, however they suffer from a number of recognized drawbacks. In 
particular. radi(jmetric approaches tyi)ically exhibit sensitivity to noise and interfer­
ence uncertainty which severely limits their performance. Energy d('tectors are also 
\e ry  limited in the amount of information which can be obtained about a detected 
signal of interest (SOI). O ther than registering the i)resence of a signal, this approach 
cannot be us('d reliably to measure or exploit timing or phase properties of the SOI 
or to determine oj)erating param eters such as carrier frequency, signal bandw idth or 
modulation scheme.

In contrast, c(iherent detectors such as matched filters use prior knowledge of an 
SOI to achieve detection j)(;rformance above and beyond tha t provider! by non-coherent 
approaches. However, these detectors are typically tailored to specific signal types and 
cannot be api)li('d gcncu'ally. While coherent approachf's can be successfully applied for 
signal classification, a unique matched filter is tyj^ically required for each signal type 
to be classified.

Between the two extremes of energy detection and matched filt('ring, general cy- 
elostationary featun; det(;ctors may l)e employc'd with limit('d prior knowk'dge about
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the SOI and yet can be used to determine and explo it specific signal [)roi>erties to 

achieve improved detection performance over ecjuivalent radiom etric ajiprcjaches. This 

fle x ih ility  of cyclic-feature detection stems from the wealth of in form ation  which can 

be derived from the cyclic spectrum of a cornnmnications signal.

I t  luis been shown that cyclic feature detectors may be used successfully to detect 

low-powered signals in the i>resence o f noise or interferers and to differentiate between 

and classify in terfering signals. This is made possible by the d iscrim inatory capabilities 

of the cyclic spectrum. Signal featvues which overlap in  the power spectrum due to 

interferenf'e often 0('cur at discrete cyclic frequencies and so can be independently 

identilied and used for detection and cUissification. Sim ilarly, while signal features 

may be obscured by noise in the j)ower spectrum, this noise is frequently uncorrelated 

at cyclic fn'cpiencMes above zero and so cyclic features o f the signal may be identified 

using the cyclic spectrum.

These key advantages o f cyclic feature detectors are examined by Gardner in 167|, 

where a unify ing framework for feature detection is developed. Using th is framework o f 

the si)ectral correlation theory of cyclostationary signals. Gardner shows that re la tion­

ships i)etween a wide range of signal detectors can be established and direct comparisons 

can be drawn. The main drawbacks associated w ith  radiom etric approaches to  signal 

detection are ou tliiu 'd  and the performance advantages o f cyclic feature detectors are 

illustra ted  using receiver oj)erating characteristic (ROC) performance c‘omparisons.

The advantages of cyclic feature detectors arc' fu rthe r examined in |68|. Here, com­

parisons are made betwc'en four detector tyi)es for sjjread-spectrum i>hase shift keyed 

(PSK) signals. The detectors comi)ar('d are the optinnnn radiometer, the optinunn 

radiometer featuring noise level estim ation and maximum signal-to-noise ra tio  (SNR) 

feature detectors for chii)-rate and doubled carrier-frequency related features. ROC 

performance is used to show tha t the cyclic feature detectors outperform  both  radio- 

m etric approaches.

More r(X'ently, Tandra and Saliai |87| have performed performance comparisons for 

each o f the detector categories listed above. In particu lar, the authors rlefiiie SNR walls 

a.s fundam ental sensitiv ity lim its  which exist for all detectors in  wireless environments 

due to  na tm a l model uncertainties. These SNR walls are derived for each category 

of detection algorithm  and used for comparison. I t  is shown that the SNR wall for 

cyclic feature detectors outi)erform s tha t for energy detectors but falls short o f tha t for 

coherent detection using a matched hlt.er.

In  the area of signal chvssification, the benefits of cyclostationary signal analysis 

are well recognis(,‘d. W hile  many o f the signals used in wireless connnunications have
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siiniiar [)o\ver sfxx tra l (knisities, their cychc features arc frequently very different. T his 

wtus seen in the case of BPSK and Q PSK  signals in the  previous section, Cychc 

features associated witli a much wider range of analog and digital m odula tion  types 

are exam ined in |80, 811 and |88|. By taking advantage of these unique cyclic features, a 

classifier can achieve high levels of perform ance a t low SNR values while using relaxed 

inform ation on the  specific signal i)aranieters being detected.

Classifiers employing neural netw^orks and cychc feature detectors are i)roposed 

in |69| and |70|. Fehske et al proj)ose the  use of the  a-profile defined as;

pro f i l e {a)  =  m ax[C"] (4.20)

where is the  AF described in Section 4.2.3. In th is way the am ount of cychc 

spectrum  da ta  which rinist be i)rocessed by the  neural network can be significantly 

reduced. This approach is extended to  include the  use of the  spectral fn'cjuency profile 

defined as:

p r o f i l e i f )  =  niax[C"] (4.21)
<i

by \Vu et al.

Taking a sim ilar apf)roach. Kim ct al |89| projjose the  use of the; ct-profile for signal 

classification. Ihnvever, ra ther th an  emi)loying a neural network, the  au tho rs j)ro[)ose 

the  use of a hidden Markov model.

4 .3 .3  Synchronization and Equalization

In the area of phase and freciuency synchronization of conm nm ication signals, Gardu(!r 

showed th a t  all synchronization schemes can be recognized to  exj^loit the  second or 

higher-ord(;r cyclostationary  features of signals |90|. Synchronization involves m atch­

ing the  [)hase and frequency of an oscillator or clock to a j)eriodicity contained in a 

signal. As cyclostationary  signal analysis involves the study  of irm ate signal periodici­

ties, all synchronization ai)i)roaches can be characterized in term s of the C A P or SCF. 

In th is way, cyclostationary  signal analysis provides a unifying franiew'ork for signal 

synchronization.

Gini and  G iannakis |71| develoj)cd algorithm s for jo int estim ation  of frequency offset 

and sym bol tim ing in fiat-fading channels using second-order cyclostationarity . Th(' 

nondata-aided  approaches i)roi)osed involve the  use of nonlinear signal com binations 

to  reveal periodic com i)onents containing synchronization [)aram eters, a  recognized 

ai)proach for tlu ' analysis of cyclostationary signals. W hile Gini and G iannakis note 

th a t this approach underlies algorithm s proposed by a num ber of au thors, they  attern{)t
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to unify and improve upon these j)rop<jsals within a cyclostationary signal analysis 
framework.

Bolcskei \12\ extended the blind synchronization algorithms proposed by Gini and 
Giarmakis for single carrier systems to multi-carrier OFDM systems in 2001. In his 
paper, Bolcskei examines many of the ways in which cyclostationarity can arise in 
OFDM signals and illustrates how this cyclostationarity can he exploited to achieve 
blind fn'(juency offset and symbol timing synchroni/.ation.

An o\'erview of the us(,' of cyclostationary signal analysis for blind charmel identifi­
cation and ecjualization is provided t)v Ding |91|. The author shows that channel iden­
tification can be achievetl w ithout the need for pilot signals or transm itter assistance 
by sampling the (diannel output at a rate greater than the baud rate and exploiting 
the signal cyclostationarity to recover the m agnitude and phase of the channel trans­
fer function. This a])])roach was extended to include multi-carric'r OFI^M systems by 
Heath and Giannakis |74| in 1999.

More (!tfici('ut approaches t.o ciianiK'i identilication and e(iiialization using transm itter- 
induced cyclostationarity were explored by G ardner |79| and Tsatsanis and Gian­
nakis |73|.

4 .3 .4  Cyclic W ie n e r /F r e q u e n c y  Shift  (F R E SH ) Filtering

Signal cyclostationarity manifests in the freciuency domain as correlation patterns in the 
signal s{)ectrum. These correlation patterns i)rovide a degree of redun<lancy in spectral 
components of the signal. Cyclic Wiener or frequency shift (FRKSH) filtering takes 
advantage of this spectral redundancy in cyclostationary signals in order to  overcome 
a range of challenges including the separation of temporally and spectrally overla[)ping 
signals and the removal of narrow in-baiid interferers.

The theory and api)lication of FRESH filtering is developed by G ardner in |75|. 
I-]xaniples of tlu' use of FRESH filtering an ' provided and includ(> the separation of 
overlapi)ing am plitude modulation (AM), BPSK and QPSK signals. A more detailed 
exam ination of the practical use of FRESH filtering for interference rejection is i)rovided 
by Adlard |77|.
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4 .4  Cyclostationary Signal Analysis and DySPA N Systems

4.4.1  Overview

111 the previous section it  was seen th a t cyc los ta tiona ry  signal analysis provides a pow­

e rfu l and h igh ly  flex ib le  too l w hich can be leveraged to  overcome m any o f the  challenges 

ty p ic a lly  associated w it l i  wireless con im un ica tion  .systems. A  specific advantage o f th is  

fo rm  o f signal analysis is th a t i t  m ay Ije app lied  w ith  lim it( 'd  p r io r  know ledge about 

the  param eters o f the signals be ing exam ined. T h is  means th a t i t  can be used as a 

general teclm i(}ue for the  analysis o f a broad range o f signal types.

A  key achantage o f cyc los ta tiona ry  signal analysis when com pared w ith  a lte rna tive  

approaches lies in  the w ealth  o f in fo rm a tio n  w h ich  can l)c derived by ana lys ing the 

cyc lic  features o f a signal. As well as p ro v id in g  a robust technique fo r s ignal detec­

tio n , cyc los ta tiona ry  signal analysis pe rm its  key signal p roperties  in c lu d in g  m odu la tion  

type  and fro(]ucncy and phase' in fo rm a tio n  to  be determ ined and exp lo ited . These ca­

p a b ilitie s  have m otiva ted  t lu ' use; o f cyc los ta tiona ry  signal analysis in  a i)p lica tions  as 

diverse' as signal detection , cla.ssilicalion, synchron i/,a tion  and chaniH 'l iden tiH ca lion  

and c (iua liza tion  as well as interference re jection  th rough  cyc lic  W iene r filte r in g .

D yS P A N  sj'stem s achi(’V(' very h igh levels o f spectrum  use effic iency by d yn a m ica lly  

adap tin g  th e ir i)aranieters o f ope ra tion  in  re8 ])onse to  th e ir  ope ra ting  environm ents. 

These increasing levels o f f le x ib il ity  are enabled by em erging so ftw are-defiiu ;d  rad io  

(SD R ) technologies. However, Ix 'fo re  D yS P A N  systems can be realised, a num ber o f 

s ign ificant challenges m ust be overcome. A m ong t hese are the challenges o f low-power 

s ignal detection , m o d u la tion  clcissification and w aveform  recogn ition , synchron iza tion  

and ne tw ork rendezvous and coord ina tion .

4.4 .2  Proposed Applications

111 order to  achieve S[)ectrum efhciency w hile avo id ing the creation  o f h arm fu l in te rfe r­

ence. D yS P A N  systems must develo}) an acute awareness o f th e ir  radio-freciuency envi­

ronm ent. Low'-power signal de tection , m o d u la tion  c lassifica tion  and w aveform  recogni­

tio n  is rc(|u ired to  determ ine s i)ectrurn occupancy and thus the a v a ila b ility  o f spectrum  

white spaces. As well as de te rm in ing  the  natu re  o f o the r spectrum  users, reconfigurab le  

devices must discc'rn the nature' o f signals l)e ing used by peer devices in  o rder to  estab­

lish  com m un ica tion  links  using tha t available s j)ectru in . Above the  level o f in d i\ 'id u a l 

j)o in t- to -p o in t links, robust lechnieiucs arc reciuired to  achieve ne tw ork-w ide  coord ina ­

tio n  and to  fa c ilita te  netw ork rendezvous and lin k  maintenance.
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C oiis ick 'nng  tlie  l)roa(l range cjf challenges associated w ith  D ySPAN  systems, cy- 

c los ta tiona ry  signal analysis would appear to  Ije a too l h ig h ly  suited to addressing 

these issu(!s. Indeed, a num i)er o f authors have proposed the use o f th is  approach in  

overcom ing m any o f the key obstacles. In  p a rticu la r, the challenge o f low-power signal 

de tection  ha.s been iden tified  as an area in  w hich cyc los ta tiona ry  signal analysis may 

p lay a s ign ifican t role.

In  order to  o p p o rtu n is tica lly  use w h ite  space spectrum  w h ile  avoid ing the creation 

o f h a rm fu l in terference, D yS P A N  systems m ust detect the presence o f o ther s i)ectrum  

users w ith  a h igh degree o f re lia b ility . Due to  the h idden te rm ina l i)rob len i and the' 

l)o ss ib ility  o f fad ing  at the  detector, very low detection thrc'sholds must be adopted to  

p rovide adecpiate in terference i) io te c tio n . For example, the  us(' o f D ySPAN  systems 

has recently  becjn proposed in  the 700 M H z band us(>d fo r broadcast te levis ion in  the 

U n ited  States. In  any given location , one or more T V  channels may be unused and can 

})(' e x i)lo it( 'd  l)y secondary systems for provis ion  o f sc'rvices such as wireless in te rne t. 

However, in  order to  avoid the creation o f ha rm fu l interference, these secondary systems 

nnist re lia b ly  detect those channels w h ich  are in  use. T yp ica l d ig ita l T V  receivers can 

l)rovide error-free  reception to  a se n s itiv ity  on the order o f -83 dBm . How('ver. in 

order to  account fo r the  po ss ib ility  o f fad ing, dc'tectors ado[)ti'd  in  secondary D ySPAN  

systems rec|uire a se n s itiv ity  o f at least -113 dB m  192|.

C oherent detection  methods such cus m atc lu 'd  H ltering can be ust'd to  i)ro \'ide  max- 

iiin u n  SNR detection  however, as {)reviously discussed, thest; api)roaches are ty p ic a lly  

ta ilo red  to  specific signal types. D yS P A N  systems m ay need to  share spectnnn  re- 

sourc(!s w ith  m ore than  one wireless system. U nder these circumstances, a matched 

f ilte r  de tecto r is required fo r each signal ty i)e  w hich may be present. C vc los ta tiona ry  

signal analysis on the o the r hand provides a robust m ethod o f signal de tection  w hich 

can be app lied  genc'rally to  a broad range o f signal t\'pes.

The use o f cvc los ta tiona ry  signal analysis in  the con t('x t o f low-power s ignal de­

tec tion  has been jjroposed by a nm nl)er o f authors. C abric  193| suggests the use 

o f cyclic  fea tu re  detectors as a non-coherent detection approach w’hich overcomes a 

num ber o f the  lim ita tio n s  associated w 'ith  energy detectors. Tkachenko |94| exam ­

ines rea l-w orld  detection  results using cyclic  feature detectors im plem ented upon an 

fie ld  progrannnab le  gate array (FP G A )-based  i) la tfo rrn  and Shankar |95| f'xam ines the 

[)e rform aiice  o f feature detectors fo r d ig ita l T V  signals.

A  second D yS P A N  challenge to  w h ich cyc los ta tiona ry  signal analysis has been ap­

p lied is m o d u la tio n  c lassilica tion  and w aveform  recognition . M any o f the waveforms 

used in  connnun ica tions signals toda>' e xh ib it unique cyclic features generated as a 

by-p roduct o f the processes used in  th e ir  generation. These features can be detected
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using general detector arciiitectures and used to  uniquely identify those waveforms. 

In th is way, a DySPAN device can classify o ther spectrum  users and determ ine the 

n a tu re  of com m unication waveforms being used by peer devices. This ap[)roach ha.s 

been proposed by O ner and .Jondral for air interface recognition |96| and  ex traction  

of channel allocation inform ation jOTj. As j^reviovisly discussed, Fehskc j69], Kim  |89l 

and  Wu 170| have assessed the perform ance of cyclic feature dctec.'tors for m odulation 

cUussification when combined wilh u('ural nc'tworks and hidden M arkov models.

It has been shown th a t cyclostationary  signal analysis m ay be successfully employed 

to  overcome the  DySPA N -related issues of low-})ower signal detection and cla.ssification. 

However, our interest lies in the challenge of netw ork rendezvous and coord ination  in 

DySPAN system s. In the next section, I exam ine the  po ten tia l of cyclostationary  signal 

analysis for addressing th is issue.

4.4 .3  DySPAN Rendezvous and Coordination

In ( ’ha])tei' ii, niiidcv.v^ous and cooi'dinalion was idt'utified fus a key challenge which 

needs to  b(‘ overcome before DySPAN system s can be successfully cU'vcloped and de­

ployed. DySPAN system s achieve high k'vels of si)octrum  use efficiency by identifying 

si)ectrum  resources which are unused a t specific tim es and places. By adap ting  their 

opera ting  i)aram eters, these system s can take advantage of such white space spectrum  

to  establish  connnunic'ation links and form a network. How’ever, w ith increasingly- 

flexible 0{)erating i)aram eters comes an increase in the challenge of rendezvous and 

coordination. Conventional rendezvous sclujmes typically rely upon prior knowledge of 

})e(!r ojxTating parametcTs. W hen those i)aranieters are not lixed but m ay be dynam ­

ically adap ted , tlu 'se conventional schemes cannot be employed and new m echanism s 

are recjuired.

In order for devices w ithin a DySPAN system  to achieve rendezvous and  coordinate 

to  form a netw ork, a num ber of key tasks m ust be accom plished. Firstly, peer devices 

and com patib le networks w ithin transm ission range m ust be detected  and identified. 

T his can be achieved by scarming one or more fre(|uency bands for transm ittcxl signals. 

l^I)on detection  of a signal, a device nnist identify the tra n sm itte r  as a peer, acquire 

tha t signal and successfully dem odulate it in order to  ob tain  control inform ation and 

establish  a connnunications link. W hile th is process is essential for the in itial estab ­

lishm ent of connnunication links w’ithin a netw'ork, it m ay also be needed to  m aintain  

those links following an unexpected change in operating  i)aram eters. In the  case of 

opportun istic  DySPAN system s, such a change can occur upon the detection  of a high 

priority  si)ectrum  user in the; same' band.
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This C'haj)ter has examined cyclostatio iiary signal analysis as a powerful too l for 

overcoming a number of challenges associated w ith  wireless communication systems. 

It ha,s been seen that the cyclic features j)resent in many of the connnunications signals 

used today can 1)e exploited to achieve key tasks associated w ith  DySPAN systems 

including low-power signal detection and m odulation classification. How'ever, cyclosta- 

tiona ry  signal analysis is also a tool w ith  significant [)otential use in overcoming the 

challenge o f DySPAN rendezvous and coordination.

A key a ttrac tion  of cyclostationary signal analysis is the a b ility  to  adopt one gen­

eral signal processing techniciue in order to  achieve m ultip le  goals. Using th is single 

approach, it could b(> possil)le for a DySPAN device to overcome each of the chal­

lenges associated w ith  DySPAN rend(>z\-ous and coordination, namely peer detection, 

identihcation and signal acquisition.

Howev('r, there are a numl)er of drawbacks associated w ith  cyclostationary signal 

processing which s ignificantly lim it the potentia l th is a[)proach holds. The first of 

these drawbacks is the com putational com plexity associated w ith  fu ll cyclic spectrum 

signal anah’sis. The cyclic features which occur inherently in cornnnmications signals 

are typ ica lly  tied to the o jjera ting parameters of those signals. These include the 

carrier fri'cjuency, l)aud rate, m odulation type, jm i1s ( '  shap(;. in the case o f O FD M - 

based syst('rns, cyclic prefix length. Changes in these operating parameters w ill result 

in changes in the sj^ectral and cyclic frecjuencies o f the features associat('d w ith  them. 

Thus, in order to re liab ly detect inherent signal feature's, a receiver must search the 

fu ll cyclic spectrum of the signal. A  second drawback typ ica lly  a.ssociated w ith  the use 

o f cyclostationary signal analysis is the need for oversampling in the rec-eiver. In order 

to detect and analyse inherent signal features, a sampling rate greater than Nyciuist 

is needed. In this way. the excess l)andw idth perm its spectral reduudauci('S to  be 

identified and cyclic features to be detected.

A th ird  drawback arises due to the small spectral resolution typ ica lly  re(iuired to 

resolve inherent cyclic features of a signal. In  Section 4.2.3 it was seen tha t the signal 

observation tim e reciuired for reliable analysis of cyclic features is d irec tly  related to  the 

spectral resolution neeck'd to resolve those features. Specifically, in  order to  elim inate 

random  efi’ects in estim ating cyclic features, the tem poral-spectral resolution i)roduct 

unist greatly exceed un ity ;

A / A /  > >  1 (4.22)

Thus, as a small spectral resolution is typ ica lly  recjuired to resolve inherent signal 

features, a re latively long signal observation tim e is recjuired for reliable estim ation of 

those features.
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Bc^fore cyclostationary signal processing can he successfully employed to address 
the challenge of DySPAN rendezvous and coordination, these key lim itations nmst be 
overcome.

4.5 Summary

This chapter has examined cyclostationary signal analysis, a powerful general signal 
processing technicjue wliich can be applied to overcome a wide range of challenges com­
monly a.ssociat('d with wireless connnunications systems. I have identified a number 
of the challenges which have been successfully overcome using this ai)])roach inchid- 
ing signal detection and classification, synchronization and channel eciualization and 
interference rejection through cyclic Wiener or FRESH filtering. In addition, I have 
discussed cyclostationary signal analysis in the context of emerging DySP’AN systems. 
Si)ecihcally, the challenges of low-power signal detection, modulation classification and 
waveform recognition have been considered and some,' proposed solutions to these issues 
involving cyclostationary signal analysis have been explored.

Following on from the previous chapter. I have discussed the exploitation of signal 
cyclostationarity in the context of DySPAN rendezvous and coordination. While the 
aj)proach has significant jjotential as a tool for achieving j)eer detection, identification 
and link establishment in DySPAN systems, a number of significant drawbacks associ­
ated with its us(> wen' idc'utified. In particular, it was notcnl tha t cyclostationary signal 
analysis tyjjically involves significant comi)utational complexity, requires receiver over­
sampling of the SOI and can r('quire long signal observation times for reliable estimation 
of inherent cyclic features.

In the nc;xt chapter, I look at an approach for overcoming these key limitations 
through the int('utional generation of cyclic features or cyclostationary sujnaiures in 
nnilti-carrier connnunication systems. Techniciues are presented for the generation, 
detection and analysis of these signatures and tlieir use in overcoming the challenge of 
DySPAN rendezvous and coordination is discussed.
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5. CYCLOSTATIONARY SIGNATURES

5.1 Introduction

C vc lo s ta tio u a ry  signal analysis provides a pow erfu l non-co licrcnt technique for the 

geii(;ra l analysis o f a broad range o f waveforms. T he  a b ility  to  determ ine key signal 

p roperties  w ith o u t the need for phase-related in fo rm a tio n  makes the technique h ig h ly  

a ttra c t i\ 'c  in  the  context o f rendezvous and coo rd ina tio n  for DySPANs. Using sig­

na l cyc los ta tiona rity . i t  is possil)le for receiv ing devices to  detect a signal o f in terest, 

estim ate  key param eters o f tha t signal and successfully i)e rfo rm  synchron iza tion  and 

dem odu la tion  in  order to  ob ta in  con tro l in fo rm a tio n  abou t the netw ork. In  th is  way 

the  challenges o f d(;vic(' discovery and waveform  synchron iza tion  fo r ne tw ork  creation , 

e n try  and m aintenance can be overconu'.

M uch o f the  j)ower o f cyc los ta tiona rv  signal analysis lies in  the d irect re la tio iish i]) 

th a t exists bc'tween the inherent cyc los ta tiona ry  features o f a signal and the key pa­

ram eters o f that signal (such as ca rrie r freciuency, sym l)o l ra te  or cyc lic  i)r( 'fix  leng th ). 

How^ever, there are s ign ifican t drawbacks associated w ith  the use o f these inheren t cy­

c los ta tiona ry  feature's to  ac'conii)lish ne tw ork rendezvous and coo rd ina tio n  due to  th is  

d irec t re la tionsh ip . One such drawback is the in a b ility  to  m an ipu la te  inherent cyclo­

s ta tio n a ry  features w ith o u t d ir(!c tly  im pac ting  system licrfo rm ance. For exam ple, l)v 

a lte rin g  the sym bol ra te  o f a PSK signal, the cyc lic  frequency o f the associated cyclo­

s ta tio n a ry  f('a tu re can be changed, however th is  is achieved at the  cost o f a fim dam en ta l 

change in  the o i)c ra tion  o f the  wireless system. S im ila rly , a second draw back arises in  

the  case o f a reconfigurable wireless system where opera ting  param eters m ay be d y ­

nam ica lly  chosen in  order to  s tiit env ironm enta l cond itions at a given tim e  and iilace. 

As these i)aranieters may not be known in  advance by a receiving device, the  p roperties  

o f inherent signal cyc los ta tiona ry  features can not be accura te ly  known. Thus, in  o r­

der to  detect such feature's, cyc los ta tiona ry  analysis m ust 1)e perform ed over the  range 

o f possil)le cyc lic  frecjuencies, rcxju iring a h igh degree o f co m pu ta tion a l com ])lex ity . A  

th ird  lim ita tic ju  associated w ith  the use o f inherent cyc los ta tiona ry  features fo r ne tw ork 

rendez\'otis and coo rd ina tion  is the  ty i) ic a lly  long o ljse rva tion  tim e  reciuired fo r re liab le  

de tection  and analysis o f such features. In  C hap te r 4, i t  was seen th a t the  re lia b il­

i t y  o f a s i)eetrum  co rre la tion  func tion  (SC'F") estim ate  is dependent upon the  spectra l
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76 5. CYCLOSTATIONARY SIGNATURES

resolution A /  and the temporal resolution A t  of the detector. In order to obtain a 

siibstantial reduction in random  effects in estimates calculated using a s[)ectrally or 

tenijjorally smoothed approach, tlie temporal-si)ectral resohiticni product nuist greatly 

exceed unity

A t A f  »  1 (.5.1)

In order to  resolve inherent cyclostationary features of a signal, small values of A f  are 

typically re(}uired. As a result, large values of A t ,  the  observation time, are needt'd 

for reliable detection. In addition to these limitations, the drawbacks of high com­

putational  complexity and the need for oversampling were outliiK'd in the previous 

chapter.

One ])ossible alternative to  the use of inherent signal cyclostationarity to achieve 

rendezvous and coordination is the  use of cycloutattonary signatures. 1 define' a cyclo­

s ta tionary  signature as a feature which may be nitentiorwUy  emlK'dded in the  physical 

I)roperties of a digital connnunicatious signal, easily mani[)ulated. detected using cy­

clostationary analysis and used a.s a unique identifier. Using such an intentionally 

embedded feature, the key limitations of inherent features can be overcome. By creat­

ing a cyclostationary signature which is not tied to a fundamental signal param eter, it 

becomes possible to m anipulate  th a t  feature without imi)acting overall system perfor­

mance. This fref'dom to m anipulate  th(> embedded feature facilitates the creation of 

uniciuely identifying s ignatm es and alknvs them  to be tailored to the reciuirements of 

the system. Embedded signatures C'an be ge'nerated at a  specific cyclic freciuency and 

need nc;t change as waveform param eters  are adjustc'd. This perm its a n'ceix ing device 

to detect a signatine by analysing only that  specific cyclic frcxiuency, greatly reduc­

ing the com putational complexity reciuired. Embedded features can be generated such 

tha t  a relatively large freciuency resolution, A / ,  is needed for detection. Accordingly, 

a shorter obs{,'rvation time A t ,  is recjuired for reliable dc'tection. Einally, the use of 

intentionally embedded cyclostationary signatures can overcome the ikhxI for sampling 

in th(' receiver at a rate  higher th an  th a t  required for demodulation of the signal of 

interest (SOI) and thus further reduce the corni)utational complexity invoh’ed.

Having identified the i)otential benefits of intentionally embedded cyclostationary 

signatures, a  technicjne is required for the geru'ration of such features in data-carrving 

waveforms. This chapter presents such a technique developed for Orthogonal F'requency 

Division Multiplexing (OFD M )-based w'aveforms. As well as addressing the generation 

of signatures, techniques for detecting and analysing those embedded signatures are 

presented.

T he  chai)ter is s truc tured  as follows. Section 5.2 provides a brief overview of O FD M
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and  exam ines the key advantages provided by th is flexible traiisniissiou schem e in 

the  context of' dynam ic spectrum  access. A technique for generating cyclostationary  

signatu res in ()FD M -ba«ed waveforms is presented in Section 5.3. Section 5.4 looks 

a t the  ways in which cyclostationary  signatm es can be used to  facilitate rendezvous 

and coordination in DySPANs. The detection  and analysis of intentionally  em bedded 

features is discussed in Section 5.5. T he issue of frequency-selective fading is addressed 

in Section 5.6 and Section 5.7 concludes the chapter.

5.2 Technology for Dynamic Spectrum Access Networks; 
OFDM

O rthogonal FrcHiuency Division M ultiplexing (OFD M ) is a nm lti-carrier transm ission 

scheme which h;is significant advantages for high d a ta  ra te  connnunications in non line- 

of-sight (NLOS) ap})lications. The schem e involves the  conversion of a  high ra te  d a ta  

stream  into a num ber of [)arallel low ra te  stream s which are then  m apped onto closely 

sj^aced orthogonal subcarriers. Fig. 5.1 illustrates th ree such subcarriers. Note th a t  

each subcarrier peak occurs at th(> null of the neighbouring carriers. By i)erforming 

th is  conversion, a num ber of benefits are reali/ed.

1.2
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Fig. 5.1: O rthogonal F're(iuency Division M ultiplexing (O FD M ) subcarriers

F irst, the  decrease in symbol ra te  on each carrier provides a. reduced sensitivity  to 

inter-sym bol interference. In rm iltipath environm ents th is robustness may b(' improved 

th rough  use of a  cyclic prefix on each symbol transm itt(x l. T he cyclic prefix effec­

tively collects nm ltipa th  com ponents which arrive w ithin a given ])criod, preventing
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th e  occurc'iice of iiitei-syiiihol iiiterfereiKe (ISI).

A second benefit arises from th e  flat fading t h a t  is experienced  at each nar ro w b an d  

carrier . In liigh b a n d w id th  single ca rrie r  t ransm iss ion  schemes, signals are d is to r ted  

by frequency selective fading which reqTiires com plex  equalization . By using j^arallel 

n a r ro w b an d  carriers, th e  fading m ay  be t re a te d  as flat and  m ay  be equalized using 

nuich less comj)lex s tru c tu res .

A th ird  signilicant Ix^nefit of O F D M  as a t ransm iss ion  schem e is th e  availability of 

a n  efficient im p lem en ta t io n  in th e  form  of th e  inverse fast Fourier transfo rm  ( IF F T ) .

E ach  of these  advan tages  have c o n tr ib u ted  to  th e  ad o p t io n  of O F D M  as th e  t ra n s ­

mission schem e of choice for a  uum l)er of recent s ta n d a rd s  including In s t i tu te  of Elec­

trica l an d  E lectronics Engineers  (IE E E ) 802.11 |9|, IE E E  802.16 |10|, Digital Audio 

B ro ad cas t in g  (DA B) |11|, T erres tr ia l  D igital Video B roadcas t ing  (D V B-T) |12| and  

th e  first p roposed  w'ireless s ta n d a rd  btused on d y n am ic  sp ec tru m  access cognitive ra ­

dios. IE E E  802.22 |58|.

- A s ina lc  o n ) M  su b cam i'r

(a) Generation of an OFDM  signal (h) CJeneiation of a sculpted OFDM signal

X 10* X 10*

(c) PSD of an OFDM  signal (d) PSD  of a sculpted OFDM signal

Fig. 5.2: Sculi)ting th e  s j jec trum  of an  OFD.M signal th ro u g h  subca rr ie r  m an ipu la t ion .

W h e n  api)lied to  D ynam ic  S p e c t ru m  Access N etw ork (D ySPA N ) system s, O F D M  

provides a  considerable ad v an tag e  over a l te rn a t iv e  transm iss ion  schemes due  to  th e  

flexible n a tu re  of its power sp ec tru m . In  using th e  inverse fast Fourier t ran sfo rm  (IF 'FT) 

to  g en e ra te  an  O F D M  sym bol, a  vec:tor of bins is used  to  represent th e  parallel ca rriers  

in th e  frequency dom ain . By a l te r ing  th e  con ten ts  of these bins, th e  frequency d o m ain
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proi)crtieH of the resultant OFDM symbol are directly impacted. It has been shown 
that this approaci) may be used elFectively for both interference avoidance [98| and 
bandwidth matching |99| in DySPAN applications. Fig. 5.2 illustrates the manner in 
which the spectrum of an OFDM signal can be ‘sculi)ted’. This is achieved simply by 
altering the |)ower of data symbols transmitted on si)ecific subcarriers.

Another considerable benefit of using OFDM is the si)ectral occupancy and chan­
nel condition information which may l)e obtained through the use of a fast Fourier 
transform (FFT) process in the receiver. As an IFFT is used to create the OFDM 
symbol transmitted, an FFT is performed u])on received symbols in order to extrcict 
the modulated data. In cases where data transmission is not taking place or where a 
number of carriers are not in use, the corresponding FFT bins may be used to obtain 
j)ower sjxictral density (PSD) information for the channel.

For these reasons, OFDM is likely to j)lay a significant role in future DySPAN 
systems. Coupled with the use of intentionally (;mbedd('d cyclostationary signatures, 
OFDM-based waveforms ])rovide a highly flexible physical layer solution for DySPANs 
w'hich effectively addresses the challenge of network rendezvous and coordination. In 
the next six tion. a low-complexity techni(}U(' is presented foi- tlu' geuf'ration of artificial 
cyclic f(;atmes in OF'DM-based waveforms.

5.3 Signature Generation

In Chaj)ter 4, it was s('on that second order cyclostationarity manifests as a correlation 
I)attern in the spectrum of a signal. This spectral correlation comi)letely describes the 
cyclostationarity of the signal and may be examinc'd using the SCF. In considering the 
creation of an intentionally embedded cyclostationary signature, one aj)proach would 
In' to artificially cr(!ati' such a s])(!C'truni correlation in the signal of interest.

As discussed in the i)revious section, OFDM is a transmission scheme with key 
advantages for high data rate conuinmications in NLOS environments. In the context 
of DySPAN systems, OFDM j)rovides significant advantages due to the ability to ma­
nipulate the spectral shape of the signal. An OFDM signal is comprised of closely 
spaced orthogonal subcarriers, each of which may carry an independent data symbol. 
By controlling the data symbols carried by the individual subcarriers, the spectrum of 
the OFDM signal can be directly influenced. This spectnun sculpting ability of OF'DM 
signals jHovides a uni(iu(' opportunity for the generation of cyclostationary signatures 
by creating sj)cctral correlation patterns.

OFL')M signals may be; represc.'uted as a com{)osite of N  statistically independent
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subchijunel quadrature amplitude modulation (QAM ) signals |100|;

j V - l

».’(/) =  E  Z  -  AT) (5.2)
k  r i = 0

where u’(t) is the complex envelope of an OFDM signal w ith  a cyclic jjrefix, 7,,,*. is the 

inde})endent and identically distributed (IID ) message symbol transmitted on subcar­

rier n during OP’DM symljol k, is the lunnber of subcarriers and (j(t) is a scjuare 

shaping pulse of duration 7\  jf's- is the source symbol length and Tg is the cyclic prefix 

length such that 7’ =  7’, +  7’̂ .

Due to tlie statistical independence of the subchannel C^AM signals, the prol^lem 

of cyclostationary analysis of OFDM may be reduced to the analysis of these QAM 

signals. In the absence of a cyclic prefix, subcarrier (jrthogonality caiises destruction 
of the individual (JAM signal cyclostationarity. However, the use (jf a cyclic prefix 

causes a loss of subcarrier orthogonality and permits inherent (JAM signal features to 

bt* detected |1()()|. Features arising due to use of the cyclic prefix are examined in |10()| 
and the spectral correlation of the conijjlex envelope u’(f) of an OFDM signal is derived 
a,s:

.v-i

wlu're

0 , 7̂  Y

is the Fourier transform of the scprare shaj)ing ])ulse r/(/).

The SCF for an 0F I3M  signal w ith cyclic prefix 7y =  ^  and N  =  IG is illustrated 

in Fig. 5.3. Inherenit cyclostationary features are shown for cyclic frecjuencies f  Jinti
ji
7’ -

These inherent features of OFDM signals may Ije used to perform tasks such as 

synchronization |72| and blind channel identification |74| however, as discussed in Sec­

tion 5.1, they are unsuitable for use in the context of DySPAN rendezvous and coordi­
nation.

In order to embed unique signatures using cyclostationarv features, it nuist be pos­

sible to directly control and manipulate the properties of tfiose features. In the caf>e 
of these inherent features, this involves altering 7^, the cyclic j)relix length. As the 

cyclic i)refix length is a key parameter determining the performance,' of an OFDM- 

ba.s('d system, any alteration has a significant overall system impact. Furthermore, low
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Fig. 5.3: Normalized SCF for OFDINI with cyclic prefix showing inherent cyclostation- 
ary features.

coniputational conii)lexity and rapid signal detection are key rfxniirenients for coordi­

nation. As the p(iW('r of inherent O FD M  features are low relative to tha t  of the  signal, 

reliable detection of these features recjuires the  use of conii)lex receiver archit<'ctures 

and long signal obs('rvation times.

In order to generate a distinctive (■ydostationary signature, a correlation pa tte rn  

must be created in the  spc'ctnnn of the  signal. OF’DM spectrum  sculi)ting perm its  such 

a correlation pa tte rn  to  l)c intentionally creatcd by manii)ulating the message symf)ols 

7„ , / , .  fussign(;d to individual subcarriers. By m apping a set of subcarriers onto a  second 

set as:

I n . k  =  I n+p . k ,  n  G M  (5.5)

where M  is the set of sulicarrier values to be m apped and  p  is the  num ber of subcarri­

ers between mai)ped symbols, message symbols are redundan tly  t ransm itted  on more 

than  one subcarrier, a correlation })attern is created and a  cyclostationary feature is 

embc'dded in the signal. Fig. 5.4 ilhistrates this i)rocess of subcarrier set mapping.

This in troduction of a s ta tis tical dependence between certain subcarriers of an 

OFD M  signal results in the  spectral correlation:
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A ' - l

<5?

;i= r()
,V 1

(5.6)

n = 0

0 ,

where M  is the  set o f m apped sul)carriers. The SCF for an OF’DAI signal con ta in ing  

an embedded cyc los ta tiona ry  s ignature is illu s tra te d  in  F ig. 5.5 wh(;re p  =  C, N  — 16. 

Ty =  7 ',/4  and a single subcarrie r is mapped. The strong feature which is associated 

w 'ith  the cyc los ta tiona ry  s ignature  can be seen at cyc lic  frequency a  =

Fv

P

Fig. 5.4: G enera tion  o f a C yc los ta tiona ry  S ignature using O F D M  S ubcarrie r Set M ap­
ping.

A  num ber o f key advantages m ay be realized th rough the use o f (3F D M  subcarrie r 

set m app ing  to  generate cyc los ta tiona ry  signatures lo r rendezvous and coo rd ina tio n  in  

DySPANs.

F irs tly , subcarrie r set m app ing  pe rm its  cyc los ta tiona ry  signatures to  be eml)edded 

in  d a ta -ca rry ing  waveforms w ith o u t adding s ign ifican t com p lex ity  to  ex is ting  tra n s m it­

te r designs. O F D M  signal generation may be e ffic ien tly  im[)lernent<;d using an inverse 

discrete Fourier trans fo rm  ( ID F T ) . As illu s tra te d  in  Fig. 5.4, cyc los ta tiona ry  signatures 

m ay be inco rpora ted  in  ex is ting  transceiver arch itectures s im p ly  by m app ing  one set o f 

subcarriers to  another. Here, Fq is the ca rrie r frequency, Bs\g is the signal b a n d w id th  

and p  is the  su l)carrie r set separation. A  s i)ectra l co rre la tion  is created by s inm ltane- 

ously tra n s m itt in g  da ta  sym bols on more than  one subcarrier. B y m ap])irig  a set o f 

subcarriers in  th is  way, a larger co rre la tion  p a tte rn  is creatc;d.
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Fig. 5.5: Nornialized S C F  for O F D M  w ith  cychc prefix an d  em hoddod cy c lo s ta tio n ary  
s ignature .

A second l«'y ad v an tag e  of th(' lisc' of su b ca rr ie r  set m ap p in g  lies in th e  ohsc'rvation 

tiin('s an d  r t 'ce iw r com plex ity  reciuired for reliable; s ig n a tu re  de tec tion .  C y c lo s ta t io n a ry  

signatt ires  m ay be  reliably d('t( 'cted using a  spc;ctral reso lu tion  A./' equal to  th e  O F D M  

su b ca rr ie r  spacing. However, successful d e tec t io n  of inherc'nt feattires such  as those  

ar is ing  due  to  th e  use of a  (;yclic prolix retiuires us(' of a  small(;r sp ec tra l  resolution. 

As S C F  es t im a te  relial)ility d epends  u p o n  th e  sp ec tra l - tem p o ra l  re so lu tion  jn’o d u c t  

A / A /  (see E q u a t io n  5.1), longer observa tion  t im es  are  re(}uired for re liable d e tec t io n  

of inherent O F D M  features  th a n  those  needed  for cy e lo s ta tio n ary  s ignatu res .

R educed  receiver com plexity  m ay l)e achieved as th e  key fea tu re  associa t( 'd  w ith  

a cy c los ta tionarv  s ig n a tm e  o ccm s  a t a single cyclic frecjuency, a  =  Successful 

d e tec t io n  an d  analysis  of tlie s ig n a tu re  m ay  th u s  be  perfo rm ed  using e s t im a t io n  of th e  

S C F  a t  th is  cyclic frequency alone using a  low com plex ity  single-cycle es t im a to r .

; \n  im p o r tan t  s t re n g th  of cy c lo s ta tio n ary  s ig n a tu res  g en e ra ted  using O F D M  sul)car- 

ri(>r s(>t ma})ping is the  flexibility w ilh  which they  m ay  be m an ijm la ted .  C y c lo s ta t io n a ry  

fea tu res  geu('rat( 'd in th is  wav m ay  be d irec tly  m anijnilatfxl in b o th  th e  cyclic an d  spec- 

t ra l  freciuency dom ains  th rougli  careful choice of m api)ed  su b ca rr ie r  sets. T h e  cyclic 

fr(xiu('ncv of a cy c los ta tionarv  s ig n a tu re  is d e te rm in ed  by th e  O F D M  source  sym bol

Se7)tcMnher 2"). 200K Ph.D. Thesis



84 5. CYCLOSTATIONARY SIGNATURES

c lu ra tio ii and the num ber o f subcarriers between mapped sets p as

I ’  i r

^ s

Thus by a lte rin g  the spacing between mapp(;d sets, p may be chosen and the cyclic 

fre(iuency o f t he resu lting  cyc los ta tiona ry  signal ure determ ined. T h is  approach pe rm its  

unique signatures to  l)e generat(.'d th rough  the creation o f cyc los ta tiona ry  features at 

d iffe ren t ttyclic frecjuencies.

T he spectra l frequency ( jf an enil)edded cyc los ta tiona ry  s ignature is de term ined by 

the ca rrie r frecjuency o f the signal and the properties o f the subcarrie r sets used in  its  

generation. For exam ple, m app ing  o f one subcarrie r set onto  a second set. equ id is tant 

from  the  ca rrie r fr(Kiuency (as in  F ig. 5.4) results in  a cyc los ta tiona ry  feature which 

is centred u [ k j u  th a t ca rrie r frequency. F ig. 5.6 illus tra tes  such a feature, show ing the 

spectra l freciuenc.y o f th(> s ignature  for A' =  256 and a signature generatcxl using a 

mapped s('t o f 3 subca.rriers. T lu ' s ignificance o f th(' spectra l frequency properties o f a 

s ignature  for D ySPAN  rendezvous is discussed in more de ta il in  S('c-tion 5.4.

0.9

0.8

0.7
LL« 0.6

.N 0.5

0.3

0.2

-0.5 0 0.5
Spectral Frequency (f/F^)

Fig. 5.6: Spectral freciuency at fVsig, the  s ignature cyclic fr(,>quency.

A  fin a l advantage o f the  use o f O F D M  subcarrie r set m apping is the  continuous 

presence o f the cyc los ta tiona ry  s igna tu re  in  the tra n sm itte d  signal (hie to  the  consistent 

m apping o f carriers for every generated O F D M  sym bol. T h is  pe rm its  cyc lo s ta tio n a ry
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signal detection to be pcrforuied using any received portion of the signal. This is in 
contrast to ai)proaches involving cyclostationarity induced only in specific elements of 
a signal, suc:h as the preaml)le-l)ascd technique outlined in |101|.

A major consideration in the design of an OFDAI transceiver using embedded cy- 
clostationary signat ures is the overhead incurred as a result of the subcarrier mapping 
used. The number of subcarricrs available for data  transmission is reduced Ijy the 
munber used to carry mapped data symbols, causing a rc'duction in the overall data 
rate  which may be supported. However, there exists an im portant trade off between 
the number of subcarriers used in a mapi)ed set and the detection })erformance which 
may be achieved. This trade off is examined using results of both simulations and 
exi)eriments in Chapters 6 and 8 resi^ectively.

5.4 Cyclostationary Signatures in Dynamic Spectrum Access 
Networks

In tlu; context of DySPy\N rendezvous and coordination, cyclostationary signatures can 
be leverag(!cl to achieve a nurnl)er of critical tasks. These include

• Detection i)f signals of interest

•  Network identification

•  Frc(iuency acquisition

In the following sections the imi)ortance of these tasks is discussed and ways in which 
cyclostationary signature's can be used to acconijjlish them  arc examined.

5.4.1 Signal Detection

In order to achievc' rendezvous with })cer nodes of a DySPAN, the hrst critical task to 
be fulfilled is tha t of detec^tion of a signal of interest. In Chapter 4, the advantages 
of using cyclostationary signal analysis for signal detection were discussed. While 
radiom etric api)roaches i)crmit the general detection of a wide range of signal types, 
they arc tyjjically suscei)tible to noise uncertainty in the receiver. This sensitivity is 
greatl>’ reduced through tlu' use of a cyclostationary feature-based detector. Mat(.'hed- 
filter based approaches for signal detection also overcome the issue of noise uncertainty. 
howe\-er they are often tailorcxl to a single signal type and cannot l)c ai>[)lied to  a wide 
range of signal types in the same way as cyclostationary feature-bcused dc'tectors.
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I 'h e  use o f in te n tio n a lly  embedded cye los ta tiona ry  s ignatures p<'rrnits the  ach'an- 

tages o f cye los ta tion a ry  feature detection  to  be realiz(,'d w h ile  also p rov id ing  the flex i­

b il i ty  to generate un ique features, uncoupled from  key signal param eters and ta ilo red  

to  the needs o f the wireless system. Cyc’lo s ta tio n a ry  signatures generated using O F'DM  

subcarrie r m app ing  can be embedded w ith in  d a ta -ca rry in g  waveform s and so m ay be 

I)resent in  any p o rtio n  o f an in tercepted signal. Due to  t l i is  continuous presence o f 

the embedded s igna tm e, a node w ish ing  to  rende/.vous w ith  an ex is ting  netw ork may 

detect a s ignature  Ijy  in te rcep ting  and ana lys ing a signal tra n sm itte d  by any m em ber 

o f th a t network.

As shown in  H g . 5.5, a cyc los ta tiona ry  s ignature  m ay be added to  a signal in  such 

a way as to  cause a d is tin c tive  j)eak at a single value o f the  cyclic  freciuency, a  in  the 

SCF o f the signal. The  presence o f the cyc los ta tiona rv  feature  a t a single specific cyclic 

frequency i>ermits the  use o f a low -com p lex ity  s ingle-cycle de tecto r in  order to  detect 

and analyse the  s ignature. T h is  is the  approach adopted in  C ha jners  6 and 8 where 

results o f s inm la tions and experim ents using embedded cyc los ta tiona rv  signatures are 

present(‘d.

5.4.2 Network Identification

A n  im p o rta n t pr(J i)('rty o f cyc los ta tiona rv  signatures is tlu- a b ility  to  create unicjue 

iden tifie rs  by choosing the cyc lic  frecjuency, o-, o f t lu ' embeckU'd feature. In  the con­

te x t o f D yS P A N  rendezvous and coord ina tion , tliest' m iique signatures can be us(;d to  

pe rfo rm  ne tw ork iden tihca tion . A  single s ignature  can be chosen for a given netw ork 

such th a t a ll transm issions by members o f th a t ne tw ork con ta in  th a t signature. In  th is  

way, a device w ish ing  to  detect the ne tw ork and pe rfo rm  rendezvous can search fo r tha t 

l>articu lar s ignature. As the s ignature  is })resent in  a ll transm issions, netw ork de tection  

and id e n tifica tio n  can be achi('V('d using an iiitf 'rce p te d  .signal from  any m em ber o f th a t 

network.

N etw ork id e n tif ica tio n  is o f j)a rticu la r value in  the  c-cise o f a device w hich is capable 

o f o jx jra tin g  w ith in  tw o or m ore wireless ne tw ork types. A  key s treng th  o f the  h ig h ly  

recorifigurable rad io  devices used for D yS P A X  o[)e ra tion  is the  a b ility  to  d yn a m ica lly  

change o j)e ra ting  param eters. Such a device can adapt i)aram eters used according 

to  the specific ne tw ork  w hich i t  wishes to  jo in  a t a g iven tim e  and place. In  the  case 

where tw o or m ore D yS P A N s m ay l)e detected, the  device m ust id e n tify  those netw orks 

and choose th a t w h ich  is m ost su ited to  its  requirem ents. I f  each ne tw ork uses a 

predeterm ined uniciue cyc los ta tiona ry  signature, th is  tyj>e o f ne tw ork id e n tif ica tio n  is 

possible.
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As cliscussccl in Section 5.3, the cyclic frc'cineucy of a cyclostationarv signature is 

determined by choice of p, the spacing between niai)))ed subcarrier sets. Using different 

\-alues o f p. uni(iue signatures may he generated and used for network identifica tion. 

Th is approach is ilh is tra ted  in Fig. 5.7 which shows the a-profiles o f two signals contain­

ing uuiqnt' signatures g(‘neratt!(l at d iffi'n 'n t cyclic fre(iu(!ucies using O F D M  subcarrier 

mapping. Recall tha t the cv-profile o f a signal is defined as:

prohle(a) =  m ax[C “ ] (5.8)

w'here (7“  is the autocoherence function  (A F ) and /  is the spectral frc'quency.

u.
S  0.8

.a 

1 0.6 
I

Cydic Frequency (a / F )

u.

I
8
2

04

0.2

0.2
Cydic Frequency ( a  / F )

(a) Signature at cyclic fretjuciicy a j  (b) Signature at cyclic frccincncy cvt

Fig. 5,7: Unique cyclostationary signatures at two different cyclic frequencies.

The use o f cyclostationary signatures ib r network identifica tion in th is way rc(}uires 

an assignment mechanism to  ensure tha t unicjue signatures are tissigned to networks 

operating at a g iv('ii time; and place and w ith in  a given spectrum band. In  the case 

where networks reciuire authorization to  operate w ith in  a spectrum l)and, signature 

assignment may be i)erformcd in a centralized manner by the authoriz ing agent. Such 

assignment could take place for example in the case o f a spectrum connnons where 

d('vices rcHjuin' certification p rio r to o])('ration. In tlu ' absence of a centrafized au tho rity  

however, signature assigmnent nuist be performed in  a d is tribu ted  manner by the 

networks themselves.

C’hapt()rs () and 8 further examine tlic  use of uni(|ue cyclostationary signatures for 

network identifica tion  using sim ulation and experimental results.
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5.4 .3  Frequency Acquisition

The la.sk o f frequency accjuiyition is a clia llenge w liich  arises due to  the unicjuely flex ib le  

nature  o f D ySPAN s. In  a conventional wireless system, o[>erating frecjuencies are ty p i­

ca lly  know n in  advance or they can be easily ck 'tern iined using fixed frecjuency con tro l 

channels. In  D yS P A N  systems th is  m ay not be the  case as o i)e ra ting  frequencies can 

de[)end upon the spectrum  resources available at a g i\'en tim e  and place. Therefore, 

upon connnencing o j)era tion , a D yS P A N  device nmst Ije  cai)able o f id e n tify in g  those 

frequencies c u rre n tly  in  use by its  peer nodes and pe rfo rm ing  rendezvous and synchro­

n iza tion . As well as fa c ilita tin g  signal d(!tection and ne tw ork iden tifica tio n , em lx'dded 

cyc los ta tiona ry  s ignatures c:an p lay a s ign ifican t role in  tfiis  j)rocess o f frecjuency ac- 

cju isition.

As discussed in  Section 5.3, the  s[)ectral frecjU('ncy o f a cyc los ta tiona ry  s ignature 

enibeckled in  an O FD M -based signal is determ ined f)v the  ca rrie r freciuency o f tha t 

signal and the subcarrie r sets used to  generate it .  I f  the re la tionsh ip  betw('en the 

ca rrie r frecjuency cjf the signal aufl the  spectra l p roperties o f the s ignature is known in  

advance, a detectf'd  s ignature  m ay be used by a device to  estimate' the  signal ca rrie r 

frequency and [)erform  acqu is ition . A n  embedded s ignature  cen tn 'd  at the ca rrie r 

frc'queju'v o f the  signal is illu s tra t( 'd  in  Fig. 5.G.

A lth o u g h  a w ide range o f frequency synchron iza tion  techni([ues exist fo r O F D M - 

based syst('ms. few o f these techni(|ues are su ited to  the uniciue challenge o f accjnisition 

fo r D yS P A N  networks. W ith in  a conventiona l wireless netwcnk. the ca rrie r frecjuency o f 

the signal o f in terest ty jj ic a lly  lies in  a narrow  range at one o f a num ber o f discrete loca­

tions. In  the case o f D ySPAN  netw orks however, ope ra ting  frequencies are determ ined 

})y spectrum  a \-a ila f)ility  and so m ay lie w ith in  a very w ide fre(iuency range re la tive  to  

the b a n d w id th  o f the signal. B y com bin ing  the use; o f cyc los ta tiona ry  signatures w ith  

an ex is ting  synchron iza tion  techniciue, a j)ow erfu l mechanism for D ySPAN  freciuency 

acciuisition can be achieved.

OFDM -l)asc;d transm ission schemes are h ig h ly  sensiti\'e  to  frequency offset errors 

due to  the use o f n u ilt ip le  closely spaced carriers. The o rth o g o n a lity  o f these carriers is 

I)reservecl as eacii oc.curs at a n u ll in  the spectrum  o f those adjacent to  it. In  the event 

o f a fr(Kiuenc:y offset, the loca tion  o f the; carric'rs is shiftc'd from  thc^se nu ll positions 

and adjacent cliarm el intc'rference (A C I)  s ig n ifica n tly  rcxlucc^s system i)erforn iance |102|. 

Due to  th is  sens iti\ 'ity , O F D M  systems ty p ic a lly  em ploy a two-stage a[)[)roach to  ca rrie r 

frc'quency synchron iza tion  - a coarse ca rrie r freciuency acciu isition stage and a separate 

fine ca rrie r frecjuency tra ck in g  stage |1()3| |104|. Tcx'hniques employed include the use 

o f tra in in g  sym bols |105], nu ll sym bols |H)6|, cyc lic  p re fix  corrc 'la tion |107| as well as
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cyclostationary analysis |108|. Moose |109| proposed the use of a preamble consisting 
of two repeated symbols. By c(jmi)ariug phase shifts between these syrnljols in tlu; 
receiver, a freqmnicy acquisition range of —/-  half a subcarrier spacing can be achieved. 
Schmidl and Cox |105| extended this approach to use a single symbol with a half-symbol 
repetition to provide an acquisition range of - - 1 subcarrier spacing. This is used in 
tandem  with a symbol containing a pseudo-noise (PN) sequence. Following fractional 
frecjuency offset correction using the half-symbol repetition, integer offset correction is 
achieved using this PN sequence symbol. In this w'ay, an acquisition range of the signal 
bandwidth can be achieved.

In Chai)ters G and 8 both simulation and experimental results are used to show 
tha t cyclostationary signatures may be used to achieve carrier freciuency estim ation to 
within a single subcarrier spacing of the true value. By combining the use of cyclostci- 
tionary signatures in this way with the fractional frequency offset correction ai)proach 
of Schmidl and Cox, rapid frcxjuency synchronization with a detected signal of interest 
is possible.

A key advantage of the use of signatures for freciuenc-y acciuisition is the ability 
to extend the range of acquisition beyond the bandw idth of the signal of interest. 
DySPAN device's typically use agile radio frequency (RF) front-ends within wiiich the 
transm it and r('c<ive bandw idth can be dynamically adjusted. In performing detection 
of a cyclostationarv signature, a wide receive l)andwidth can be chosen. Any signals 
containing signatures within that receivcxl bandwidth can be detected, following wiiich 
the receive bandwidth can be adaptf'd to tha t of the detected signal and frecjuency 
synchronization performed. In this way the range of accjuisition can be extenck'd to 
the maxinuun rcceive Ijandwidth of the RF front-end in use. Of course, this approach 
may only be taken provided tha t high-powered signals adjacent to the SOI do not caus(' 
dynamic range and fiont-end overload issues.

5.5 Signature Detection and Analysis

In the pre\ ious sections I examined techniques for the generation of emljcdded cyclosta­
tionary signatures in OP'DM-based signals and discussed a number of the jiossible w'ays 
in which cyclostationary signatures can be used in DySPAN systems. In this section 
tlu; issue of cyclostationary signature detection is addr('ssed and a suitable detector 
design is proi>osed.

In Chai)ter 4 it was seen that a key issue in the use of cyclostationary signal analysis 
is the com putational comi)lexity associated with the calculation of a complete SCF
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func tion  |84|. T h is  com p lex ity  arises due to  the large numbers o f com i)lex convo lu tion  

operations re(iu ircd . One advantage o f the use o f cyc los ta tiona ry  signatures o f the type 

illu s tra te d  in  F ig. 5.5 is the fact th a t the  p rin c ip a l s ignature  features are coniined to  a 

narrow  range o f the  cyclic* frequency, a. T h is  i)resence o f a s ignature  at a single cyclic 

fre(}uency p e rm its  the  design o f a low -com p lex ity  single-cycle detector.

T he tim e-sm oothed cyclic  cross periodogram  (T S -C C P ), 5 “ [/c], was i)resented in  

C hap te r 4 as a consistent, a sym p to tica lly  unl)iased and com plex n o rm a lly  d is tr ib u te d  

es tim a to r fo r the  cyc lic  cross spectrum  |83|:

where W'[k]  denotes a sm ooth ing  spectra l w indow  and A'/[7i] is the Fourie r trans fo rm  

o f the receiv(,'d s ignal x[n] ,

E stim ates are calculatc'd using L  w indows o f length  N  where N  is the  d u ra tio n  o f a sin­

gle O F D M  sym bol. Fo llow ing SCT^ es tim a tion  using the  T S -C C P . the SCF coeflic ient, 

the A F  |76| m ay be used to  norm alize results in the range |0 ,f|:

Using the  T S -C C P , tlie  A F  may be estim ated a t in d iv id u a l values o f the  cyclic  

freciuency, a.  The TS -C C P  can l)e used in  th is  way to  detect a cyc los ta tiona ry  s ignature  

at a single cyc lic  frequency.

In  designing a de tecto r fo r embe'dded cyc los ta tiona r}' features, it is possible to  

em ploy e ithe r a tim e -sm oo th ing  or frequency-sm ooth ing based approach. T he  choice 

between the tw o  depends la rge ly  upon the requirem ents o f the designer. T he  m otiva - 

ticjn fo r use o f a tim e-sm oo th ing  based approach in  th is  d isse rta tion  was p rov ided to  

a large degree by the need to  im p lem ent a j)rac tica l s ignature  de tecto r upon a h ig h ly  

reconfigurable general purpose processor (C I ’ P)-ba.s('d software rad io  p la tfo rm . The 

deta ils o f th is  im p lem en ta tio n  can be found in  C hap te r 7. A  tim e -sm oo th ing  based 

design involves the  ca lcu la tion  o f a num ber o f sho rt F'oiu ier transfo rm s w h ich  are aver­

aged over tim e. T h is  approach pe rm its  the processing reciuirements o f the  a lg o rith m  to  

be qu ite  evenly d is tribu tc 'd  in  tim e . In  contrast, a freciuency-sm ooth ing based approach 

involves the ca i)tu re  o f a large set o f da ta  samples, the ca lcu la tion  o f a large Fourier

(5,9)

(5.10)
n= ()

(5,11)
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traiiyfonii and  th e  subsequen t frcfiueney sm oo th ing .  As th is  ap p ro ach  re(iuires a  higlily 

bTirsty processing piofile, it can resu lt  in th e  in trochiction of la tency  an d  is less su ited  

to  G P P -bfised  p la tform s.

E x is ting  O F D M  receiver designs typ ically  involve th e  use of a  Fourier t ran sfo rm  in 

o rd e r  to  d em o d u la te  a received signal. In designing an  e s t im a to r  based  on th e  T S -C C P ,  

using a  Fourier t ransfo rm , it is possible to  in co rp o ra te  th e  use of cy c lo s ta tio n ary  sig­

n a tu re s  using m inor  m odifications to  ex is ting  O F D M  receiver designs.

G a rd n e r  showed t h a t  o p t im u m  cyc los ta tionary  fe a tu re  d e tec t io n  is p e r fo rm ed  th ro u g h  

corre la tion  of th e  cyclic p e r iodogram  w ith  th e  ideal s i)ectral co rre la tion  func tion  |67|:

w here  5 “ ( / )  is th e  cyclic p er io d o g ram  following no tch  filtering to  remove s t ro n g  narrow- 

barifl interference.

C 'yclosta tionary  features  generat(>d th ro u g h  O F D M  su b ca rr ie r  set mai)])ing m ay  be 

su(;cessfully detect(xl using sp ec tra l  resoluti(;n A / ,  equa l to  th e  O F D M  su b ca rr ie r  si)ac- 

ing. Using th is  a i)proach, th e  ideal sp ec tra l  co rre la tion  func tion  m ay be ap])rox im ated  

using a  sirni)le re c tan g u la r  w indow  of w id th  M . A f ,  w here  M  is the  n u m b e r  of su b c a r ­

riers in th e  m ap jx 'd  set. In th is  wa>’. a low-complexity  single-cycle s ig n a tu re  d e tec to r  

m ay l)C im plem ent (xl as:

w here  lT[/?i] is a  re c tan g u la r  window.

Fig. 5.8 i l lu s tra te s  a cy c los ta tionary  s ig n a tu re  d e tec to r  based  on th e  use of th e  

t im e -sm o o th ed  c:yclic cross periodogram .

5.6 Multipath Fading 

5.6.1 Overview

C y clo s ta t io n a ry  s ig n a tu res  offer a  highly flexible tool for overcom ing th e  issue of ren ­

dezvous an d  co o rd in a t io n  in D ySPA N  system s. However, a  l im ita t io n  of cyc los ta tion- 

ar\' s ig n a tu res  is th e ir  sensit iv ity  to  frcxjuency-selcctive fading. A deep fade occu rr ing  

a t  th(' fr<'(iuency of a ma])i>ed su b ca rr ie r  set m ay  severely d is to r t  th e  s ig n a tm e  and  

de t( 'r io ra te  dc 'tection i)('rforrnance.

— OO

(5.12)

A / - 1

m ax
0<A -<A '-1

(5.13)

S e p te m b e r  25 . 2()0cS Pli.D . T hesis



92 5. CYCLOSTATIONARY SIGNATURES

a •V.

'c
•2 1I ^ __

O S c  s'A '/)

O h C  4

£

S3
•C 2  15

0-.

i

Fig. 5.8: Cyclostatioiiary signature detection using the tiine-sinoothecl cyclic 
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Fi'cf|ucnfv-sel('ctivc fading arises in a wireless chaniiel due to  reception o f m u lti­

ple versions of the same signal, known as m u ltipa th . Reflections o f the transm itted  

signal arrive at different times at the receiver and the resulting delay spread in the re- 

ct'ived signal causes a reduction in the coherence bandw id th  o f the channel and hence, 

fre(|U(;ncy-selective fading.

u.

7t

Spectral Frequency (</F)

5  0.5

Spectral Frequency (l/F )

(a) (b)

Fig. 5.9: D is to rtion  of cyclostationary signature caused by m u ltipa th  Rayleigh fading.

Fig. 5.9 illustrates the effect of m u ltipa th  fading on a single cyclostationary signa­

ture. Fig. 5.9(a) shows the spectral frequency at the cyclic frcc}uency of the signature 

for a signal in an adflitive  white' Gaussian noise (AW G N ) channel and Fig. 5.9(b) shows 

the d is to rting  effects of a m u ltii)a th  Rayleigh fading channel.

5.6.2 Signatures for M ultipath  Fading Environments

In  ord('r to o\-ercome this lim ita tion , it is necessary to  increase the frequency diver­

s ity  o f the cyclostationary features used a.s a signature. Such freciuency d iversity can 

be achieved through the use' of nm ltip le  O F D M  subcarrier nia})pings to increase the 

number o f features which are generated.

Fig. 5.10 illustrates the way in which a m ultij)le -feature signature may be generated 

using m nlti))le mai)ped subcarrier s(;ts. The SCF of a signal containing two independent 

cyclostationary features is illustra ted  in Fig. 5.11 for a cyclic [)refix Tg =  ~  and N  =  32. 

Through use of a constant ma[)ping separation, p. each feature is generated at the same 

cyclic frequency, fv and the oi)tinnun single-cycle feature' (k'tector may Ik ; approximated 

l)v:

A /-1

=  max V  H [ n i ] C ‘̂ [k  -  rn] (5.14)
0 < A < A ' - 1  

“  “  m = 0
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2 Fu +

Fig. 5.10: CJeiK'iatioii o f a in u llip le -fe a tu ie  cyc los ta tiona ry  signature.

Spectral Frequency (f T)

Cyclic Frequency (a T)

Fig. 5.11: N orm alized SCF for O F D M  signal con ta in ing  two independent embedded 
features.
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A s fea tu res  due  to  eacli u ia jjped  set m ay he ap p ro x im a te d  using  a re c ta n g u la r  w indow, 

th e  ideal s i)cc tra l co rre la tio n  function  for rn u ltip le -fea tu re  s ig n a tu res  m ay b e  ap p ro x i­

m a te d  l)v H[ k ] ,  a period ic  pulse tra in . In th e  case w here th e  n u m b er of u n iq u e  fea tu res 

is no t know n in advancc, th e  single fea tu re  d e te c to r  (E q u a tio n  5.13) m ay be used  and  

th e  fea tu res  d e t( 'c ted  indei)endently . It shou ld  b e  n o ted  th a t  un ique m u ltip le -fea tu re  

s ig n a tu re s  m ay still be g en e ra ted  th ro u g h  choice of se t sp ac in g  p  to  g en e ra te  a  s igna­

tu re  at discrete ' cyclic freciuency a^iy.  T h u s  nm ltii)le -fea tu re  s ig n a tu res  m ay  be used 

for cogn itive n e tw o ik  iden tification .

A lth o u g h  th e  use of m u ltip le  su b ca rrie r  m ap p in g s effectively increases th e  ro b u s t­

ness of th e  re su ltin g  s ig n a tu re , th is  com es a t  th e  cost of increased  ov’c rh ead  due  to  

tlu ' increased  n u m b er of su b ca rrie rs  w hich n u ist be used to  ca rry  m ap p ed  d a ta  sy m ­

bols. T h is  trade-off betw een  system  overhead  a n d  s ig n a tu re  ro b u stn ess  in th e  use of 

m ultip le-featu re ' s ig n a tu res  to  overcom e n u iltip a th  fad ing  is ex am in ed  in m ore d e ta il in 

C-'hapter 6.

5.7 Summary

T h is  c h a p te r  has in tro d u ced  th e  idea of a  cy c lo s ta tio n a ry  s ig n a tu re , a fea tu re  in ten tio n ­

ally  em b ed d ed  in a d a ta -c a rry in g  wavc'forrn to  facilitate ' rendezvous an d  coorelination  

in D ySPA N  systc'm s. W hile m any  of the' signals usc'd toelay in w ireless com num ica- 

tio n s  co n ta in  inherciut e:yclostationary  featu res, th e re  a re  a  n u m b er of ke'y lim itatieins 

associate'el w ith  the'ir use in th e  e;ontext e)f D ySPA N  system s. T h ese  lim ita tio n s  have 

be'e;n e)utliueel anel w ays in whie:h the'y can  be  e)vercome th ro u g h  th e  use of in ten tio n a lly  

embeelde'd cycle)stationary  s ig n a tu res  h a \’c beeni discussc'd.

A h ighly  flexible, k)w-com pk^xity approaeii for em b ed d in g  a  s ig n a tu re  in an  O F D M - 

ba.sexl w aveform  has bexni [>resenteel using th e  tochnieiue of su b ca rrie r  set m a])ping. 

Se)me of challenges w hich can  be e)ve'ree)mc th ro u g h  th e  use of enibc^ddeel signatu re 's  have 

been  d iscussed . Sj)eenhcally, th e  issues of signal d e tec tio n , netw 'ork id en tifica tio n  an d  

frc'quency acquisitie)u for rendezvous in D ySPA N  sy stem s have been  addressexl, A k)w- 

co m p k 'x ity  singlevcycle s ig n a tu re  detex 'tor has bex'u p roposed  using a  tim e-sm o o th ed  

cyclic cre)ss perie)dogram .

C y c lo s ta tio n a rv  signatu re 's  gene^rated using OF'DM  su b ca rrie r  set n iap i)ing  m ay be 

elistorte'd by free|uency-sclective fad ing  u n d er m u ltip a th  channel cond itions. For th is  

reason , the' use ejf a m ore ro ljust s ig n a tu re  co n ta in in g  m u ltip le  inelepenelent cyclo- 

s ta tio n a ry  fe'aturc's has l)ex'u i)ro[)oseel. B y increasing  th e  frecjuene^y d iv ersity  of th e  

s ig n a tu re  in th is  way. th e  challe;nge' e)f frec|uene,'v-se'lective faeling e'an be overce)me.

SepternluT  25. 2008 P li.D . Thesis
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The novel appicjach o f using in te n tio n a lly  enibeflrk 'd  cyclic features to  fa c ilita te  

D ySPAN  rendezvous and coord ina tion  was firs t proi)Osed by the a u th o r a t the  firs t 

In te rn a tio n a l Sym posium  (ju New Frontiers in  f])ynam ic Spectrum  Access Networks 

(D yS P A N ) in  D u b lin , Ire land  in  2()07. In  the same session, a s im ila r appn jach was ]>ro- 

posed by Maeda et al to  achieve waveform  recogn ition  in  O FD M -based networks |fO I|. 

The a[)proach i)roposed by th is  d isserta tion  involves subcarrie r m app ing  to  reduce sys­

tem  overhead and to  overcome the key lim ita tio n s  o f cyc los ta tiona ry  signal analysis. In  

contrast, the  approach ])roj)osed by Maeda uses a prede(in(!(l ])c riod ic  sequence w hich 

is tra n sm itte d  upon a dedicated set ( jf subcarriers. In  th is  way, the n^unber o f possil)le 

uuicjuc; s ignatures is increased at the  cost o f greater s igna lling  overhead. Furtherm ore, 

th is  api)roach reciuires the use o f sm all frequency resolutions in  the detec:tor and hence 

long signal observati(ju  times. Hcjwew r, in  sp it( ' o f the differences in  the projiosed 

techni(|ues, the presence o f tw o j)roposals using embedck'd cyclic features for O P 'DM - 

I)ased systems a t the  firs t conference dedicated to  D ySPAN  research underlines the 

w ide-rang ing  u t i l i t y  o f th is  ap jjroach for D ySPAN  systems.

The use o f cyc los ta tiona ry  signatures to  overconu; the challenge o f r(!ndezvous and 

coo rd ina tion  in  O FD M -based D ySPAN  systems is exam ined in  more d e ta il using s im ­

u la tions in  the  next chapter. C hapter 7 outlines the im i)lem en ta tion  o f an O F D M  

transceiver using cyc los ta tiona ry  signatures upon a h igh ly  r(;con ligurab lf' p la tfo rm  for 

D ySPAN  experim en ta tion . The results o f ex i)erin ients carried out using the im pk '- 

mented transceiver are presented in  C hap te r 8 and are used to  fu rth e r exam ine the 

u t i l i ty  o f cyc los ta tiona ry  signatures.

I’ li.D. Tlic.si.s Soptonibor 25, 2008
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6. SIGNATURE SIMULATIONS

6.1 Introduction

In  Chapter 5 i l  ŵ vs seen that a cyelostationary signatvue may be a rtific ia lly  gener­

ated and in ten tiona lly  embedded in a data-carrying Orthogonal Frequency D ivision 

M u ltii) le x ing  (()FDM )-based signal. Potential uses of signatures in OFDM-based D y­

namic Spectrum Access Network (D \’SPAN) systems were discussed and a suggested 

detector design was examined. W hile  cyclostationary signatures appear to  be a valu­

able tool for the realization of a DySPAN system and merit fu rther investigation, it 

is necessary to  a.ssess the key benefits and restrictions associated w ith  the ir usage. To 

th is end, a w ide range of sinnilations were carried out using the M athworks M atla l) 

environment.

The fle x ib ility  of O FD M  subcarrier mapping tvs a teclmiciue for the generation o f ey- 

clostationary signatures was discussed in Section 5.3. By a ltering the parani(;ters usc'd 

to  generate a signature, the pro[)erties of that signature may be d irectly  manipulated. 

In it ia l simulations focus on these ])arameters and assess the trade-off existing between 

the overh(;ad associated w ith  an eml)cdded signature and the detection performance 

which may be achieved using th a t signature. Results are presentcxl in Section 6.2 below.

In the previous chapter it was seen tha t in tentiona lly  embedded cyclostationarv 

features may be usc'd to overcome a number o f drawbacks associated w ith  the use of 

inherent features arising in wireless connnunication signals. One such drawback is the 

observation tim e retiuired for reliable featine detection. In  the context of DySPAN ren­

dezvous and eoordination, the required observation tim e dictates the si)oed w ith  which 

a signal may be detected and rendezvous achieved using a given detector design. Using 

sinnilations, the impac't of observation tim e upon signature detection performance is 

('xamined. Furf her simulations fissess the performance of a feature detector for inherent 

features arising in OFDM-based signal due to tfie  use of a cyclic prefix. B y comparing 

both  approaches, the advantages o f cyclostationary signatures for DySPAN rendezvous 

and coordination are illustrated.

A th ird  issu(' concerning signal detection using emljcdded cyclostationary signatures 

is that of d(!tection under frequency-selective channel conditicjus. An im {)ortant Ix 'nefit
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of OFDM -based signals is the robustness they exhibit under conditions of multi-path 

fading. This advantage is largely due to the us(' of a cyclic prefix which is appended 

to each symbol and is discussed in C hap ter  2. In performing initial signal detection 

and rendezv(jus, timing information is not available and the cyclic prehx may not be 

leveraged to (jverconie the (diects of fn'qiiency-st'k'ctive fading. Under these conditions, 

multiple-feature cyclostationary signatures can be used to provide frequency diversity 

and rof)ust i^erformance. Simulations are carried out to assess the performance of these 

robust signatures under a range of channel conditions. Sinnilation residts are presented 

in Section 6.3 and the trade-off between signature overhead and detection performance 

are discussed.

It was seen that OFDM -subcarrier mai)i)ing may be used to  embed cyclostationary 

features in data-carrying waveforms at discrete cycdic freciuencies. Such features form 

uniciuely identifying signatures and j)erniit similar wav'eforms to be differ(!ntiated. In 

the context of DySPAN rendezvous and network coordination, unicjue cyclostationarv 

signatures may be used to enable netw ork identification.. To facilitate network identifi­

cation. all nodes within a given network embed a connnon s ignature in all transmissions. 

In this way. nodes performing rendezvous can detect this signature  and establish that 
the detect('d signal was transm itted  by a memlxT of a particular network.

Simulations are carried out to examine the suitability of cyclostationary signatures 

for DySPAN network identification. Results are present(’d in Section 6.4 and are used 

to  a^ssess identifier performance in th(' presence of waveforms containing unique signa­

ture's. The num ber of unicjue signatures which nia}' be used within a  given OFDM - 

l)ased system are determined and observation times n'C}uired ibr reliable detection are 

examined.

Section 6.5 presents sinmlations carried out to examine the  use of cyclostationarv 

signatures in performing signal carrier freciuency acciuisition. In C hap ter  5 it was seen 

tha t  the detection of signals in the  freciuency domain using embedded cyclostationary 

signatures ]>ermits key signal i)ro[)erties, including carrier freciuency, to be estimated. 

Although the use of inherent cyclostationary featurc;s to perform blind receiver syn­

chronization is well understciod |72|, the  use of intentionally embedded cyclostationary 

signatures perm its some of the limitations of inherent feature detection and analysis 

to be overcome.

As discussed in C hapter  2, OFDM -based systems exhil)it sensitivity to carrier fre'- 

quency offsc: t̂s due to the  use of closely spaced orthogonal c:arriers. Even a  relatively 

small frequency offset can give rise to  significant adjaccnit channel interference (ACI) 

and an associated fall in system performance. In order to overcome this sensitivity, 

OFDM  frc'c|uency synchronization typically involves two discrete stages - a coarse fre-

P h .l) . T h« iis S ep tem bor 2.5, 2CKW
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(lueiicy acquisition stage and a fine-freciuency carrier tracking  stage. Using eniheckk'd 

cyclostationary  signatures, coarsc carrier frequency acquisition can lie perform ed for 

a detected  signal of interest (SOI). Following use of the  signatu re  in th is  way, fine- 

fn;quency tracking can be perform ed to  achieve full frequency synchronization.

T he extent to  which embedd(!d signatures may be used tow ards O FD M  frequency 

synchronization depends upon the  accuracy w ith w'hich estim ations may bo m ade. To 

th is end, sim ulations using em bedded signatures are carried out and  th e  acciuacy  of 

carrier fn'(|uency estim ations arc assessi'd for a range of signal s tren g th s  and  under 

conditions of frequcncy-selcctivc fading.

6.2 Signal Detection  

6.2.1 Overview

Correlation values can he magnitude constrained to |0,1| using the correlation coeffi­

cient for thesp('Ctrum correlation function (SC F), the autocoherence function (AF) |76|;

( f  ]

C' ' ( f )  = ---------------- -------------------------  (6.1)
[ 5 ? ( /  +  a / 2 ) 5 « ( / - a / 2 ) ] ‘/2 ^

C yclostatiouary  features generated  through OFD M  subcarrier set rnapi)ing may b(' 

successfully (l(!t(;ct('d using spectral resolution A / ,  c'cjual to  the O FD M  subcarrier spac­

ing. Using th is approach, the id(;al spectral correlation function m ay be approxim atc'd 

using a sim ple sciuare pulse of w idth  M . A  f ,  where M  is the  num ber of subcarriers in 

the m apped set. In th is w'ay, a  low-complexity single-cycle signatu re  de tec to r m ay be 

implenK’nted as:

tja = m ax (6.2)
()< A -< iV -l I- J .r I  j

ni=()

where ir[m ] is a moving av('rage window.

In itial signature detection  sim ulations focus upon th e  jiaram cters used in generating  

and detecting  em bedded signatures. In generating em bedded signatures, the  im pact 

of m apped OFDM  subcarri('r set sizes is exam ined and  the  signal-to-noise ra tio  (SNR) 

perform ance of the designed detector is assessed. In perform ing signatu re  detection  

the issue of signal observation tim e is addressed and  dc'tector perform ance is exam ­

ined using receiver operating  characteristic  (ROC) analyses. Finally, com parisons are 

draw n between detect(jr i)erformances for in ten tionally  em bedded features and inher­

ent, cyclic-prefix related  features.
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6.2.2 M apped Subcarrier Set Sizes

111 ge iie ra tiug  a cyc lo s ta tio iia ry  H ig iia tine  using O F D M  subcarrie r set m apping, a sig­

n ifican t trade  o ff exists between tlie  num ber o f subcarriers used to  embed the signature 

and the de tec tion  j)erforn iance w hich  m ay be achieved. Subcarriers used to  carry  

mai)ped da ta  m ay not be used to  tra n sm it independent data sym bols and so, as the 

mai:)pe'd su l)ca rrie r set size increases, l l ie  overhead o f the  O F D M  system increcu^es and 

the overa ll capac ity  is reduced.

The perforn iance o f signatures creatcjd using d iffe ren t m apped subcarrie r set sizes is 

exam ined using s im u la tion . 256-suf)carrier OP’D M  signals are considered w ith  carriers 

designated as follows; 192 data, 8 p ilo t, 55 guard, 1 DC (zero-frequeiicy) carrie r. Sub­

carriers are m odu la ted  using quadra tu re  phase sh ift keying (Q P S K ) message symbols 

and a 1 16 cyc lic  p re fix  was adopted. S ignatures w ith  an a rb itra r ily  chosen cyc lic  fre- 

(luency, a  =  32/Ts are g t'iie ra ted using su l)carrie r s(?t m apping. Gaussian w h ite  noise is 

added to  each signal to  result in  SNI^ values o f between -20 dB  and 20 dB. In  a d d itio n  a 

random  tim in g  offset is added according to  a un ifo rm  d is tr ib u tio n  over a single OP’ D M  

sym bol. D e tec tion  s ta tis tics  are recorded fo r signals con ta in ing  enibc'dded signatures 

(/y.siV/) find those in  w hich su l)carrie r set m apping is not u.sed (/yo). 1000 s im u la tions are 

carried out fo r each and mean values are used to  generate the d(‘t( 'c t io ii ra t io  .y,„g/yo- 

T h is  ra tio  illu s tra tes  the d istance between mean detection  s ta tis tics  fo r signals con­

ta in in g  signatures and those w ith o u t eml)edded featunis and may be in te rp re ted  as a 

ni('t\.sure o f the  confidence w ith  w h ich detection  decisions can be made.

Results are illu s tra te d  in  F ig. 6.1 fo r observation tim e, A /  =  307' where T  is the 

OP'DM  sym bol du ra tion .

As expected, results illu s tra te  the im provem ent in  detection  i>erforniance associated 

w ith  increasing the size o f the O F D M  subcarrie r sets used to embed signatures. As the 

mapped su l)carrie r set size is increa.sed, so too  is the size o f tlu ; n io \'ing  average w indow  

used in  the  s ignature  detector. T h is  m oving  average w indow  })erforms sm ooth ing  in  the 

fre(iueruy' dom ain and has the effect o f reducing the mean values o f ;yo, the  detection  

s ta tis tic  fo r signals w ith o u t embedded signatures. Therefore, a.s the  m apped subcarrie r 

set size is increfised. the  mean \ ’alue o f yo is decreased and the detection ratic j ysiy / i jo  

is increased. T h is  im provem ent in  de tecto r perform ance w ith  increasing su l^carrier set 

size is exam ined fu rth e r in  the next section.

The associated overheads for a system  using 192 da ta  carriers are o u tlin e d  in  Ta­

ble 6.1. A lth o u g h  a large im })rovenient in  detector perform ance may be realized by 

increasing the mapped subcarrie r set size from  1 to  3, i t  can be seen th a t the  re la tive  

perform ance im provem ent d im in ishes as set sizes are increased fu rthe r. As the  over-

P li.D . T h e s is S e p te m b e r 25, 2(XJ8
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Fig. 6.1: Signatui'C (Ic toction  ra tio  pe rfo rn ia iice  w ith  iiicr('a.siiig mapped snhcarrie r set 
sizes over a ra iig (‘ o f SNR vahies.

hc'ad o f the syst('m  increases linearly , th is  would suggest tha t the  o p tim u m  su l)carrie r 

sot size m ay lie between 3 and 7, de jxm ding  u])on the recjviirements o f the  a{)j)lica tion .

Set Size %  Overhead

1
O

0.52

1
0

5

1 . 0 0  

2.60
■T 3.65

9 4.69

Tab. 6.1: S ignature Overhead

It  can b(! seen th a t de tecto r perform ance deteriorates ra i) id ly  w ith  SNR ■ : OdB, to 

the stage where i j s i g  ^ncl j j o  are ind is tingu ishab le  at SNR • -5(113. T h is  suggests th a t 

cyc los ta tiona ry  signatures may not be usc'd successfully to fa c ilita te  very low-power 

signal d('1ection when short signal obser\-ation tim es arc adopted. How'cver, in  the 

context o f u ('tw ork rcmcU'zvous and coord ina tion , netw ork nodes m ust synchronize w ith  

and successfully dem (K lulat(' detected signals. A t  SNR levels below w hich detection  

m ay b(' jjc rfo rm ed  O F D M  based systems ty p ic a lly  ex])crience \'e ry  high b it-e rro r rates 

and r('ndcz\T)Us can not be achieved |110|.

S o p to n il> o r  2^>. 2()f)N P h .D .  T h e s is
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6.2.3  Observation Tim es

A key perfoniiance metric for cyclostationary signatures used in tlie context of DySPAN 
rendezvous and coordination is the time taken to relialjly detect and analyse an embed­
ded signature. Although reliable analysis of inherent signal features typically requires 
high spectral resolution and long signal observation tinujs, the use of cyclostationarv 
signatures facilitates the use of spectral resolution on the order of OFDM subcarrier 
spacings and thus relatively short observaticju times.

The effect of observation times upon signature d(!tection performance is examint'd 
using further simulations. 256-subcarrier OFDM signals are considered as l)efore. Sig­
natures are embedded using mapped subcarrier set sizt.'s of 3, 5 and 7 at an arbitrarily 
chosen cyclic freciuency. Gaussian white' noise is add(‘d for SNR w 5 (IB and a random 
timing oH's('t. is used as in the [)revious section. Monte Carlo simulations are used to 
(estimate i)robabilities of detection, P,i and false alarm, / j „  as determined over 2000 
runs. Sinmlations are repeated using observation times of between 6 and 16 symbol 
durations, 7\ for each subcarrier set size. Fig. 6.2, 6.3 and 6.4 illustrate n;sults for 
subcarric'r set sizc's of 3. 5 and 7 r('sj)ectivel\'.

0.9

0.8

0.7

0.6

0.5
A t  = 6T 
A t  = 8T 
A t  = 10T 
A t  = 12T 
A t  = 14T 
A t  = 16T

0.4

0.3

0.2

0.2 0.4 0.6 0.8
P,fa

Fig. 6.2: Receiver Oi)erating Characteristic (ROC) performance w ith increasing obser­
vation time for M  = 3.

It can be seen that detection performance improves considerably with increaising 
signal observation time. For a signature generated using 3 mai)i)cd sul)carriers, an

Ph.D. Th(;,sis SKpteiuber 2.'), 2IXJM
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Fig. 6.3: ROC i)('ifonnancc' with increasing observation time tor M  =  5.
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Fig. 6.4: ROC perforniance with increasing observation time for M  =  7.
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104 6. SIGNATURE SIMULATIONS

ol)servatioii time of 16 syml)ol duralions yields a false alann late of 1% for an associated 
detection rate of 99% as determined over 2000 simulations. A significant reduction in 
required observation time may be achieved by adojjting a larger rnapy)ed stibcarrier set 
size. Indeed Fig. G.3 shows that for M  =  5. just 10 symb(jl durations are required fcjr 
comparable i)erformance. As can be seen in Fig. G.4, this \’alue drops to just 8 symbol 
durations for M  =  7.

This r('duction in required observation time can be explained using the temporal- 
si)ectral resolution [)roduct discussed in Chaj)ter 5. Gardner states that the reliability 
of an SCF estimate calculated using time or frequency-smoothing deix'nds upon the 
resolution jn'oduct |82|,

A tA f  »  1 (6.3)

where A l and A f  are the temporal and si)ectral resolutions respectively. The size 
of the moving a\'erage window used in the signature d(;tector is (Hctated by the size 
of the subcarrier set mapped in order to generate a signature. Thus by increasing 
the sul)carrier set size, we increase the size of the moving average window. As the 
moving average; window effectively performs frequenc:y smoothing on our SCF estimate, 
a greater value of A f  is obtained. Accordingly, a smaller temporal resolution. A t is 
recjuired for an equivalent estimate reliability.

Greater insight into the performance of the signature detector can be obtained 
through closer inspection of the sinuilation results. P’ig. 6.5, 6.6 and 6.7 illustrate the 
histograms of //.„y and ijq underlying the ROC analyses shown by P’ig. 6.2, 6.3 and 6.4 
re!Si)ectively. In these histograms, an overlap between \'alues of and yo indicates 
that perfect detection results caimot be obtained. Therefore, the greater the distance 
betw'een the values of and //o, the better the detection [)erformance which can be 
achieved.

As the signal observation time used for detection is increased, it can be seen that 
the mean of the detection statistic for signals without signatures falls significantly. In 
the ca.se of M  =  3, mean ŷ ) falls from 0.6662 for A t =  67’ to 0.4259 for A t — 167'. 
Additionally, the associated variance of falls considerably from 0.0018 to 0.0011, 
resulting in a greatly reduced false alarm rate for a given threshold. These trends are 
mirrored by the results for M  =  5 and M  =  7.

The inii:)rovement in detection performance which can be seen with increasing sub­
carrier set size, M , arises fVjr a number of reasons. The first c;f these is a reduction in 
the variance of both and yo. For example, the variance of y.,!g for M  =  7 is just 
0.0009 compart'd to 0.0041 for M  =  3 with observation time A t =  167\ Secondly, it 
can be seen that mean values for yo fall significantly w'ith inciefised M. P"or observa-

P li.D . T hes is S e p te m b e r 25. 200S
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tioii t im e  A t  =  16T, m ean  7/0 falls from  0.4259 for M  =  3 to  ju s t  0.3563 for M  =  7. 

T h e  su m  of tliosc effects resu lts  in th e  considerab le  im provem en t in overall d e tec t io n  

p er fo rm an ce  seen in Fig. 6.2, 6.3 an d  6.4.
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(c) A t =  U T  (f) A t =  U>T

Fig. 6.5: H is tog ram s of ijsuj ^uid yo u n d er ly ing  R O C  a u a h s e s  for M  =  3.
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Fig, 6.6; Hiistograuis of and /yo undeilying ROC analyses fcjr M  =  5.
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Fig. 6.7: H istogram s o f  y ,,iy  and yo uudcrly ing  R O C  analyses for M  —  7.
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6.2 .4  Inherent Feature D etector Performance Comparison

In  C hap te r 5, a num ber o f the m a in  (haw l)acks associated w it h t he use o f inher(?nt cyclo- 

s ta tio n a ry  features for D yS P A N  rendezvous and coo rd ina tio n  were iden tified . A m ong 

tliese h m ita tio n s  was the in a b ih ty  to  u ian ii)u la te  inherent cyc los ta tiona ry  features w ith ­

out d ire c tly  im pac ting  system ije rfo rn iance . B y  gencnating a r t if ic ia lly  embedded cyclo­

s ta tio n a ry  signatures, these features can be uncoupled to  a degree from  the fundam enta l 

ope ra ting  i)aram eters o f tfie  system and so can l>e independently  m an ipu la ted  to  su it 

the  re(iu iren ients o f the a i)p lica tion .

A fu r t lu 'r  m o tiva tio n  for the cr('a tion  o f a rtif ic ia l cyc los ta tiona rv  signatures is the 

ty p ic a lly  long obs('rva tion tim e  recjuired to  perform  de tection  on the basis o f inherent 

signal features. The  isstie o f observation tim e  arises due to  the  spectra l reso lu tion . A /  

reciuired to  successfully resolve those f('atures inher(‘nt to  the signal. As the sjx.'ctral 

reso lu tion  is increased (sm aller A / ) ,  a longer observation tim e , A^. is requirecf fo r 

an equivalent estim ate  re lia b ility  (see Eq. 6.3). Thus, l)y em f)edding features which 

may be resolved using a lower s j)ectra l reso lu tion  (larger A / ) ,  the  o})servation t in u ' 

rcKiuired fo r re lia t)le  detection  m ay be s ign ifican tly  r('duced. A d d itio n a lly , the power 

o f in lu 'ren t signal features is ty p ic a lly  low r(>lati\e to  tha t o f the  signal. Accord ing ly, 

long(?r observaticMi tinu 's  ar(> re(]u ired in  order to  rc'duce the power o f uncorre la ted 

sjKK’tra l com ponents below th a t o f tfie  corre lated features. T fiis  lim ita t io n  can once 

again be overcome using a r t if ic ia lly  generatc'd featiues. A d irect conn)arison between 

inherent signal features and an a r t if ic ia lly  in troduced  signature  can be s(>en in  F ig. 6.8. 

l l ie  figure sfiows the s{)cctral frequency o f an O F D M  signal w ith  a cyc lic  p re fix  at 

cyc lic  fm juenc ies  n =  0 (signal pow’er), a  =  1 /7 ’ (inherent features due to  the cyclic 

p re fix ) and a = 1/7', (s ignature embedded using a single m apped O P'DM  subcarrie r).

In  order to  assess the observation tim e  rc'cjuirc'd to  ije rfo rm  signal de tection  (mi 

the basis o f inherent cyc los ta tiona ry  features, a sim ple inherent feature detector is 

im i^lernented and M onte  C arlo  s inm la tions  are carried  out using a s im ila r approach to  

tha t used in  the previous section. T he  feature detector is im plem ented a.s

(G.4)

where the estim ated SCF is

L - \

(6.5)
/= 0

and i r [ / r ]  is a sm ooth ing spectra l w indow .

P h .D . Th&sLs S e p te iu ljc r  2.'). 2(KW



6.2 SIGNAL DETECTION 109

1

0.9

0.8

0.7

0.6

0.5
 a=0
 a=1/T
 0 = 1/7

0.4
Q .

0.3

0.2

0.1

0 >=
-0.5 0

Spectral Frequency, f / F
0.5

Fig. 6.8; C()in])aiison of inherent and  artificially em lx 'ddod  cy c lo s ta tio n a iy  features.

256-suhcarrie r  O F D M  w ith  a  1 16 cyclic prefix is considered. G auss ian  w h ite  noise 

is add( 'd  for SNR 5 d B  and  a  ran d o m  tim ing  offset is used as bef(;re. In o rder  

to  resoh 'e th e  inherent featun'S arising due  to  use of th e  cyclic i>refix, a fr('(juency 

reso lu tion  of A /  =  l / l O r ,  is adop ted .  S im ulations a re  carried  ou t using observa tion  

t im es of be tw een  10 an d  60 sym bol du ra tio n s ,  T. D e tec t io n  and  false a la rm  ra te s  are 

ca lcu la ted  over 2000 sinn ila tions  and  used to  gen e ra te  th e  R O C  analysis  i l lu s t ra ted  in 

Fig. 6.9.

R esu lts  show th a t  a re latively long oljservation t im e  is recjuired in o rder  to  achieve 

re liable  signal de tec t ion  i)erforniance using inherent cyclic i)rc'fix-relat(>d f( 'atures. For 

in h e ren t  features  ari.sing due to  use of th e  cyclic prefix, a  de tec t ion  ra te  of 85% can 

b(' achieved for an  associat(xl false a la rm  rate; of 17% using an  observa tion  t im e  of 

A t  =  60T'. B\' com parison , sim ilar ix 'rformaiice can  b e  achi('ved w ith  an  observa tion  

t im e  of ju s t  At = 8T  using a  cyc los ta tionary  signatiu 'e  gene ra ted  using 3 m a p p e d  

O F D M  subca rr ie rs  (see Fig. 6.2).

Ph.D. ThesLs
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Fig. 6.9: D e tec tion  perfon iiance  for de tector using inherc'nt cyc lic  p re fix -re la ted  cyclo- 
sl at ionary  features.

6 .2 .5  S um m ary

In  p e rlb rn iin g  a range o f s inn ila tions, a nnu iher o f key insights have l)een gained re­

gard ing  the generation and detection  o f cyc los ta tiona ry  signatures in  OF’ DM -based 

waveforms. F irs tly , it has Ixh'u s(>en tha t s ign ifica iil im provem ents in  de tection  per­

form ance can be achieved by increasing the nun ib ('r o f subcarriers m apped in  order 

to  generate a s ignature. B y using a n ia i)p('d  s tibca rrie r set size o f 5 instead o f 3, a 

25% incretrse in  the average detection  ra tio  i j , ^ , g / y o  can he achieved fo r SNR 5 d B . 

T h is  im provem ent comes however a t the  cost o f an incretuse in  overlu 'ad from  1.5(3% 

to  2.6%) for a system  w ith  192 da ta  subcarriers. A d d itio n a lly , it wa.s seen th a t, a l­

though re liab le  signal detection  is i)ossibIe using cyc los ta tiona ry  signatures at SNR >  

5 (IB. perform ance deteriorates considerably fo r SNR OdB. T h is  suggests th a t, w h ile  

cyc los ta tiona ry  signatures m ay not be su itab le  for fa c ilita t in g  very low power signal 

detection  using short observation tim es, they hold m uch p o te n tia l in  the  con text o f 

D ySPAN  rendez\'ous and coord ina tion .

Secondly, it  was found th a t s ignature  detection  perform ance can be im proved con­

siderab ly by increasing the signal observation tim e  adopted. For a s ignature  genc'rated 

using a set o f 3 m apped subcarriers, an increase in  the detection  ra te  from  70%) to  

90% can be ob ta ined  for an asscK'iated reduc tion  in  false a la rm  ra te  from  20% to  5%

Ph.D. Thesis Sopteniher 25, 20()S
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by iucrca«ing the observation tim e from 6 7  to  lO r . Ideal detector perform ance w ith 

100% detection ra te  and 0% false alarm  rate  was aehiev'ed over 2000 sim ulations for 

an  observation tim e of ju s t 16T. For a  signature generated  using a set of 5 m ajjped 

subcarriers, th is was achie^’ed for an observation tim e of 12T and for 7 m apped  subcar­

riers, the  sam e i)erforniance was achieved using an observation tim e equivalent to  10 

O FD M  sym bols, lOT. An IE E E  802.16 W iM ax system  using a 3.5 MHz Im ndw idth and 

1 8  cyclic prefix requires a  m inim um  fram e size of 34 sym bols |10|. T hus a  3-carrier 

cyclostationary  signatu re  may be successfully detected  using an observation tim e of 

less th an  half a single IE E E  802.16 frame.

Finally, by com paring the  perform ance of a cyclostationary  signatu re  de tec to r with 

tha t of a siin[)le inherent feature detector, it was seen th a t  significant reductions in the  

observation tim es rc(iuired for relial)le signal detection  may be achieved. It is notc'd 

th a t in addition  to  (jvercoming the requirem ent for long observation tim es associated 

w ith the use of inhererit signal cyclostationarity , cyclostationary  signatu res afford a 

level of flexibility and m ani])ulation which is no t })0ssible using inhererit features.

6.3  Signal Detection in Frequency-Selective Fading Channels  

6.3.1 Overview

As discussed in the  previous chai)ter. a lim itation  of cyclostationary  signatu res gener- 

at(xl using single O FD M  subcarrier s('t m ai)ping is the  sensitivity  exhibited  to  frecjuency- 

seleetive fading. A deep fad(' occurring at the fretiuency of a m apped set m ay d isto rt 

th e  signature  and  deterio ra te  detection perform ance. R obustness is provided in typical 

O FD M -based system s th rough  the  use of a cyclic prefix, hcjwever this ai)i)roach requires 

close fre(juency and tim e synchronization w ith the  signal of interest. In the  context of 

signal detection, th is  is not possible and so an a lternative  ai)proach is required.

T he effects of fr(!quency selective fading m ay be overcome by increasing the  fre- 

(lueruy diversity of the  cyclostatioriary signature. T his m ay be achieved through  use 

of nniltii)le m apped subcarrier sets in order to  generate  features a t a nunil)er of dis­

crete spectral fre(iu(;ncies. T hrough use of a constan t m apping separation , p, each 

fi'ature occurs a t a  conunon single cyclic frequcnicy, a.  In perform ing detection, addi­

tional (xjmplexity is not requirc'd as each feature m ay be individually detecte'd using 

the  single f(,'ature detecto r (see Ecjn. 6.2). A lternatively, the optim um  detec to r may be 

aj)[)roximat('d by:

Sept<*rnl)(’r 25. 2008 P li .D . T h e s is
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A / - 1

=  m ax //[7?i]C7[A' -  rri] (6.6)
0 < A ; < i V - l  L J .r I J

“  “  r n = ( )

where the ideal spectra l co rre la tion  fu n c tio n  for m u ltip le -fea tu re  signatures is a j)p rox i- 

m ated  by H [n i ] ,  a i)e riod ic  pulse tra in . I t  should be noted th a t unicjue nn iltip le -fea tvue  

signatures m ay s t i l l  be genera l('<1 th rough  choice o f set s[)acing p  to  generate a s ignature  

a t d iscrete cyc'lic frequency Thus m u ltip le -fea tu re  signatures m ay also be used to  

achiev(' ne tw ork iden tifica tio n .

A range o f s im u la tions are us('d to  exam ine detection perform ance using n n ilt ip le - 

fea ture  cyc los ta tiona ry  s igria tm es in  frequency-selecti\-e fad ing channels.

6 .3 .2  M ultip le -fea tu re  Signature Detection Performance

256-subcarrie r O F D M  signals are considered as before, w ith  subcarriers d is tr ib u te d  

as fo llows: 192 data. 55 guard. 8 p ilo t and 1 DC. D a ta  is random ly  generated and 

C^PSK m odulatcid w ith  a 1() sample cyclic  p ic fix  p rt'ix 'ruk 'd  to  (‘ach O F D M  sym bol. 

C yc lo s ta tio n a ry  featm es a i(' (nnlx'ddc'd at cyclic fr(,'qu(!ucy o  =  1 6 /r . j using mapped 

sets o f 3 subcarriers. A  4 M H z signal is s im ula t('d  w ith  a num ber o f frequency-selective 

n n ilt ip a th  channels m odelled using the C O S T  207 |111| channel prohles as well as 

an ex i)onen tia lly  decay('d channel model. S ignatm es are generatc'd using betwe(>n 1 

and 3 un i(iue features and R O C  perform ance is ('xam ined for each using M on te  C arlo  

s im ula tions. P robal> ilities o f de tection  {P^)  and false a larm  {P ja)  recorded over 

20()() s inn ila tions. Gaussian whit(> noise is added for S N H  «  5 dB  and a single feature 

de tecto r w ith  signal observation tim e  o f A t  =  307’ is used. Th(> d t'lay p ro liles  for 

each channel m odel and the  R O C  perform ance for each s ignature  ty j)e  ar(> presented 

in  F ig . 6.10 and 6.11.

Results show the reduc tion  in  ROC.' i)erform ance for single; fea ture  signatures un ­

der fre(]uency-selective fading. For a false a larm  rate o f 0 as determ ined over 2000 

s im u la tion  runs, a single feature  s ignature  can achie^•e an av'erage de tection  ra te  o f 

a i)p rox im a te ly  75%. Using a s ignature  con i])r is iiig  2 unique features, the  de tec tion  ra te  

increases to  ~  92% when averaged across the channel models, increa^sing to  «  98%  ̂ for 

a 3-feature signature.

6.3 .3  Discussion

A lth o u g h  in ii)roved perform ance is achieved using m u ltip le -fea tu re  s ignatures, these 

im provem ents come w ith  the  cost o f increased overhead. M u ltii) le -fe a tin e  s ignatures are

P li.U . The,sis S t;p te m b o r 25. 2(K)8
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Fig. 6.10: Delay sp re ad  profik's and  HOC- po r f o n n an cc  for i iml l ip le- fea lure  s ignatures .
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Fig. 6.11: Delay spread profiles and ROC i)erforrnancc for n iu ltipkyfea tu re  signatures.

generated through the use of nn iltip le  mapped sets of O FD M  subcarriers, resulting in 

fewer subearriers which may used to  carry indei)end(,‘nt data. Tlie trade-off is illus tra t('d  

in Table G.2, where the overhead associated w'ith the single-feature and m ultip le-feature 

signature types used in simulations are compared. The system overhead here is given 

for the cas(' o f 25G-subcarrier O FD M , where .55 guard sulx arriers and 8 p ilo t subcarriers 

are used. In the context of cognitive radio oj>eration, it  may be possible to choose the 

number o f embedded features dynam ically on the basis of pr(!vailing channel conditions. 

In  th is way, system overhead may be m inim ized and overall throughput maximized.

Number o f Features Redundant Carriers Overhead
1 3 1..56 %
2 6 3.125 %
3 9 4.688 %

Tab. 6.2: M ultip le-Feature Signature 0^•erhead 

Exam ining the i)erformance o f a signature; detector under conditions o f freciuency-

P li.D . T h e s is  S e p te m b e r 25. 2008
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scloctivc fading i l lus tra tes  the  in ip o r tan ce  of power no rm aliza tion  in e s t im a t in g  spec­

t ra l  corre la tion . Power norm aliza tion  is achieved th ro u g h  use of th e  A F  (Ecjn. 6.1). 

A l th o u g h  use of the  A F  increases th e  com plex ity  of th e  s ig n a tu re  d e tec to r ,  th e  i)er- 

forn iance gains arc  considerable. T h is  is i l lu s t ra ted  by Fig. 6.12 which shows R O C  

p erfo rm an ce  for s ig n a tu re  de tec t ion  using th e  t im e -sm o o th ed  cyclic cross p er io d o g ram  

(T S -C C P )  (Eqn. 5.9) alone.

COST 207 Bad Urban
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a.'’ 0.5
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5 features

0.2
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Fig. 6.12: R O C  performance' for s ig n a tm e  d e tec to r  w ithout power n o rm al iza t io n  in 
C O S T  207 B ad  I h b a n  channel.

6.4 Network Identification 

6.4.1 Overview

T h e  use of cyclostationar>- s igna tu res  as uni{]ue netw ork  identifiers was disctissed in 

th e  previous chap te r .  Using O F D M  su b ca rr ie r -m ap p in g ,  cy c los ta tionary  fea t iu es  m ay 

be  g en e ra ted  a t one of a luunber  of d iscre te  cyclic frequencies. T hus ,  by  enibc'dding 

a  s ig n a tu re  w ith  a p a r t ic u la r  cyclic frequency in a  waveform, a  t r a n s m i t t in g  device 

allows th a t  waveform to  be  uniciucly identified by  receiving devices. In th e  con tex t  of 

D ySPA N  rendezvous an d  coord ina t ion ,  all nodes w ith in  a  singk' netw ork  m ay  eml^ed 

th e  sam e uni(ju(' s ig n a tu re  w ith in  any t ra n s m i t te d  signals. Nodes w ishing to  jo in  the: 

netw ork m ay  th en  d e tec t  peer nodes an d  es tab lish  a conunun ica t ions  link by d e tec t in g  

th is  imi(iue s ignatu re .  As th e  s ig n a tu re  is present in all signals t r a n s m i t te d  by nodes 

w ith in  th e  network, identification  can  be  perfo rm ed  using any in te rcep ted  signal w ith in  

th a t  network.

S<*pternl)or 25. 2008 Ph.D. 7'hesLs



IIG 6. SIGNATURE SIMULATIONS

In using cyclostationary signaUu'es to perforin network identification, a key system 
lim itation is the number of unique signatures which can be used by that system. In 
the context of DySPAN rendezvous and coordination, a straightforward method for 
differentiating between signatures is on the basis of the cyclic frequency, a, at which 
the signature occurs. As we have seen, signatures may be embedd(;d using OFDM 
suljcarrier mapping at cyclic frecjuencies

where p is the freciuency sei>aration Ix'tween mapped sets and 7’, is the OFDM source 
symbol duration. Using this approach, the maximum number of uniciue singk'-feature 
signatures which may be generated by the OFDM-btiised system is N  — 2M +1 where N  
is the total number of sul^carriers used in the system and A/ is the number (jf subcarriers 
in the mapped set. For multiple-feature signatures, th(' number of unique signatures 
drops to ~  — 2M  +  1 where R is the number of indej)endent features comprising 
the signature. In the case of a typical system using single-feature signatures with 256 
subcarriers and ma[)p(Hl sets of 3 subcarriers, this ai>proach yields 251 uniciue signatures 
which may be used.

As well as being able to generate a large number of uni(iue signatures, lujwever, it 
is necessary to successfully detect and differentiate between each of these signatures. 
In i)erforniing detection and network identification, a key parameter is the cyclic fre- 
<iueiicy resolution of the signature detector design adopted. In Chapter 5, a highly 
('fficient signature detector wtis prcscnted(Fig. 5.8). This detector relies uj)on Ikst 
Fourier transform (FFT) rotation in the frequency domain in order to perform the 
(t-shift required to detect a signature and in doing so achieves a low level of computa­
tional complexity. A limitation of this a]:>proach however, is the low cyclic freciuency 
resolution of such a detector. Recall from Chapter 5 that the duration of an OFDM 
symbol is T =  Ty +  Tg where 7’, is the source symbol duration and Tg is the duration 
of the ai)])end(!d cyclic prefix. In a system where Tg ^  0, the frequency resolution of 
the detector is j;. Under these circumstances, signatures can only be detected where

P (6.7)

Y  P,Q < N  -  2M  -f 1
S

(6.8)

Taking an example system w'ith N  =  256, M  =  3 and Tg =  signatures may be 
detected using the fretiuency-domain shifting d(‘tector at

a  = (6.9)

P h .D . T h e s is S e p te m b e r 25, 2008



6.4 NETWORK IDENTIFICATION 117

aiui the  rriaxiiiiuiii im m her of unique signatures which can be used is 15.

Depen(hng uj)on the  application, 15 unicjue signatures m ay be sufficient. If however, 

a g rea ter num ber of signatures is required, a signatu re  de tec to r w ith a sm aller cyclic 

fr(;(iuency resolution nm st be designed. F’ig. 6.13 illustrates such a detector.

T he efficiency of the frequency-dom ain shifting detector arises due to  the  use of a 

(‘ircular ro ta tion  in the frequency dom ain to  achieve the  required a  shift. However, 

the  use of th is approach lim its the  cyclic fre(}ucncy of th e  detecto r to  q . ^ f  where 

th e  frequency resolution. A /  =  i /T.  In order to  perform  detection  a t an a rb itra ry  

cyclic fre(}uency, it nnist be possible to  i)erform an a rb itra ry  a  shift. As illustrated  

in Fig. 6.13, this can be achieved in the  tim e dom ain th rough  rnultii)lication w ith a 

t:orni)k'x exponential series.

Following frequency shifting, two F F T  stages are rec}uired to  transform  bo th  the  

shifted and non-shifted signal samples. These sami)les are correlated  and tim e-averaged 

to  calculate the SCF, C alculation of the  AF, C ^ ( / )  is perform ed through

norm alization w ith a su itab le  power series as shown. A lthough the  use of tirne-dom ain 

freciuency shifting increases the  com putational com pk'xity of th e  detector, it effectively 

facilitat('s the  detection of cyclostationary  signatures a t all cyclic freciuencies.

6 .4 .2  Network Identification Performance

M onte-Carlo sinuilations are carried out to  exam ine the perform ance of signatures 

us('d for network identification under fre(juency-selective channel conditions. T he tim e- 

shifting detector illustrated  in Fig. 6.13 is used to  provide the necessary cyclic fre(iueucy 

resolution and four unique signatures are considered w ith cyclic frequencies outlined 

in Tahle C.3.

S ignature Cyclic Frequency

«i 29/T,

3 0 /r«

rt.'i 3 1 / r ,

a.i

Tab. 6.3: Signature Cyclic Frc(}uencies

T he m inim um  signatu re  sej)aration of l /T ,  is adopted in order to  assess network 

identification perform ance in the  cjise where the  m axim um  num ber of signatu res are in 

use.

Ph.D. Thesis
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Fig. 6.13: High a RcHolutioii Signature Detector
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6,4 NETWORK IDENTIFICATION 119

All exponential decay frequency-selective channel model (see Fig. 6.11(c)) is sim­
ulated and nmltiple-featmx' signatures containing 3 independent features are gener­
ated as l)cfore. (^PSK modulated data symbols are simulated using 25G-suhcarrier
OFDM signals with cyclic prefix lengtfi 16 as before. Gaussian white noise is added
for —20(IB <  S i \ n  < 20dB. For each iteration, a signal is generated with embedded 
signature randomly chosen for j  G [1,2, 3,4], Detection is jK-rformed for each cyclic 
fre(iuency using the time-domain shifting detector and identification is performed using 
decision statistic:

2 =  argnuixy(, (6.10)
j

A probability of identification, Pj is defined as:

P^=p [ z  =  j \xj )  (6 . 11)

where ,r, is an OP'DM signal containing a cyclostationary signature with cyclic fre- 
(luency a^. Results are })resented in Fig. 6.14 for obser\'ation times between bT  and 
3or.
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Fig. 6.14: Performance of Network fcUnitifier using Cyclostationary Signatures.

It can he si'cn tha t jx'rformance of t,h(' identifier iinprovt's as the signal observation 
time is increased. Using an observation time of just 5T, signatures can be differentiated 
with a 9{)9c i)robability at S N R  > 15 dB. However, l)y increasing the observation time 
to 3 0 r . a signatun ' identification rate of 100% can be achieved for S N R  > 5dB. This 
rate falls to approximately 95% at S N R  ^  OdB with performance falling more rapidly 
for lower l('\'cls of SNR.
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6 .4 .3  Discussion

Results show th a t cyc los ta tiona ry  signatvues may l)e successfully used to  perfo rm  net­

w ork id ( 'n lif ic a lio n  under fre(}uency-selectiv(' fading cond itions. B y  adop ting  signatures 

w ith  the  m in im u m  cyclic  frecjuency se jja ra tion , it was shown th a t a re la tive ly  large 

num ber o f uniciue signatures can be successfully u tilize d  w ith in  a single O FDM -based 

waveform . C yc los ta tiona ry  signatures m ay be used for ne tw o ik  ide n tifica tio n  where 

each device w ith in  a p a rticu la r netw ork uses a connnon id e n tify in g  signature. In  th is  

way, devices from  d iffe ring  networks w ith  s im ila r ()FDM -ba.sed waveforms can {)er- 

fo n n  rendezvous and coo rd ina tion  w ith  th e ir  j)eers using the signatures embedded in 

tra n s m itte d  signals. T fie  existence' o f large num bers o f unicjue s ignatures fac ilita tes  si­

m ultaneous ii( 'tw (jrk  id ( 'n tifica tio n  w ith in  m any co-locat('d  networks, p rovided th a t no 

tw o networks adopt the  same signature. In  order to  ensure th a t each netw ork adopts 

a uni(iue signatm 'e. an assignment m echanism  is recjuirf'd. In  the case where networks 

n jqu ire  approval or ce rtifica tio n  in  o rd t'r  to  op(>rat(* w ith in  a given band, signatures 

could I)e assigned in  a centra lized m anu('r l)y the ai>proving a u th o rity . In  the absence 

o f such an a u th o rity , a (lis tril)U ted  assignment mechanism may be i)ossible bayed upon 

observations made o f o the r networks ac ti\'e  w ith in  the  same spectrum  band.

In  a d d itio n  to  exam in ing  the us(? o f cyc los ta tiona ry  signatures fo r ne tw ork id e n ti­

fica tion , it  WcLS illu s tra te d  th a t the  co m p le x ity  o f the clujsen s ignature  de tecto r design 

m ay be chosf'u on the l)asis o f the  num ber o f un itjue  signatures reciuired by the applica­

tion . In  the ca«e where a sm all num ber cjf unicjue signatures suffice, the  low -com p lex ity  

P’ F T  s h iftin g  de tecto r design m ay b(' adopted. However, i f  large num bers o f signatures 

are needed, the more com plex tim e -dom a in  frequency sh iftin g  design m ay be used.

The cyclic  fre(|ucncy o f an embedded feature may be used to  i)rov ide an id e n tify in g  

s ignature  in  the context where the tra n s m it frecjuency o f the  SOI is unknow n. In  th is  

way, features occurring  a t any spectra l frequency w ith in  the received b a n d w id th  may 

be used to  id e n tify  tha t SOI. How'ever, in  the case where the  tra n sm it frecjuency o f the 

signal is know n in  advance, it  m ay be [)ossible to  generate more com plex signatures by 

using b o th  the cyclic and spectra l frequencies o f the embedded feature to  id e n tify  th a t 

signal. In  th is  way, i t  m ay be possible' to  create greater num bers o f uni(]ue signatures 

or to  pe rfo rm  more re liab le  ne tw ork id e n tifica tio n .

Ph.D. Thesis Septeiiibei 2.'). 2008



6.5 FREQUENCY ACQUISITION 121

6.5  Frequency Acquisition

6 .5 .1  Overview

A key use o f cyclostationai'y signatures in the context o f DySPAN rendezvous and 

coordination is freciuoncy acquisition. Following the detection o f a signature w ith in  an 

SOI and network i(ien1ification, tim ing  and frequency synchronization must take place 

in order for a communications link  to be established.

Using a signature detector l)ased on the use of a cyclic cross periodogram (GC’P), 

detection is performed in the frequency domain. This allows the spectral frt'ciuencies 

o f detected cyclostationary features to l^e d irectly  determined from the output o f the 

detector. I f  the re lationshii) l)ctween the detected feature and the carrier frequency of 

the SOI is known, th(' spectral frequency o f tha t feature can be used to estimate the 

carrier frecjuency o f the signal.

In  the ca.se where the o iicra ting  bandw idth  of the receiver is greater than that of 

the SOI, the use o f a CCP-l)ased detector facilita tes the detection o f signals contain­

ing embedded signatures w ith  any carrier frecjuency w ith in  that receive bandw idth. 

Using the detected featvu'es to estimate the carrier freciuency o f the signal allows the 

bandw idth and carrier frequency of tha t receiver to be adjusted in order to achieve 

synchronization and establish a coimnunications link.

C arrier fre(juency estim ation using an embedded single-featme signature may Ije 

I)erformed directly. liow ’cver, in the case o f a m ultip le-feature signature such a« that 

illustra ted  in Fig. 6.15, add itional [)rocessing is reciuired in order to identify  the location 

o f a ll features i)resent.

6.5 .2  Acquisition Perform ance

Montc'-C’arlo simulations are used to examine frequency acquisition ))crformance using 

embedded cyclostationary signatures. A  5MHz si)ectrum band is simulated using a 

1280-bin inverse fast Fourier transform  (IF F T ). O f these, 256 contiguous bins are chosen 

to simulate a signal transm itted  using 20% of the availal)le bandw idth. As before, 

subcarricTs are allocated as follows; 192 data, 8 p ilo t, 55 guard, 1 DC’ carrier. The 

index of the DC carrier bin, n „  is random ly chosen as 128 <  oq <  1152 and a fu rther 

fractional fre(iuency offset f  fm c  added as

ij[k] =  ( 6 .1 2 )
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Fig, 6.15: Spectral F’rtxiueiicy of an OF'DM signal containing an embedded nmltiple- 
feature signature.

A nniltiple-feature cyclostationary signature is generat<>d with cyclic freciuency a =  
16/256F,, using three sets of 3 mai)ped subcarriers (as illustrated in Fig. 6.15). A 
freciuency selective chamu'l is sinuilated using the exj)onential decay chamK’l model 
as before. Gaussian white U(jise is added for —20dB < SNR < 20 dB and signature 
det(‘ction is performed over the full simulated bandwidth as before using the fr('(iu('ucy- 
domaiu shifting detector (5.13). An observation time of A t =  307’ is considered, 
and carrier frcxjuency estimation is performed using the detected signatures. Carrier 
freciuency estimate's are used to establish a j)rol)ability of acciuisilion dc'fincnl as

Pa =  p(/0 -  A./ < fesi <  /.) +  A,/') (6.13)

where' A /  is the subcarrier spacing and / q is the true carrier freciuency. Results are 
presentc'd in Hg. 6.16.

Ilesults indicate that embedded c:yclcjstationary signatures may be successfully used 
to perform carrier freciuency estimation to within a single subcarrier spacing of the true 
value. This is shown to l)e true under frequency-selective c;hannel conditicms using a 
multij)le-feature signature with three independent features. For SNR of greater than 
6dB the probability cjf acc}uisition, is seen to l)e greater than 95%. Below this level, 
it can be sĉ en that acquisition performance deteriorates with a P„ of approximately 
85% at OdB. At high levels of SNR, it can be seen that the prol)ability of acciuisition 
remains constant at approximately 98%. This loss of 2% performance can be explained 
by the use of a time-variant multipath channel and incorrect estimation of the central
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Fig. 6.16: Fi('(iucncy aceiuisitioii perforinancc using enilK'ddcd cyclostationary signa­
tures.

feature. At tim es of severe fading, aeciuisition may not be i)Ossible even at high lev(,'ls 

of SNR.

6.5 .3  Discussion

As discussed in Chapter 5. a wide range of freciuency acquisition schemes for OFDM- 
based signals exist. These existing approaches are not suited to the unique challenge 
of Im^uency acquisition for DySf\A.N rendezvous and coordination where tlie signal of 
interest may lie in a wide frequency band relative to the l)andwidth of the signal itself. 
It lu\s been shown howevcT, th a t under these conditions embedded cyclostatioriary 
signatures may be effectively used to achieve carrier frequency estimation to within 
one suf)carrier s[)acing of tlu' true value.

Following carrier fr('queucy estim ation using a detected cyclostationary signature', 
a fine fn'cjuency tracking ai>proacli may be leverag<'d to achieve the highly accurate 
frequency synchronization required by OF'DM-based systems. One such frequency 
tracking approach is tiia t proposed by Schniidl and C’ox |105| and discussed in the 
[)revious chai)ter. The fractional frequency offset estimation approach i)roposed l)y 
Schmidl and Cox j)rovid('s robust frequency synchronization with an accjuisition range 
of ^  - 1 OF'DM subcarrier si)acing. This is achieved using a frame preamljle symbol
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consisting of two repeated  synit)ol halves. By adopting a tim e-delayed autocorrelation, 

frame detection , symbol tim ing and  fractional frequency offset estim ation  is performed.

By com bining the  use of em bedded cyclostationary  signatures with a frequency 

tracking approach such as Schmidl and Cox, a com plete solution for achieving sig­

nal detection , frequency acquisition and synchronization in DySPAN networks can be 

im plem ented.

6.6 Summary

In C h ap te r 5, cyclostationary  signatures \vere identified {vs a po ten tially  useful tool in 

overcom ing a num ber of key challenges associated w ith rendezvous and coordination 

in DySPAN networks. In th is chapter, signatures luu’e been assess(?d using sim ulation 

results in term s of their perform ance under a num ber of scenarios associated w ith these 

challenges.

Initial a,ssessmenta focussed on the [>arameters used to generate and detect cyclosta- 

tionary  signatures. An im portan t trade-ofi exists in the generation of cyclostationary 

signatures between the  overhead involv(,'d and the detection i)erform ance which can be 

achiev(;d. T he overhead associated w ith generating signatures arises due to  the use of 

m apped OF’DM subcarriers. A lthough subcarriers w ithin the m apping source set carry 

da ta , subcarriers in the  map])ing destination  set must carry tha t sam e d a ta  and so are 

effectively lost. As th e  set of m apped subcarriers increases, so too does the overhead 

involved. Using sim ulations, it was found tha t detection perform ance can be greatly  

improved through the  use of g reater m apped set sizes. An in itial im provem ent wâ s 

identified as an increased detection  ratio  ijsiy/vo where is the detection s ta tis tic  

in the  presence of a signature  and yo is the  detection sta tis tic  for a signal w ithout 

an em bedded signature. I 'liis  ra tio  ({uantifies the  ease w ith which a signal containing 

an em bedded signature  can be d iscrim inated from one w ithout. Sim ulation results 

indicated  th a t  the optim um  m ajjped subcarrier set size lies betw een 3 and 7 for an as­

sociated overhead of betw'een 1.56 and 3.65 %. This assessm ent of subcarrier set sizes 

was fu rther exam ined in the  context of the signal observation tim e required for reli­

able signatu re  detection. ROC analyses in the  presence of G aussian white noise were 

used to  determ ine com parable required olxservation times. Using a set of 3 rnapi)ed 

subcarriers, it was found tha t an observation tim e of 16 symbol durations w'as recjuired 

for a detection  ra te  of 99% and an a-ssociated false alarm  ra te  of 1%. Using a set of 5 

mapi)ed subcarriers, it w^as found th a t  th is observation tim e decreased to  ju s t 10 sym ­

bol du rations for com parable perfbrm ance. A further reduction to  8 symbol durations
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was achieved using a set of 7 suljcarriers. These findings were further exaiuined using 
signature detection histograms associated with the ROC analyses carried out.

In Chapter 5, the hniitations associated witfi the use of inherent signal cyclostation- 
arity were identified as key motivation for the use of intentionally embedded cyclosta- 
tionary signatures to achieve DySPAN rendezvous and coordination. Simulations were 
used to illustrate the benefits of using embedded signatures over the use of inherent 
signal features. A signal detector was implemented using the cyclostationary features 
inherent to OFDM signals due to the use of a cyclic j^refix. Comparisons showed tha t 
detection performance using inherent features and an observation time of 60 symbol 
durations could 1)0 achieved using an embedded 3-subcarrier signature and an observa­
tion time of just 8 syml>ol durations. Furthermore, it w'a.s noted tha t these performance 
improvements were achieved in addition to the adaptability  and flexibility afforded by 
the use of embedded signatures.

While initial performance assessments of cyclostat ionary signatures pro\’ided jjromis- 
ing results, further tests were' reciuired to assess their use under more challenging, real 
world conditions. In order to simulate these conditions, further ROC analyses were 
carri(>d out using a range of freciuency-selective m ultipath channel models. In the 
previous cha]:)ter it was seen tha t freciuency selective fading can negatively imjjact sig­
nature detection when a deep fade occurs at the frc'quency of a mai)iK;d sul)carrier set. 
By embedding signatures comprising more than one independent cyclostationary fea­
ture. it is possible to achieve greater freciuency diversity and greater robustness under 
conditions of frecjuency-selective fading. Sinmlation results show’ed tha t a signature of 
3 independent features, each generated using a set of 3 ma})})cd subcarriers, nuiy be 
used to provide excellent detection performance mider a wide range of nmltii^ath chan­
nel models. In addition to illustrating the performance advantages of miiltipk'-featiue 
signatures, simulations were used to outline the im portance of pow'er normalization in 
signature detection. Sinuilations carried out using a detector without powder norm al­
ization show'C'd tha t even the use; of 5 independent features could not compensate for 
the deterioration in performance.

Having assessed the use of cyclostationary signatures in the context of signal de­
tection, it w'as necessary to examine their use in the second application })ropos('d - 
tha t of network id(>ntification. As discussed in the previous chapter, OP^DM subcar­
rier mai)i)iug facilitates the generation of signatures at specific cyclic frecjuencies. By 
embedding signatures with a specific cyclic freciuency in a signal, a transm itter allows 
that signal to be uniquely identified. In the case where all members of a netw’ork utilize 
the same signature', that signature may be usc'd to achieve network identification. Sim­
ulation rf'sults w'cre us(;d to show tha t a signature identification rate of 100% can be
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achieved using a m in im um  signature separation for signals w ith  an SNR of above 5dB. 

Th is was possible under conditions of freqeuency-selective fading using a signature o f 3 

independent features, each generated using ma))ped sets of 3 subcarriers. An interest­

ing trade-off Wcis identified between the com plexity of the signature dettx'tor adoi)ted 

and the number of uniciue signatunis which may t)e identified. This trade-off aris(;s 

due to the o resolution of the detector implemented and presents a key design deci­

sion in the realization o f a wireless system using cyclostationary signatures for network 

identifica tion.

A valuable application of cyclostationary signatures identified in  Chajiter 5 is tha t of 

frequency ac(]uisition. The im plem entation of a signature detector btused upon the use 

o f a CCP perm its detected cyclostationary features to  be accurately locat(;d in s{)ectral 

fretiuency. Using this ap[)roach, it  is possible to determine the carrier fre(iuency of a 

detected SOI using an emlx'dded signature. Simulations were used to illustra te  that 

carrier frequency estim ation can be successfully i)erformed to an accuracy of a single 

subcarrier spacing using an embedded signature under conditions of frequency-selec'tive 

fading. In addition, it  wa« shown that freciuency acquisition can be achieved using a 

sampled bandw id th  greater than tha t of the SOI. This result is key in the context 

o f DySPAN rendezvous as it indicates that wide-band receivers may be leveraged to 

perform high speed scanning of wide fre(|uency bands for signature-containing signals.

An im portan t result of the frequency acquisition analysis carried out Wtis the fre- 

(luency estim ation accuracy w liich can be ac“hiev(;d using embedded signatmes. Fine 

frequency tracking algorithm s are typ ica lly  adopted in O FD M  based systems to  a \o id  

tlie  effects o f AC I. One such a lgorithm  is the Schmidl and Cox ai)proach whicfi i)ro- 

vides a fre(iuency accjuisition range of + / -  one subcarrier si:)acing. As carrier fr(X|uency 

estim ation may be re liah ly performed to w ith in  this range using an embedded cyclosta­

tionary signature, the Schmidl and Cox a lgorithm  provides a h ighly suitable frequency 

tracking a lgorithm  which may be adopted in systems emi)loying signatures for DySPAN 

rendezvous and coordination.

In th is  chapter it  has been illus tra ted  tha t cyclostationary signatures may be suc­

cessfully employed to achieve signal detection, network coordination and frequency 

acciuisition and that they are indeed a promising tool for overcoming the challenges of 

rendezv'ous and coordination in DySPAN systems. Valualjle insights have been gained 

in to the key processes involved in  the generation and detection o f signatures and a 

number o f c ritica l design decisions to be considered in adopting the use o f signatures 

in  an O F D M  based system have been identified. Simulations have provided a key 

means o f assessing the performance of signatures under a range o f conditions. How­

ever, sim ulations only serve to model real-world conditions and so provide an incom-
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I)k'tc assessment. In order to fully examine the suitability of cyclostationary signatures 
when applied in real-world networks, it is necessary to design and implement roal-world 
systems which can l)c tested and monitored. The following chapter addresses this re­
quirement and discusses the im pk'mentation of an OFDIM based wireless system using 
t‘ml)('dd(xl cyclostationary signatunis upon a. highly Hexil)le platform for software radio 
experimentation. Experiments carried out using this system are discussed in C hapter 8 
and presented results are examined in order to fully asscvss cyclostationary signatures 
a.s a pot('ntial solution to the challenge of DySPAN rendezvous and coordination.
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7. IM PLEM EN TATIO N  OF A 
P R O T O T Y P E  TRANSCEIVER

7.1 Introduction

In  C hap te r 6, c-yclostationary signatures were shown to  be a pow erfu l p o te n tia l to o l in  

ov('reoniing the  challenge o f D ynam ic  Spectrum  Access N etw ork (D yS P A N ) rendezvous 

and coo rd ina tio n . S inn ila tion  results can te ll us nnich about the  perform ance w hich 

can b(> achieved using embedck'd signatures how'cver, in  order to  fu lly  exam ine th e ir  use 

in  O rthogona l Fn 'quency D iv is io n  M u ltip le x in g  (OF"DM)-ba.sed systems, a rea l-w orld  

exp ('rim ('n ta l p ro to typ e  is r('(]u ired.

In  th is  cha ]ite r I i)resent a transceiver p ro to ty jje , designed and im plem ented to  

jx 'r fo rm  rea l-w orld  tes ting  o f an OP^DM-basc'd system using embedded cyc losta tion- 

a iy  s igna tun 's  fo r de t('c tion , ne tw ork ic k 'u tiiica tio n  and frequency acqu is ition . Sec­

tio n  7.2 f irs t ly  {)resents the  p la tfo rm  used fo r our i)ro to ty i)e , exam in ing  the rad io  

fr('(]uency (R F )-fro n t end and basc'band processor in  tu rn  and discussing th e ir in- 

hen 'n t advantages and disadvantages. Section 7.3 outlines Im j)le n ie n tin g  R adio In  

Software (IR IS ), a h ig h ly  reconfigurable software rad io  a rch itec tu re  adoi)ted fo r om' 

transc('iver im p lem en ta tio n . Fo llow ing th is  in it ia l discussion o f the  doveloi)ment p la t­

fo rm . Section 7.4 presents the  transceiver as im plem ented upon the p la tfo rm . The 

tra n s m itte r  and receiver designs are discussed in  tu rn  and key design decisions are 

ou tlined . V a ria tions  ui^on the designs adopted are also exam ined in  the  context o f 

a lte rn a tive  app lica tions. F ina lly , Section 7.5 concludes the  chapter.

7.2 Experimental Platform  

7.2.1 Overview

In  order to  i)c rfo rm  rea l-w orld  exi)erim ents using embedded cyc lo s ta tio iia ry  signatures, 

a i)rotot> 'pe transceiver m ust be designed and im plem ented. A  w ide range o f i)la tfo rm s
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130 7. IMPLEMENTATION OF A PROTOTYPE TRANSCEIVER

exist for the (levelopuieiil of prototype wireless transceivers, each with their own ad­
vantages and drawbacks. By examining the design recinirernents of our system, we can 
choose a j)latform which is most suited to <jur needs.

In an OFDM -based transceiver system, the generation, detection and analysis of 
embedded cyclostationary signatures may be performed using baseband signals. For 
this recison, I will look separately at the platform requirements in terms of the RF-front 
t'nd and the ba^seband processor to be adopted.

The RF-front end serves to ui)-convert and transm it signals generated in the base­
band processor and to down-convert and digitize received signals prior to processing. 
Key factors in the choice of a suitable front end include transm it and receive frequen­
cies, bandw idths and {)ower levels. DySPAN systems are capable, by definition, of 
adjusting the carrier frequencies and bandwidths used in order to  efficiently utilize 
available resources and to adapt to  (;nvironmental conditions. Therefore, in address­
ing the challenge of rendezvous and coordination for DySPAN systems, the ability to 
dynamically adjust transm it and receive carrier freciuencies and bandwidths is essen­
tial. Further flexibility in the transm it and receive gains of the front end are desiral)le 
in order to manii)ulate signal powers and obtain required signal-to-noise ratio (SNR) 
levels. In addition to flexibility in front end operating param eters, it is a requirement 
that RP" equipment may be easily integrated with the l)asel>and i)rocessing [)latform to 
be ado])ted. The ability to "i)lug and play" the front end perm its design and imple­
m entation efforts t(j be fociised u[)on the bfisi'tjand tiaiisceiver system.

The baseband processor is responsible for the generaticMi of waveforms to be trans­
m itted and the analysis of waveforms received, downconverted and digitized by the 
RF" front end. While the possible i)rocessing platforms range from aj)plication-spe(ihc 
integrated circuits (ASICs) through field programmable gate arrays (F'PGAs) to dig­
ital signal processors (DSPs) and general ]Mni)ose proco'ssors (G PPs), a key factor 
in choosing one suitable for adoption as the baseband processor for an OFDM-based 
transceiver is the speed and flexibility with which transceiver designs can be proto­
typed and tested. In considering the need for rapid prototype develoi^ment, subjective 
issues sucli t\s experience and the learning curve associated with a given platform must 
})e taken into account as well as objective factors such as the development tools which 
may be available for that i)latform. In terms of performance, the processing power 
of the platform will dictate the bandw idth of the signals which may be successfully 
generated and analys('d in real time. While the ability to store and process an signal 
of interest (SOI) offline may ease processing requirements, it may also be desirable to 
perform exijerimerits using live signals. Once again an imi)ortant issue in choosing a 
suitable i)latform is the ease with which tha t platform may be integrated with the RF
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front (’11(1 ('lioseii. When rapid prototype develo{)iiieiit is a p rio rity , interconnect iv ity  

issii(!s must be avoick'd where poSvsible.

W ith  th('se re(]uirements in m ind, the p la tfo rm  chosen to  implement our p roto ty i)e  

traiis(;eiver is a h ighly reeonfigmable software radio engine known as IR IS  running on a 

GPP and using an R F -fn jn t end sjjeciHcally designed for use w ith  GPP-based software 

radios, the Univeral Software Radio Peripheral (USRP). In the next s(X'tions I w ill 

look at the main m otivation for choosing this i^articular p la tform .

7.2.2  T h e  Universal Software Radio Peripheral (U S R P )

Fig. 7.1: The Univ(^rsal Software Radio Perii)lieral (USRP) m otherboard

The USRP |112| is an R F-front end designed specifically for use w ith  GPP-based 

software' radio systems. The m odular a rch it(x lu re  us('d compris(!s a motherboard w ith  a 

high-siiec'd USB 2.0 interface and a variety o f daughterboards (k'signed for transmission 

and r(,'ception using frequency bands uj) to  2.9 GHz.
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132 7. IMPLEMENTATION OF A PROTOTYPE TRANSCEIVER

The iiiotherboard itself features four 64MS s 12-bit analog to digital converters 
(ADCs) and four 128MS, s 14-bit digital to analog converters (DACs), perm itting use 
of 4 input and outjju t channels (or 2 input and output in-phase - (luadrature (I-Q) 
l)airs). The board also includes an FPGA inii)lenienting four digital downconverters 
(DDCs) with j)rograinmable decimation rates and two digital upcon^'erters (DUCs) 
with programm able interpolation rates. The use of an FPGA perm its high saniple-rate 
[)rocessing to l)e performed on the board, allowing low' samjile-rate i)rocessiiig to be 
performed on the host computer. This allows baseband signal data  to be transferred 
over the USB 2.0 link, greatly reducing the data rate recjuired. How'ever, this interface 
is still the main bottleneck for the system, restricting ('ffective usable bandw'idth to 
less than 8 MHz using 16-bit I-Q sami)les. Fig. 7.1 shows the USRP m otherboard 
with F'PGA, front-end processors (FEPs) and USD controller highlightc.'d. Each FEP 
contains tw'o DACs and two ADCs.

I'he key strenglli of t he USllP lic's in the flexibility provided in carrier fretjuencies, 
sami)led bandw idths and signal i)Owers. Each oj^erating param eter is controlled using 
register values, read and w ritten over the USB 2.0 interface. The usal)le range of 
param eter values is (lei)endent upon the transceiver daughterboard in use. For exami)le. 
using the RFX2400 daughterljoard, a frecjuency range of 2.3 to 2.9 GHz is sui)ported 
with a maximum transm it power of 5 0 mW (17dBm) and an adaptive gain control 
(AGC) range of 70dB. Furthermore, the relatively low cost of the USRP makes it a 
highly attractive RF-front end ojjtiou for rai>id prototype implementation.

An additional motivation for use of the USRP is the open sovnce nature of the 
l)latform. All drivers and firmware as well as FPGA and daughterboard designs are 
available w ithout the need for any purchased licenses. This allows a com])lete under­
standing of the platform operation to be gained and facilitates any adaptation which 
may be recjuired for a given apj)lication.

While the USRP is often used in tandem  with the GNU Radio |113| project software 
engine, the flexibility of the system permits the use of any software radio environment, 
running upon a wide range of possible GPP-based platforms. P'or the imi)lernentation 
of an OFDM -based transceiver Tising embedded cyclostationary signatures, a highly 
reconfigurable software radio engine developed a t University of Dublin, Trinity College 
and known as IRIS |H 4 | was adopted. IRIS is presented in Section 7.3 below.

7.2.3 The General Purpose Processor (GPP)

The adoi>tion of the USRP îs the RF-front end jjermits the use of a G PP-based software 
radio engine to perform bfiseband ])rocessiug w'ithiu our transceiver prototype. In order
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to  rapidly i)rototypc the cyclostationary signature-based system, the ability to use a 
GPP-l)fis('d platform provided a numl)cr of valuable advantages over other i)ossibilities. 
This section outlines these advantages and provides a brief discussion of the use of 
GPP-ba.sed software radio syst(;ms.

In Section 7.2.1 the principal requirements of a baseband processor for system 
prototyi)ing were identified as the speed and flexibility with which systems can be 
implemented as well a.s the processing power available and the ease with which the 
ba.seband processing platform may l)e integrated with the chosen RF-front end. In 
term s of development speed and flexibility, G PP-based systems provide significant ad- 
\'antages over alt(;rnative platforms due to the a\'ailability of high-level [)rogramming 
languages and the wide range of tools available for software development. Using an 
integrated (k^velopment environment (IDE) complete with code debug and [)rofiling 
ca])abiliti('s. key algorithms can be ra[)idly implemented, tested and optimized jirior 
to deployment for (^x])erimentation. Tlie use of high-level progrannning languages also 
s('rves to greatly reduce th(' learning cur\'e tyj)ically requircxl for radio transceiver ini- 
plenK'ulation. I'he flexibility affbrdc'd by a C!PP-l)ased ])latform allows for a level of 
adaptability  and reconfiguration which cannot be easily achieved using alternati^■es. 
As all baset)and processing may be perfornu'd in software, i)rocessing algorithm s can 
be adapted on-the-fiy as requir(*d. In Section 7.4 it will be seen how this adaj)tability is 
leverag('d to implement a general OFDM transceiv(;r using emb(;dd('d signature's which 
can I)c dynamically adapted to the current application.

Using the USRP, straightforward integration of tlu' RF'-front end w'ith the G PP- 
based proct'ssor can be achieved. As a USB 2.0 int(;rfac(! is used, any CiPP platform 
su])porting this standard can read and write baseband signals from and to th(' front 
end and c'ontrol its oi)crating i^ararne'ters as recjuired. USB 2.0 is supported by most 
of the personal comi)uters (PCs) available; today, meaning tha t a software install is all 
th a t's  needed to realize a highly reconfigurable software radio transceiver using a PC 
and the USRP.

While substantial processing power is available in modern PCs, one* lim itation of 
G PP-based platforms when used for l)aseband processing is the re(|uirement for real­
time operation. The time taken to process a set munber of data sani})les can vary 
over a number of tests on a G PP due to the overhead of thrt'ad schedulers, memory 
access controller functions and other proc(!Sses which may be executing on the same 
platform. This variation in |)rocessing time does not typically occur on F'PGA or DSP- 
based platforms for exami)le a.s upon these platforms, re'sources are dc'dicated to the 
algorithm being executed. Therefore', in order to achieve real-time operation ujion a 
G PP-based platforms, can; must be taken tcj ensure sufficient spare i)rocessing time is
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available for overhead oi)eratioiis. For some ai)i)lications, d a ta  l)ufferiiig m ay be used 

to  avoid tim ing issues. Indeed, the  availability of non-volatile mem ory on the order of 

hundreds of gigabytes on m odern PC s m eans th a t an entire signal transm ission histor\' 

m ay be stored and prcjcessed offline. However, for tirnt'-eritical ai)plications such a.s 

T im e Division M ultiple Acce.ss (TDM A) channel access and (luery-response protocols 

using tim e-outs, the  use of d a ta  buffering may not be i)ossible. A second lim itation 

of typical Gl’ P-based platform s is the power recjuired. Power cousum{)tion is tyi)ically 

nm ch higher th an  com parable F P G A  or DSP-bas('d im plem entations and for th is reason 

(iPP -f)ased  platform s are not typically suitable for power-critical applications such as 

mobile handheld  transceiver applications. In the context of rapidly prototyping a 

transceiver using em bedded cyclostationary  signatures however, power consiunption is 

not a critical factor.

A final a<lvantage of th t' us(‘ of a (IPP-bfUscnl ba.sebaiid processing platform  is the 

increasing range of such platform s available. M any m odern PC s feature m ulti-core 

processor arch itectures which perm it software radio (leveloj)ers to  leverage parallelism  

in radio aj)i)lications and increase the power of basel>and processor im plem entations. 

F iu therm ore, the in troduction  of advanced proct\ss(jr arch itectures ik.'signed for high 

speed vec^tor processing greatly  increases the scope for high d a ta -ra te  baseband j)ro- 

cessors running algorithm s imi)lemented using high-level progrannuiug languages. One 

such arch itecture  is the Cell B roadband Engine A rchitecture |115| jo intly  develo]K,'d 

by IBM, Toshiba and Sony Corn])uter E n tertainm ent. T he Cell ])roc('ssor features a 

single Pow('r A rchitecture leased power processing elem ent (P P E ) and m ultiple syner­

gistic [processing elem ents (SPEs), linked togetlu 'r by an in ternal high spe(>d bus. The 

nm ltith readed  P P E  may run a conventional ojperating system  and serves to  control the 

SPE s which are optim ized for vector [jrocessing. Using a i)latform  such as the Cell 

processor, m ajor gains in d a ta  th roughpu t can be achieved.

7 .3  Im plem enting  Radio In Software (IRIS)

7 .3 .1  Overview

IHIS is a highly reconfigurable soft wart' radio arch itecture  de,signed by M ackenzie |114| 

to  take full advantage of the flexibility afforded by a G P P-based  platform . IRIS wa.s 

designed w ith the  objective of creating  a comjponent-based arch itec tu re  for software 

radio w'ith a  very high level of reconfigurability a t all levels of the  radio. In th is  section 

I give a brief outline of the  IRIS arch itecture, for a more comprehensive trea tm en t, the 

reader is referred to  |114|.
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The use of a compoiiciit-ba.sed architecture permits the high levels of comi)lexity 
a.ssociated with radio transceiver designs to be effectively managed using encapsulation 
and abstraction. The radio is divided into a number of subsystems, each of which is 
encapsulated in a radio component with a set of generic interfaces for setting oi)crating 
param eters, controlling the component lifecycle, [massing signal data to be processed 
and querying component capabilities. These interfaces provide an abstraction of the 
component implementation and allow a radio designer to use the component function­
ality w ithout requiring knowledge of the implementation details. To create a software 
radio instance, the designer may employ existing comi)onents as well as creating new, 
custom comi)oncnts.

In order to assemble a set of components into a working software radio instance, 
a meclianisni is required to define those components as well as the inter-relationships 
wliich exist between them. W ithin IRIS, this is achieved using a configuration docu- 
nu'ut w ritten in eXtensilile Markup Language (XML). This document unambiguously 
outlines the components which comprise the radio, initial operating param eters to be 
us('d within each and the overall radio structure, dictating signal data paths.

The following sections discuss some of the details of the IRIS archit(!ctm(;. Sec­
tion 7.3.2 outlines the key elements of the architecture and the manner in which they 
interact to manage a component-ba.sed software radio instance. Section 7.3.3 addressc's 
the btisic building })lock of IRIS, the radio component. Features of the architecture 
which support reconfiguration at all levels of the radio are examined in Section 7.3.4.

7.3.2 Architecture

The key elenunits comprising the IRIS software radio architecture are illustrated in 
Fig. 7.2 and consist of;

•  The Radio Conhguration

•  The IRIS application progrannning interface (API)

• The XML Configuration Parser

•  The Radio Engine

•  The Comi)onent Manager

• The Control Logic Manager

I will now addiess each of these elements in turn  and examine their specific roles 
in the management of a software radio instance.
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Fig. 7.2: T lie  IRIS software radio arcliitecture 

Radio Configuration

I 'h e  Radio Configuration specifiess the overall structure of the radio, the conii)onents 

w'hich make up a particu la r software radio instance and the ir in it ia l operating param­

eters as well as the interactions which may occur betwecju the ind iv idua l components. 

'I'h is configuration consists of an X M L  docum i'iit and a radio-s[)('cific set o f instruc­

tions known as Control Logic. The C ontrol Logic serves as a type of "g lue" which 

binds the ind iv idua l components together. A n  im portant asi>ect of any comi)onent- 

b;is('d de^sign is the careful management of dependencies which may arise between 

particu la r components. A  software component is, by defin ition, a un it o f i7i.depe.n- 

deiht de.plofim.ent |11C|. Any inter-component dependencies w ill severely compromise
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th e  reusability of those corripoiicrits within the framework. By handling ra(ho-sj)ecifie 

{lei)en(lencies using gcneric component interfaces, Control Logic perm its  in teraction 

between components without compromising reusability.

IRIS API

Provided with a  radio configuration document and control logic specihc to  th a t  radio, 

a host application m ay create a software radio instance and instruct it to  commence 

operation. The architectural element which perm its  a host application to  access this 

functionality is the IIUS APL The API exposes all functionality required by an api)li- 

cation to generate multiple software radio instances, pass d a ta  to and from them  and 

control their lifecycle from creation and s ta r t-up  to close-down and destruction.

XML Configurat ion Parser

T he IRIS API allows a host application to create a software radio instance using a 

configuration docum ent and radio-specific control logic. W ith in  the IRIS architecture, 

the  first task in creating a  radio instance is to  parse the  configuration docunu 'n t to 

gc'uerate a d a ta  s truc tu re  describing the struc tu re  of the  radio. T he  Configuration 

Parser {)rovides this functionality, supplying a da ta  s truc tu re  which can be u s ( k 1 by the 

Radio Engine to instan tia te  the  required comjionerits and s truc tu re  them  correctly to  

form the desired radio configuration.

Radio Engine

T he Radio Engine is the  core of the IRIS architecture with responsibility for creation 

and instantia tion of radio conii)onents, s truc turing  of components according to  the 

radio configuration, maiiag(Mn(!nt of signal d a ta  flow within the radio and control of 

the  radio lifecycle. In m anaging the operation of the  radio instance, the  Radio Engine 

emj)loys each of tlie o ther elements within the architecture to perform tasks as required.

C o m p o n e n t  M anager

In order to instan tia te  the  indi\ idual components rc(iuired for a particular radio con- 

hguratioii, the Radio Engine makes use of the Com ponent Manager. Com ponents  are 

made available from one or more repositories and the Component M anager is responsi- 

lile for locating a required component, loading it and making it availal)le for integration
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w ith in  the jja rticu la r radio instance. When the radio is shut down, the Radio Engine 

uses the Component Manager to unload and safely destroy all conii)onent instances.

Control Logic M anager

Using a conhguration document provided by the host application, the IRIS radio engine 

can determine the radio components required, the ir in it ia l states and the manner in 

which they are structured to  form  the radio. However, a.s well as the conliguration 

document, the host application may provide control logic, a set of instructions for 

handling inter-component interactions and [)reserving component intlependence. In 

order to integrate th is control logic w ith  the components which comprise the radio, the 

radio engine makes use of the control logic manager. C ontrol Logic may be w ritten  

using one of a number of languages and it  is the role o f the control logic manager to  load 

and present it  in a generic way for use by the radio engine. Through the C ontrol Logic 

Manager, the radio engine attaches the Control Logic to the ind iv idua l components 

and perm its it to handle interactions as they occur.

7.3.3  T h e  IRIS Radio Component

The Radio Component forms the basic bu ild ing  block of the IRIS architecture. L^sed 

to contain a generic signal processing a lgorithm  or to encapsulate a {)articular radio 

subsystem (e.g. a hardware driver), the radio component provides an abstraction 

from [)articu lar im plem entation details and perm its the system designer to employ the 

comi)onent using a number of generic interfaces. Radio comjjonents are w ritte n  in the 

C + +  program m ing language and compiled in to  lil>raries which may l)e dynam ically 

loaded by the system as reciuired.

As radio components may be used to  encapsulate a wide range o f functions, three 

specific tyj)es are specified w 'ith in  the architecture:

•  DSP Comi)onents

•  10 Components

•  Standalone Components

DSP  components wTap a specific signal processing algorithm  w ith in  a gene'ric com­

ponent. Exanij)les include low-pass filters, tim ing  recovery a lgorithm s and frequency 

m odulation (F M ) modulators. W hile DSP components typ ica lly  support both  signal
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data iii i) iits  and outputs, input output (10) components arc designed to  encapsulate 

data sources or sinks and so svipport c ither signal data outi)uts or inputs. Standalone 

components do not generally form part of the signal processing chain but suj)port 

f im c tiona lity  such as tim ers and external hardware control.

The key to  a component-based framework is the use o f a generic wrapper which 

allows components to  be treated uniform ly, regardless of the differing types of func­

tio n a lity  which tlie y  provide. W ith in  the IRIS framework, this wrapper consists of 

eight specific interfaces through which the operation of ind iv idua l components can be 

controlled. These interfaces are illustra ted  in Fig, 7.3.

Parameter Interface 0 “

Event Interface O —

Port Interface O---

Command Interface O —

XML Interface

o

Radio
Component

■O  Lifecycle Interface

_Q Signal Processing 
Interface

o
Reflection Interface

Fig. 7.3: The IRIS radio comi)onent interfaces

In order to fac ilita te  the flow o f signal data along a chain of processing components, 

the Signal Processinq interface is used to expose all signal data inputs and outputs 

supj)orted by a com])onent. By exposing these inputs and outputs, the component can 

perm it external agents to access them when required. In  th is w’ay, the radio engine 

passes data for processing to  each component in the chain. Thus data flows through 

the radio instance from  source to sink.

The Lifecycle interface is used to control in itia liza tio n  of a component p rio r to 

inclusion in a signal processing chain and clean up of the same comi)Ouent p rio r to 

destruction when it  is no longer needed. Using the lifecyclc interface, a designer can 

I)erforrn component-specific fim ctions stich as memory a llocation and deallocation.

A key ('lenient in su i)i)orting reconfiguration w ith in  the IR IS  architecture is the 

Parameter- interface exposed by each radio conii^oncnt. The i^arameters (;xi)osed by a
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cornpoiieiit are used to alter the fm ulainental operation of that component and may 

1)6 queried and dynam ically recontigured throtigh the parameter interface.

W hile  the parameter interface sui)ports reconfiguration of a radio component l)y 

an external client, the Event interface perm its components to  signal im i)ortan t obser­

vations to ext('rriai clients and trigger any reciuired recotifiguration o f the radio. By 

signalling a particu lar event, a component can alert the radio engine to an observation 

and provide it w ith  the opportun ity  to  perform any reconfiguration necessary. For 

example, a radio comprising a signal detection component may need to reconfigure in 

resi)onse to  a detected signal. An event perm its the detection component to in terna lly  

trigger that nu'onfiguration wlien a signal is detected. (Control logic is the IR IS  ele­

ment responsible for handling component events and perform ing any required changes 

to the system. As the response to  an event is dependent upon the particu la r radio 

configuration, control logic is typ ica lly  radio-specific and is provided as an input to  the 

IRIS architecture upon the creation of a radio instance.

The Port interface perm its external clients to asynchronously pass data to a com­

ponent. W hile  d ig ita l signal data is [>ass('d through the signal processing interfac*', tht; 

[)ort interface provides an in i)ut for non-signal data.

The operating parameters of a component C'an be d irectly  reconligunMl l>y (jxtcrnal 

clients using the i)arameter interface however, purely function-based operations are also 

supported by the Comniand interface. Such operations include resetting a synchronizer 

or tu rn ing  on p ilo t subcarriers in an O FD M  modulator.

In  order to (juery in form ation  about a particu la r component, external clients can 

employ the Reflection interface. Through this interface, in form ation regarding the 

comi)onent such as exposed parameters and supported events can be obtained as well 

as general in form ation such as author and version.

Rather than ciuerying particu la r details about a given comj)onent, clients can use 

the XM L  interface to obta in a fu ll X M L  (lescrii)tion. This description includes all 

in form ation available through the reflection interface as well as component config ina- 

tion options and capabilities. Using the X M L  description, autom atic component use 

w ithout user intervention is ma.de possible.

As components nnist support a large number o f detailed interfaces, large amounts of 

code are required. In order to  reduce the prograrrnning effort involved in im plem enting 

new components for the IRIS framtnvork, a scrip ting language was creatt'd to  automate 

uHicli of the process. This scri])ting language is w ritte n  w ith in  the C i i header file of 

the component and is used to describe attril>utes including parameters, events, ports 

and commands to be supported by the component. In order to avoid com ])ilation
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issues, all scrip ting tags are embedded in C eonnnents. P rio r to c'onipilatiou, a 

Java parser is us('d to read the embedded tags and autom atica lly generate much o f 

the code required by the IRIS architect me. Furthermore, object inheritance is used 

to  i)rovide functiona lity  connnon to all components o f a given type. In th is way, the 

))rogranHuing effort re(}uired to iinp leuient a new component can be reduced to the 

im plem entation o f a small number of functions.

7 .3 .4  Reconfiguration

One of the main m otivations for the IRIS software radio architecture is the fle x ib ility  

affordc'd by a GPP ba^sed [)la tform  and the a b ility  to support a level o f a da p ta liility  

and reconfiguration which cannot Ofisily be achieved using a lternative platform s. In  

designing IRIS, three specific levels of reconfigurability were supported:

•  Parametric level

•  S tructura l level

•  A pp lication level

In this s(!ction 1 w ill discuss each of these' k'vels of reconfiguration and examine 

some o f the features o f the IRIS architectm e which support them.

Parurtieiric  reconhguration involves the adjustm ent of operating parameters w ith in  

ind iv idua l com])onents of a radio instance. Exarny)les of th is level o f reconfiguration 

would include changing the tap values w ith in  a filte r component or increasing the de­

tection thr('shold in an energy detector component. W ith in  the IRIS architecture, the 

l)arameter interface perm its components to expose specific parameters for reconfigura­

tion. W hile i)arameters are us('d to sjieciiy the in it ia l state of a given component, they 

may also be lal)clled dynamic, ind icating that they may be dynam ically rc'configurt'd 

at run tim e to  alter the operation of tha t component,

SfTuctvral reconfiguration is used to change the order o f radio components w ith in  

a radio instance;. This type of r('conliguration is used for example to  rei)lace a b i­

nary pha.se shift keying (BPSK) m odulator conijjonent w ith  a (juadratun ' phase shift 

keying (QPSK) m odulator or to add a low-pass filte r to a signal processing chain. 

Th(' functiona lity  recjuired to  insert, remove and replace component instances w ith in  

a running radio instance is exposed through the IRIS A P I. W ith in  a radio configura­

tion docmnent, each component instance is allocated a uniquely identify ing  character

Se}>tember 25. 2008 P li.D . Thesis



142 7. IMPLEMENTATION OF A PROTOTYPE TRANSCEIVER

string. This character s tring allows an external client to si)ecify that [>articular compo­

nent instance for removal or replacement. In the case where a new component instance 

must be createtl for insertion in a running radio, the Component Manager is emi)loyed 

to load, in itia lize  and su jjp ly  the required component. In order to perform s truc tm a l 

rec(Jufiguration of a running radio instance, the Radio Engine supports suspension of 

the signal data How to ensure data and radio structura l integrity.

Application  reconfigm ation is used to  completely change the overall functiona lity  

of the software radio. This approach can be used to switch an FM  receiver to a 

BPSK or OP’DM  transm itte r for example and ty i)ica lly  involves the te rm ination  of 

a running radio instance p rio r to creation of a new instance. The key IRIS ek'uient 

supporting application reconfiguration is the X M L  configuration document used to 

spt'cify the structun? and in it ia l state o f the components c<niiprising the radio instance. 

By generating a new configuration document, the designer can dei)lov a completely 

new radio instance using the available! components as rt'cjuirc’d.

Th(! IRIS architecture supports reconfiguration in response to both internal and 

external triggers. An internal trigger occurs w ith in  the radio itself, for example w ith in  

a signal detection component, while an external trigger occurs outsifle the radio such 

as a user conmiand.

Internal reconfiguration triggers are sup[)orted w ith in  the IRIS architecture by the 

component events described in the previous section. A ('omijonent may trigger an 

event in response to  an observation and this event w ill prom i)t the radio to  reconfigure 

itse lf as required. External reconfiguration triggers are sui)])orted through the use of 

X M L  configuration documents. W hile  the configuration document is ust'd p rim a rily  

to  im])lernent application-level reconfiguration, it  can also l)e used to i)erform  struc­

tu ra l and param etric reconfiguration by an external radio client. In order to trigger 

reconfiguration in th is way w ith in  a running radio instance, an ('xternal client can use 

the IRIS A P I to  pass a new configuration document to  the engine. I 'p o n  receipt of 

the new configuration, the Racho Engine employs the Configuration Parser to  i)erform  

a comparison w ith  the configuration of the currently rum iing radio. Where the new 

(K)nfigmation may be applied using a small number of s tru c tina l and param etric re­

configurations, a vector of such reconfiguration steps is generated. By executing the.se 

specific stej)s, the radio can be reconfigured w ithou t the need for a fu ll engine shut 

down and restart.
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Fig. 7.4: The exi)CTiiiioiital platform

7.3.5 Summary

The com l)ination of the IRIS software radio areliitecture w ith  a jjowerful GPP-l)a.s('d 

l)la tfo rm  and IJSRP R F-fron t end provides an extremely flexible ex[)erim entatiou i)la t- 

form  for rap id ly  pro to typ ing our OFDM-based transceiver. In particu la r the com])oncnt- 

ba*sed architecture- o f IRIS can be leveraged to  provide a number of key advantages. 

The first advantage lies in the ava ilab ility  o f existing radio componc'nts which can 

be employed w ith in  our transcx'iver prototy])e. The current IR IS  radio conii)onent 

repository contains over 100 DSP, K ) and standalone comi^onents. O f these, poten­

tia lly  useful ccnnpouents include phase shift keyed (PSK) and O FD M  m odulators and 

demodulators, data whitening and file 10 components as well as components encap­

su la ting drivers for the USRP front end hardware. In  addition to employing existing 

comi)onents as they stand, a number of comi)onenis may be m odified s ligh tly  fo r use 

w ith in  the transceiver design.

A second key advantage of the IRIS comi)onent framework is the a b ility  to  in i- 

plernc'nt ind iv idua l comi)oneiits in isolation from the fu ll transceiver signal i)rocess- 

ing chains. Llsing a sim i)lilied configuration comprising file 10 comi)onents, new and 

existing components can be developed and tested w ith  locally stored test data. As 

components are deemed stable, they can be incorporated in increasingly complex con-
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hguiations u n til tiie  fu ll transceiver signal i)rocessing chain is realized using live data 

streamed to and from the USRP hardware.

In addition to  these advantages, the dynamic reconfiguration capabilities of IR IS 

can be effectively Ieverag(;d to  s im plify  the process o f deveIoi)ing and debugging new 

radio (!om])onents. By exi)osing and rt'configuring key operating parameters o f a new 

comi)onent, comprehensive tests may be carried out in which the fu ll o i)erating range 

of tha t component is tested.

The experimental p la tfo rm  comprising the USRP R F-fron t end and IRIS running 

on an Intel dual-core GPP is illustra ted in Fig. 7.4. The im plem entation of an O FD M - 

based transceiver using cyclostationary signatures w ith in  the IRIS architecture is de­

scribed in the follow ing sections.

7.4 Transceiver Implementation  

7.4.1 Overview

In the i)revious s('ctions key factors in the choice of an im plem entation p la tfo rm  were 

discussed and an overview o f that ])latform  was provided. In this section I examine 

the im plem entation of a fu ll OP’DM-based transceiver upon that p latform , using em­

bedded cyclostationary signatures to achi('\'e the tasks of signal detc'ction. network 

identifica tion and frecjuency rendezvous. Through the im [)lementation of a real-world 

])rototype. cyclostationary signatures can be demonstrated to  be a highly effective tool 

in overcoming the challenge of rendezvous and coordination for DySPAN syst(;ms.

W hile  the im [)lem entation of an O FD M  transceiver in itse lf presents a number 

of specific challenges, the adoption of a h ighly versatile GPP-ba«ed software radio 

p la tform  made it  possible to overcome these challenges and successfully incorporate the 

use o f cyclostationary signatures w ithou t the no'ed for significant fu rther develojjment. 

A t the core o f the development process was the path taken from siniuIation-bas(!cl 

a lgorithm  prototypes to real platform-ba.sed implementations.

The development path adoi)ted for the exi)erim ental transceiver is outlined in  Ta­

ble 7.T In th(' lirs t pha.se, all a lg(jrithms were in it ia lly  developed and tested using the 

M A T L A B  sinuila tion environment. The second phase o f development invoh'ed the use 

of an A nritsu  MG3700A vector signal generator. Test signals were generated using 

the M A T L A B  environment and stored on file in I-Q  form at. These signals w'ere trans­

ferred to the signal generator and transm itted over the air at suitable data rates and 

carrier freciuencies. The signals transm itted in this way were received using t lu ' USRP
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RF-front ends and stored. These stored signals were then used to fu rthe r examine the 

I)erformanee o f signature detection and OF’D M  receiver a lgorithm s in the M A T Ly\B  

environment. In the th ird  phase, signature detection and O FD M  receive radio compo- 

n(;nts were implemented for the IRIS architecture. These components were testc'd using 

signals transm itted  by the signal generator. F inally, having completed and tested a 

working receiver im plem entation, components were created for the transm it chain and 

overall system i)erforniance was exaniined using live signals transm itted  and received 

using USRP front-ends.

Phase Signal

Generation

Signal

Transmission

Signal

Reception

1 M A T L A B M A T L A B  channel model M A T L A B

2 M A T L A B Sig. Gen. ^  USRP M A T L A B

3 M A T L A B Sig. Gen. -> USRP IRIS

4 IRIS USRP ^  USRP IRIS

Tab. 7.1: Development path adopted for the experinujntal transceiver.

Th(' IR IS software radio architecture supports the simultaneous execution o f many 

signal processing chains upon a single i)la tfo rm  and so can be used to  su jjport a fu ll 

transc('iver system. For s im i)lic itv  however, i t  was decided to  in it ia lly  develop the 

transm it and receive signal chains independently before combining both in a transceiver 

configuration. In the follow ing sections I address the im plem entation o f these signal 

chains and the IRIS radio components w hic li comi)rise them. Key design decisions are 

discussed and a number of possible' a lternative design choices are outlined.

7.4 .2  Transm itter

In designing an OFDM-ba*sed transm itte r incorj^orating the use of emb('dded cyclo- 

sta tionary signatvu’cs, a number o f im portant goals were specified. In  add ition  to the 

development o f a robust yet flexible transm itte r, i t  is im portan t to  supi)ort the gener­

ation o f a wide range o f cyclostationary signature types. In order to i)rovide a flexible 

trade-off between signature robustness and overlujad, it  is necessary to support the 

use o f different maj>ped subcarrier set sizes. Furthermore, the generation of nm ltip le  

features nnist be sup])ort('d in add ition  to  single-feature signatures. The a b ility  to  

generate signatures at a number o f different cyclic freciuencies is also key in order to fa­

c ilita te  network identification. F inally, fle x ib ility  in the data rate and carrier frecjuency
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of transm itted  signals is central to  the concept of DySI’AN  experimentation.

Data Source

V

Data
Whitener

V

r  A

PSK
Modulator

V  y

OFDM
Mrxiuiaini

with
Sianaluro

(ieneration

USRP
TX

V  J

Serial

Fig. 7.5: The transm itte r structure

The transm itte r design adopted in order to  fu llil t hese design goals is illust rated in 

Fig. 7.5. Five corni)onerits are specified in all:

•  Data source

•  Data vvhitener

•  PSK m odulator

•  O F D M  m odulator sui^porting signature generation

•  USRP transm it driver

The Data source is used to provide a stream of data to be transm itted. Depending 

upon the aj)plication, this data may originate from one o f a wide range o f sources. 

Using existing IRIS radio components, data may be sourced from  a file in  local storage 

or an interface such as an ethernet, infra-red (IR ) or serial connection as well as an 

appli(;atio ii running on the local host. The lirs t operation upon this data takes place 

in the data whitener component and consists of whitening w ith  a pseudo-noise (PN) 

data secjuence. The process of whitening j)rio r to O FD M  m odulation serves to  reduce 

the peak-to-average power ra tio  (PAPR) in the transm itted  O FD M  signal, reducing 

clipping d is tortion  which may occur. Following the whitener, the signal is m odulated
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using a PSK m odulator. Using i)aranietric reconfiguration, the m odula tion  com plexity 

used at any given tim e may be chosen from the lib ra ry  supported by the m odula tor. The 

m odulated signal is then converted to a parallel stream and rnai)i)ed onto snbcarriers 

w ith in  the OF'DM m odulator. Subcarrier set mapping w ith in  this component is used 

to  embed the recjuired cyclostationary signature. F ina lly  the signal is passed to  the 

liS R P  front end for transmission by the USRP transm it driver.

A numf^er o f the components required for our transm it signal chain were available 

in the IRIS radio component repository and could be reused w ith  m inor modifications. 

New development efforts focused ui)on the O FD M  m odulator component a.s it is here 

th a t signatures must be embedded in  the waveform for transmission. A  suitable mod­

u la to r was implemented and the generation of embedded cyclostationary signatm-es 

through subcarrier set mapi)ing was supported. In order to su jjport flexib le maj)i)ed 

suljc:arrier set sizes and generation o f m ultii)le-feature signatures, a num ber o f recon- 

fig iuable parameters were exposed. As mentioned earliei , by exposing parameters, a 

comy^onent perm its an external client to access thes(' parameters and a lter them when 

required. The exposed i)arameters are outlined in Table 7.2. The mapped_ set_sizt.

Parameter Adjusted feature

mappc'd set size 

num featm'es 

cyclic_frequency 

ilf l si/(' 

num _])ilo ts  

cyclic prefix 

j)reamble 

syml)ols i)cr frame

Nmnber o f maj)i)ed subcarriers i)cr set 

Number of independent signature features 

Cyclic frequency of embedded signatiu e 

Number o f subcarriers in the tx  signal 

Number o f p ilo t subcarriers generated 

Cyclic i)rcfix length 

S])ecify the O I'D M  frame preanil:)le to  be used 

Number o f symbols j)er tx  frame

Tab. 7.2: Reconfigmable j)arameters exposed by the O FD M  m odulator component.

iimn_featurr,s and cyclic_ frequency i)aranieters perm it an external client to  comi)letely 

si)ecify the signature type to  be emb(?dded in the transm itted waveform. For rnultii)le- 

featiu’c signatures, embedded features are uniform ly distriV)uted in si)OCtral frc'quency 

to provide m axinum i frequency diversity. The additional parameters listed are not 

d irec tly  associated w ith  the generation of signatures but ratlu^r serve to  su jijjo rt the 

generation o f h ighly flexible O FD M  waveforms both in  terms of the ind iv idua l symbols 

and the; overall O FD M  frame.
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The design goals of data-rate and carrier fre(juency Hexihility are achievcxl through 
the use of recoufigiuable param eters ex[)osed by the USRP transm it driver. Table 7.3 
outlines the most im portant of these parameters. By dynamically adjusting any of

Param eter Adjusted featiu’e

centre freciucncy 

interpolation 

gain

Tx signal carrier hx'ciuency 

Interpolation factor (tx signal data  rate) 

Tx signal power

Tab. 7.3: Reconfigurable param eters exposed by the USRP transm it component.

these three param eters at run-time, the properties of the transm itted signal are directly 
impacted.

t  V r 
Experimental 

Bands

GHz
T

I ISM $and

2.35

25 MHz

2 .45

100 MHz

Fig. 7.6: The CTVR licensed bands

In order to perform real-world experiments using our prototype transm itter, a su it­
able fre([uency band had to be chosen in which to ojjerate. The Hexil)ility of the USRP 
front end means tha t carrier freciuencies between 400 MHz and 2.9 GHz can be chosen, 
given a suitable daughterboard. One possibility is to use the Industrial, Scientific and 
Medical (ISM) bands a t 433.92 MHz or 2.45 GHz, however exi)eriments performed at 
these frequencies can be unrelial)le due to the i)resence of interfering devices at these fre­
quencies. F’ortunately, Centre for Telecommunications Value-Chain Research (CTVR) 
holds a license issued by ConiReg, the Irish communications regulator, perm itting low- 
j)owered wireless network experim entation in two frequency bands, located at 2.08 and 
2.35GHz. These bands are illustrated in Fig. 7.6 with the ISM bands shown for com­
parison. Using these allocated bands, experiments can be carried out without the risk 
of unexpected interference and reliable results can be obtained.
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7.4 .3  Receiver

In designing an O FD M  receiver supporting cyclostationary signature detection analysis, 

a number o f key goals were identified. F irstly, the receiver must be capable of sc anning 

a defined frequency band in order to  detect signals containing embedded signatures at 

any carrier frequency w ith in  that band. Secondly, a receiver architecture w’as required 

which facilitates dynamic sw itching between this in it ia l scanning mode and a second 

com m unication mode. In  the scaiming mode, the receiver nmst scan across a frequency 

band. U{)on detection o f a signatine, rendezvous nuist be achieved w ith  the SOI and 

the receiver must enter the communication mode in order to receive and (k'modulate 

the transm itted  data. Events which trigger switches betw'cen both modes must also be 

sujjported.

P'urther design goals addressed the cyclostationary signature detector d irectly. In 

order to su])i>ort detection, network identification and rendezvous, tfie  detector must 

also be cai)a})le of analysing a detected signature, using it  to uniquely identify  the 

transm itte r and p(;rform estim ation of the SOI carrier frequency. F'nrthermore, tlu ' 

det('ctor must sujjport reliable detection o f a wide rang(' o f signature tyi)es. Sf)eciiically, 

dc'tection of nuiltip le-feature a« well a.s single-feature signatures nnist be supported as 

well (ks relial)le detection of signatures generated using d ilferent mapped subcarric'r s(>t 

sizes.

The receiver arclutecture adopted in order to  achieve these design goals is illustra ted  

in Fig. 7.7. The architecture features a branched signal data path, one branch feeding 

the cyclostationary signature detector and the other f(;eding the O FD M  dem odulation 

chain. A  switch allows the signal data to  be directed towards one of the two j)aths 

dei)ending on the current mode of operation. In the scanning mode, data is directed 

toward the detector to  fac ilita te  scanning of a particu la r frequency band. In the coni- 

nun iica tion  mode, data is directed to  the O FD M  dem odulator, PSK dem odulator and 

data dewhitener before reaching the data sink. As w ith  the data source component 

in the transm itte r architecture, the data sink may take a number o f forms including 

an ethernet, IR  or serial coimection, local file storage or an api)lica tion on the host 

system. A  key element of the receiver architecture is the control logic. In order to 

su])port flexible frequency band scanning and receiver mode switching, a number of 

si)ccific interactions l)etween components are required. The control logic handles each 

o f these int(Tactions while ensuring tha t inter-component dependencies do not arise. 

More ck'tail on the oi)eration of the control logic is provided la ter in th is section.

An im i)ortant design decision was made concerning the g ranu larity  o f components in 

the receiver architecture. The fvmctions o f signatiu'c detection and analysis could fiavc'
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Fig. 7.7: T lie  tra n s iu it tc r  s truc 'tu re

l;een coin l)ine(l w ith  tha t of the  O F D M  dem odvilator in  one com ponent. However, by 

separating those functions in to  tw o conii)onenls, the a b ih ty  to  reuse bo th  in  ahe rna tive  

a{)ph(;ations is m ainta ined.

As w ith  the tra n sm itte r, a num ber o f p re -ex is ting  IR IS  rad io  com ponents were 

available in  the repos ito ry  fo r m o d ifica tio n  and use in  the  design. However, design and 

development o f a su itab le  cyc los ta tiona ry  s ignature  detector, O F D M  dem o(h ila to r and 

con tro l logic were recjuired. These com ponents are exam ined in  tu rn  in  the fo llow ing  

sections.

Cyclostationary Signature Detector

The cyc los ta tiona ry  s ignature  detector com ponent was developed using the tirne-sm oothed 

cyclic cross periodogram  (TS-CC’P)-l)ased arch itec tu re  descril)ed in  Section 5.5. As i l ­

lu s tra ted  in  F ig. 5.8, th is  design uses fast Fourier trans fo rm  (F F 'T )-sh iftin g  to  realize a 

h igh ly  e llic ien t detector. In order to  suppo rt t he f le x ib ility  rcjquired by our design goals, 

a nm nber o f events used to  tr igge r rad io  recon figu ra tion  and reconfigurable i)aram eters 

were incorpora ted  in  the  design. These are ou tlined  in  Table 7.4.

The im i)lem ented signature  de tecto r searches a spectra l frequency band fo r signa­

tures embedded at a single cyc lic  frequency si)ecified by the [)aram eter cyclic_ frequency.
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F’arameter Adjusted feat me

cyclic_frequency 

fft size 

threshold 

start_frequency 

st op _  frequency 

frequency_step 

obs time

Cyclic freciuency o f signature to  be detected 

Size of fft, used for detection 

Detection threshold 

S tart of frequency band 

End o f freciuency band 

Frequency step used for scanning 

Observation tim e used for detection

Event Use

sig_detected 

next freci

Signify a detected signature 

Specify a change in rx  frequency

Tab. 7.4: Reconfigurahle j)aianieters and events exposed by tlie  cyclostationary signa­
ture detector.

In this way network id('nt ification is snj)port(!(i fus only I host* signatures at the cychc 

frc‘(}ueucy of interest are detected, a ll others arc disregarded. T lu ' f f t_s ize  paranujter 

s('r\es two puri)oses; it deteruiines the spectral freciuency resolution to be used by the 

detector but it  also dictates the size of the averaging window used. As discussed in 

Chapt(T 4, the averaging window size must l)c carefully chosen in order to avoid phase 

randomization and the resulting loss of cyclostationarity. Another ki'y parameter is the 

threshold which dictates the detection trade-off between false alarms and missed de­

tections. As i)ower norm alization is performed using the autocoherence function (A F ) 

(see E(j. 5.11), threshold levels are set in the range |0,1|. This threshold is set by tlu; 

radio designer according to  t lu ' requirements of th(' current application. Frequency 

band scanning is driven by the signature detector and dictated by the staii_frequency, 

stop frequency and frequency_ step parameters.

Two events are supported by the detector in order to trigger reconfiguration o f the 

radio when rc'qnired. The next_freq event is signalled by the component to indicate 

tha t no signature has been detected w ith in  the currently  sam])led l)andw id th  and that 

the' receiver c'entre frequency should be adjusted to analyse a new spectral frequency 

band. The procc;ss of frequency band scaiming is illustra ted in Fig. 7.9 and discussed 

Ix'low. The observation tim e used b>' th(> detector is determined by the obs_time  

])arameter. Secondly, the sig_ detected event is used to indicate the detection of a 

signal containing an emljcddc'd cyclostationary signature.
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Although the FFT-shiftiiig detector was sufficient for iniu^h of the experimenta­
tion carried out using the transceiver inototype, a nurn})er of design variations were 
developed for specific ap])lications. The first variation in the detector design wa.s the 
development of the time-domain shifting detector introduced in C hapter 6 and illus­
tra ted  in Fig. G.13. As discussed, the time-domain shifting detector facilitates signature 
detection at arbitrary values of the cyclic frequency and accordingly, permits the use; 
of a greater number of unique signatures.

Fig. 7.8: Signal storage for iterative' detector

The second variation on the basic detector design was developed in order to support 
monitoring for signature-containing signals over a long time period. Spectrum l>and 
scanning involves the use of a dwell time ecjual to the observation time req\iired for 
reliable detection. The dwell tune is the length of time during wdiich the receiver centre 
frequency is held constant. Following this time i)eriod, the receiver centre frequency is 
adjusted in order to sample and analyse a new i)ortion of the sj)ectrum band. However, 
the use of a short dwell time requires an SOI to be j^resent continuously in time in the 
portion of spectnun analysed. In many systems, such tis TDMA networks, coninmni- 
cations may be bursty and there will be periods in which no signal is present. Under 
these circumstances, a longer dwell time is required in order to guarantee cai)ture of 
an SOI. In order to perform spectrum  monitoring, the dwell time is increased while 
the observation time is held constant. In this way, a j)ortion of the spectrum hand can 
be continuously monitored for the appearance of an SOI. The dwell time of a detector
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can he inrrea^cd while uiaintairiing a eonstaiil observation time through the use of an 
iterative detector design:

C'l =  C/+1 +  — ^ i  + L+\ (7-1)

where Ci is the current AF estimate, A"; is the current FFT window and A";+;̂ _,_i is 
the most recent P'FT window which does not fall within the detector observ^ation time. 
Thus, in order to implement an iterative detector, L +  1 FFT window’s must he stored 
in memory, cVs illustrated in Fig. 7.8. GPP-based platforms in particular facilitat(' this 
type of design due to the availability of abmidant memory.

O F D M  Dem odulator

In order to achieve time and freciuency synchronization with a received signal, and to 
extract transmitted data symbols from the indi\idual subcarriers, an existing OFDM 
demodulator component was adapted for use with signature-containing signals. These 
ada[)tations dealt priniarih- with the presenc(' of ma])ped siibcarrier sets in the rc.'ceivc’d 
signal.

Parameter Adjusted feature

ma])])ed set size 

iiu iii features 

cyclic fr('quency 

ifft size 

1111111 pilots 

cyclic _  prefix 

])reamble 

syml)ols_per_franie 

threshold

Number of mapi)ed subcarriers per signature sot 

Nurnl)er of indei)endent signature features 

Cyclic frcciuency of embedded signature 

Number of subcarriers in the rx signal 

Number of pilot subcarriers in rx signal 

Cyclic prefix length in rx signal 

Frame i)rearnble used in rx signal 

Number of symbols per rx frame 

Frame detection threshold

Event Use

signal _ lost Signify a loss of rx signal

Tab. 7.5: R('configurable parameters and events exposed by the OFDM demodulator.

The reconfigurabl(! parameters and events supported by the OFDM demodulator 
component are outlined in Table 7.5. It can be seen that many of the [)aranictcrs 
exi)os('d in the OFDM modulator coiiipoiient are niirror('d in the demodulator. In this
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way, the dem odulator can be configiued to receive any signal generated by the modu­

la tor coni])onent. The only parameter for which this is not the case is the threshold pa­

rameter w'hich is used to define the trade off in frame detection between false alarms and 

missed detections. Using the m.apped_set_ size, nuin_features and cycHc_fi'equency 

l)arameters, the dem odulator can determine tfie subcarriers which w'ere niaj)})ed in or­

der to generate the embedded signature. Using tfiis  knowledge, data syml)ols can be 

extracted correctly from the OF'DM subcarriers and passed along the receiver signal 

processing chain, f t  should be noted tha t, as some data symbols are transm itted  re­

dundantly in order to generate a signature, these symbols are effectively transm itted  

w ith  re])etition coding. Accordingly, these symbols are more robust to transmission 

errors and may be used to carry h igh-p rio rity  data.

A single event is suppoi'ted by the dem odulator component. This is the sK jua l^ lost  

event w'hich serv(‘s to trigger a change in receiver niodt' from conm um ication to  fre­

quency scanning for the SOI. The control logic which handles th is event is discussed 

in the next section.

Control Logic

An im portant [>art of the receiver architecture is the ai)plication-specific contro l lofjic 

which handles all inter-component reactions. By handling events which may be tr ig ­

gered by specific componc'nts, the control logic manages any system reconfigurations 

which are necessary. Specifically, the receiver architecture control logic su[)ports two 

critica l processes; the frequency s(;anning process used to  detect signature-containing 

signals and the mode-switching process between scanning and conununication or vice- 

versa.

-
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Fig. 7.9: Frequency band scanning
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The frequency scanning i)roccss is (irivcn l)y the signature deteetor component. 

W hen a i)o rtion  o f the spectrum has been scanned w ithou t a detection, the detector 

triggers the next_ frequency event. In response to th is event, the contro l logic sets the 

centre_ frequency parameter on the USRP through the receive driver com[)onont. Once 

the receive fre(juency ha.s been adjusted, the detector can start to analyse the sampled 

bandw idth for the presence of a signature-containing signature. Fig. 7.9 illustrates the 

process of scanning a frecjuency band o f interest. Typ ica lly, the receiver bandw idth  is 

less than tha t of the frequency band to be analysed. Therefore, in  order to analyse the 

band, the centre freciuency o f the receiver is incremented in stei)s through the band. A t 

each stc[), the sampk'd bandw idth is analysed for the presence o f a signature-containing 

signal. The ca.se where an SOI is present at a step boundary is handled through the 

use o f a small s[>ectrum overlap c\.s shown.

It should be noted tha t, in scanning a freciuency band for an SOI, the bandw idth of 

the receiver determines the number of frc'fiuency steps required. A key advantage o f the 

use of cyclostationary signatures for DySPAN rendezvous and coordination is the a l)ility  

to  detect a signature-containing signal w ith in  a large sampled bandw idth. Thus, by 

m axim izing the receiver bandw idth, the time' reciuired to scan a given frecjuency band 

can be minim ized. As an increase in receiver bandw idth im i)lies an associated increase 

in com putation reciuired for detection, the maximum l)andw idth may 1)C lim ited  by the 

peak processing power available. A  further lim ita tio n  on th is approach is the danger of 

saturating the R F-front end by choosing a receive l)aridw idth  encorn])assing a number 

o f high-powenxl signals.

Deleclor iriagers sigjielecled eveni o Control logic sets cenlrc^frcLjuency on USKI*

Control logic sets signal data pnth to streaming mode

Rvt*m

O IP M
Demodulaior

PSK
Demodulator

Data
Sink

Conirol l^g ic

Fig. 7.10: Receiver mode switch from scanning to streaming

The modc-switcJiing process is the second key function sui)ported by the receiver 

control logic. The sw itching process from scanning to  communication mode is illus-
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(rated in Fig. 7.10. As shown, the process is triggered ui)on the detection oi' a signature- 

containing signal w ith in  the signature detector. The si()_ detected event contains the 

estimated carrier frerjuency of the detected signal and th is is passed to the control 

logic and used to  set the centre freciuency of the USRP. Once the receive frequency is 

adapted, the signal data path is switched to the O FD M  dem odulation signal processing 

chain.

Paramclcr

Signuiua'
IX ;ia io r

Q . . .  IQ
Q to

t l lD M
l)(‘jii<'iJula(ur IVniodubtcw

o  Doimxlulauir triggers signal Josi event 

©  C'untrol logic rejcls siart_freqtiencs parameler tnira ikHeclor 

o  Contiol logic sels ceiiuv _fnxjucrKy on USKl*

Conlrol logic \e(.s signal data path lo scjrining nhxle

('onin)l l.o^ic

Data
IX;-whitciK.T

l> jid
Sink

Fig. 7.11: Receiver mock' switch from streaming to scanning

The reverse i)rocess switches the receiver inode from connnunication to  scanning a»s 

illustra ted  in f'ig . 7.11. This switch is triggered l)y the ()PT!)M dem odulator comi)onent 

upon loss of the received signal. A  signal is determined t(j b(> lost a fter a defined 

tim eout. The si(jnal_lost event is handled by the control logic which proceeds to  read

the start frrquency parameter of the signature detector component. The USRP centre

frequency is s(,‘t  to this value through the receive driver component. Once the frequency 

is set. the signal data path is switched to the detector component and the frequency 

scanning i)rocess begins once again.

W hile  the IRIS radio components developed for our OF'DM-based receiver architec- 

t in e  provide all the kô y fm ic tiona lity  required, it  can be seen tha t the control logic i)lays 

an essential role as the "glue" which holds these components together. By effectively 

managing inter-component interactions, the control logic provides the application-level 

functiona lity  needed to  realise our design goals.

7.4.4 Summary

The IRIS software radio architecture played a key role in the im plem entation o f our 

[)rototyi)e transceiver. A  considerable degree o f com i)lexity is involved in the design and
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(levelopmont o f such a system. However, the use of a comi)oneut-l)ased, recorifigurable 

architecture allowed tha t com])lexity to be effectively managed using encapsulation 

and abstraction. A t the application level, the separation of the transm it and receive 

signal processing c:hains sim plified the ir development p rio r to  incorporation in a fu ll 

transceiver system. W ith in  the processing chains themselves, the sei)aration o f key 

fm ictions in to  components allowed each to be develoi)od and tested in isolation before 

being placed together in the chain. In this way, the process o f isolating and correcting 

errors and oversights was greatly sinij)lified.

As well as greatly s im plify ing  the design and develo})mcnt process, the use o f a 

h igh ly reconfigurable architecture perm itted design variations and alternatives to  be 

easily developed and included in the transceiver pro totype for comparison. Using 

both s truc tu ra l and param etric reconfiguration, the transceiver prototype can be easily 

adapted as applications recjuire. For example, the rci)lacement of the main signature 

detector comi)t)nent w ith  the itera tive detector perm its spectrum band m onitoring  t(j 

be {)crformed.

7 .5  S um m ary

Chai)ter 6 i)ro\ ided a num ln'r o f key insights in to  the use o f cyclostationary signatures 

for DySPAN rendezvous and coordination using sinnila tion results. Howevt'r, in order 

to tru ly  test the potentia l of cyclostationary signatures, experiments must be conducted 

using real over-the-air transmissions. This chapter has i^resented the proto type O FD M  

transceiver designed and implementc'd in ordcH- to  perform such experiments. The 

exj)erin iental p la tfo rm  adopted for our transceiver has been outlined and the design 

and development of each key transceiver element has been examined.

In the next chapter, experiments carried out using our transceiver prototype are 

outlined. Experim enta l results are presented and key insights gained in thc' use of 

OFDM-bfised cyclostationary signatures are discussed.
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8. EXPERIM ENTAL ANALYSIS

8.1 Introduction

In  C lia p tc r  7, I cxaniinccl the  design and in ip len ien ta tion  o f an O rthogona l Frequency 

D iv is io n  M u ltip le x in g  (OF’D M )-l)as('d  transceiver fo r cyc los ta tiona ry  s ignature  exper­

im en ta tion . In  th is  chapter, I o u tlin e  experim ents carried ou t to  assess the us(' o f cy­

c lo s ta tio n a ry  signatures fo r D ynam ic  S i)cc'trum  Access N etw ork (D yS P A N ) rendezvous 

and coo rd ina tio n  using rcja l-world systems. Com parisons are d raw n between experi­

m en ta l and s in n ila tio n  results and key insights in to  the use o f s ignatures in  O F D M - 

hased systems are jiresented.

Th(! jir in c ij ja l a im  in  ca rry ing  out cxi)erirnents is to  assess the i^erformauce o f real- 

w orld  systems using ernlx 'dded cyc los ta tiona ry  signatures for rendoz\'ous and coo rd i­

na tion . C om pute r s inn ila tions  provide a useful tec'hnique for assessing systcnn per­

formance' by m ode lling  rea l-w orld  conditions. However, these models cannot take in to  

account a ll th(> factors o f a rea l-w orld  system and so can on ly  provide an a p i)rox im a tiou  

o f the system perfeninance. P’o r exani])le, a lthough noise m ay be m odelled as w h ite  and 

uncorre la ted in  s inm la tions, rea l-w orld  noise is ra re ly  i)e rfec tly  white* or uncorre lat(;d. 

E x j)e rim en ta l results ob ta ined  using a su itab le  transceiver i) la tfo rm  i)rov ide a m ore 

con ii)le te  v iew  o f the  system  and serve to  ve rify  those results obta ined  th rough  s in iu- 

laticjn. In  add ition , experim ents a llow  us to  test the  capab ilities  o f our im plem ented 

t ranscei\’er syst ern.

O u r ex jje rim en ts  focused u i)on three a j)p lica tions o f eyc los ta tionary  signatures:

•  S ignal D e tection

•  N e tw ork  Id e n tifica tio n

•  Freciuency A c fiu is itio n

Together, these a jjp lica tions  com prise the  key requirem ents fo r rendezvous in  D yS P A N  

systems and can f)C successfully used in  achie\'ing D yS P A N  coord ina tion . T he  a{)p li- 

catious were exam ined using s im u la tion  results in  Chaj^ter G. I3y ca rry ing  ou t s im ila r
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Gxi)fcTiment,s using our transceiv('r system , results o})tained through siiiuilation can be 
verified and greater insights can be obtained into the use of cyclostationary signatures.

Fig. 8.1: Vector signal generator and signal analyser used for exi)erirnentation.

Test and analysis eciuij^nient played a key role in carrying out experiments using 
cyclostationary signatures. In particular, the Anritsu MG3700A veclor signal generator 
and MS2781A Signature sj)ectrum analyser shown in Fig. 8.1 were employed to generate 
and analyse signature-containing OFDM signals.

The MG3700A signal generator allows arbitrary  waveforms to 1)e generated and 
transm itted over the air. Carrier frequencies between 250 kHz and 6 GHz are sui)ported 
and sani])le rates of between 20 kHz and 160 MHz can be used. Transmit j)ower levels 
between -120 dBm aiid K)dBm are support(>d w'ith an accuracy of + / -  0.5 (IB for carrier 
frecjuencies f>etween 250 kHz and 3 GHz.

OFDM signals containing embedded cyclostationary signatures were generated us­
ing the transm itter outlined in the previous chapter and stored on disk. These signals 
were then transferred to the signal generator and used to test our receiver implemen­
tation. While it would have been possible to transm it these signals directly using the 
Univ('ral Software Iladio Peripheral (USI^f^), the use of the signal generator allowed 
for much greater accmacy in transm it freciuency and power level to be achieved. The 
USRP is a highly effective radio frequency (RF)-front end for software radio ex))eri-
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m entation. However, the accuracy of the USRP in carrier frecinency and powvr level 
is far lc8s than that of calil^rated test equipment such as the MG3700A. Using the 
signal generator, more reliable exi)erimental results were obtained. In addition, the 
MG3700A can be controlled remotely over an ethernet connection, perm itting auto- 
mat(!d exi)eriments to be (m ried out using i)redefined transm it frequencies and powder 
levels.

The MS2781A Signature spectrum analyser supj^orts frequency ranges betw'een 
100 Hz and 8 GHz with resolution bandwidths between 0.1 Hz and 8 MHz, Although 
the; analyser was not used to receive signals of interest, it was used extensively to verify 
the carrier frequencies, power levels and bandwidths of transm itted  signals.

lu  examining the use of embedded signatiu'es for signal detection, experiments 
focused upon the })arameters used for signal generation and detection. Specifically, 
the effect of mapped subcarrier set sizes was examined. Recall th a t a cyclostatioriary 
signature is generated by transm itting da ta  redundantly uj)on a set of map{)ed OFDM 
subcarriers. This creates a spectral correlation pattern  in the transm itted signal w'hich 
can be detected using cyclostationary analysis. While tlu ' use of a greater mapped 
set size increases the overhead incurred through the use of signatures, it can also 
imjirove the detection [)erforniance achieved at the receiver. This wa.s illustratc'd using 
sinnilations in Chapter G, Fig. 6.1. In Section 8.2.2, I present experimental results for 
detector performance and compare these results with those obtaiu('d using simulations.

As wtU as examining the effect of mai)ped set sizes, experiments wvre carried out 
to assess tiie effect of signal observation times u])on detector performance. As dis­
cussed in C hapter 6 and illustrated in Fig. 6.2, spectral correlation estim ates improve 
w ith greater signal observation times. However, greater signal observation times mean 
longer times required for reliable DySPAN rendezvous. This trade-off is examined using 
(?xj)erimental results in Section 8.2.3. Results show th a t relia1)k' detection of embedded 
signatures can be achieved using an ol)servation tinu; of less than 20 symbol durations.

Section 8.3 focu.ses upon the use of cyclostationary signatures for network identi­
fication. C'yclostationary signatures generated using OFDM subcarrier rnapi)ing are 
easily m anipulated in both spectral and cyclic frequency. In this way, signatures with 
unique j^roperties can bo generated and used for identification in OFDM-based sys­
tems. This approach was examined using simulation results in C’hapter 6. In P'ig. 6.14 
the performance of a network identifier using unique embedded signatures is presented. 
Experim ents carric'd out using our transceiver implementation verify th(;se results and 
again examine the effec t̂ of signal observation times on identifier performance.

Th(' use of cyclostationar\' signatures to achieve frequency acquisition is addressed
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162 8. EXPERIMENTAL ANALYSIS

using experimental results in Section 8.4, Cyclostationary signal analysis does not 

require synchronization w ith  the signal of interest (SOI) and so ])rovides a h ighly flexible 

too! for the analysis of signals whose bandw idth  or carrier frequency are unknown. For 

OFDM-})ased systems, the presence o f an embedded cyclostationary signature in  an SOI 

allows tha t signal to  be detected and carrier frequency estimation to be performed. A 

key advantage o f th is  ai)proach is the a b ility  to  employ a wide-band receiver in order to 

detect and estimate the carrier frequency of signals transm itted at any fre(}uency w ith in  

a band o f interest. Experim ental results show tha t carrier frequency estimation can be 

re lia l)ly performed to w ith in  a single subcarrier spacing using a receive bandw idth four 

times tha t of the SOI bandwidth.

S im ulation results presented in Chapter 6 showed cyclostationary signatures to  be 

a potentia lly  i)ow'erful too l for overcoming the challenge of DySPAN rendezvous and 

coordination. By im plem enting a real-world transceiver and carrying out experiments 

using over-the-air signals, I illus tra te  the practical application o f embedded signatmes 

and demonstrate the fle x ib ility  w ith  whic'h they may be used in advanced wireless 

systems.

8.2 Signal Detection  

8.2.1 Experimental Setup

In order to  examine the performance of our cyclostationary signature detector using 

over-the-air signals, the iMG370()A vector signal generatcjr was used together w ith  the 

USRP RF-front end and the ln i[)lernenting Radio In Software (IR IS) transceiver im ple­

mentation. Suitable signals were generated using the IRIS transm itte r and stored to 

file in in-phase - (juadrature (I-Q ) form at. These were then loaded onto the signal gen­

erator and transm itted  w ith in  the upper Centre for Telecormiumications Value-Chain 

Research (C T V R ) licensed band, discussed in Section 7.4.2, at 2.35 GHz. O FD M  sig­

nals were generated w ith  25G subcarriers, of wdiich 55 were reserved as guard carriers 

and 1 was designated the zero-frequency, direct current (DC) carrier. A  1 /lG  cyclic 

prefix was added to each symbol generated. Subcarriers were modulated using ran­

domly generated c^uadrature i)hase sh ift keying ((JPSK) data symbols and subcarrier 

set mapping was used to embed single-feature signatures w ith  a cyclic frequency ar­

b itra r ily  chosen as a  =  32/T ,. Subcarrier set sizes between 1 and 9 were employed 

to fac ilita te  performance comparisons. Signals w ithout embedded signatmes were also 

generated.

Generated signals were transm itted  w ith  a sample rate of 1 MHz using the signal
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8.2 SIGNAL DETECTION 163

generator with centre frequency 2.35 GHz. These tranKniitted signals were captured at a 
distance of 3 metres using an RFX2400 USRP daughterboard set to samiile a l)andwidth 
of 1 MHz centred at 2.35 GHz. The downconverted samples were then transferred to 
the IRIS software radio engine via USB and processed by the receiver. Transmit power 
levels were set Ijetween -8 and -36 dBm to give an estimated receive sigrial-to-noise 
ratio (SNR) of between 12 and -6dB.

SNR estimation at the receiver was achieved using captured signals comprising noise 
only and l)oth noise and a known OFDM signal. The j^ower si)ectral density (PSD) 
was calculated for each and averaged over 1000 windows of 1024 samples. Mean powers 
were estimated over bandwidtlis of both the noise only {Pn) and the noise and signal 
samples (/*+„). These mean powers were then used to calculate the estimated SNR 
as;

SNR,,., -  1 0 /o r ; ,„ (% ^  -  1) (8,1)
'  n

Signature detection wa.s pc^rformed using the frequency domain-shifting single-cycle 
detector;

i/a = max [A- — w] (8.2)
m = 0

where ir[A'] is a rectangular window of width M . ^ f  (M is the number of mai)ped
subcarriers used to gc^nerate the embedded signature. A /  is the OFDM sul)carrrier
spacing). The sj)ectral coherence estimate, defined as:

r - m  = _____________   fS 3̂
J {Ŝ .̂[k + a / 2 m k - a / 2 ] y r 2  '

where S^{f)  is the time-smoothed cyclic cross periodogram (TS-CCP), presented in
Chapter 4.

8.2.2 M apped Subcarrier Set Sizes

In Chai)ter 6 it was seen that, by choosing the number of rnapi)ed sul)carriers used to 
generate a signature, a basic trade-off is made between system overhead and detection 
performance. Overhead is incurred as sul)carriers used to carry ma])ped data symbols 
may not carry independent data. However, signatures created using greater mnnbers 
of mapped subcarricrs contain more jjowcr and so may be more reliably detected.

The improvement in detection performance which can be achieved using greater 
numbers of nuipped subcarriers was exarniru'd using simulation results in Section 6.2. 
By carrying out experiments using a real-world platform, we can verify these results
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164 8. EXPERIMENTAL ANALYSIS

and gain an insight in to detector performance using over-tlie-a ir signals.

Suitable O FD M  signals w ith  and w ithou t ernhe(ld(!d signatures were generated in 

software and stored in 1-Q format on the MG3700A vector signal generator. These were 

then transm itted  at power levels between -8 and -36 dBm . W ith in  the receiver. SNR 

estim ation was performed and the TS-CCP signature detectc^r was used to calculate 

the detection statistic, i ja for a signal observation tim e eciuivalent to 30 O FD M  symbol 

durations, A t  =  30T. 1000 runs were used to calculate average detection statistics 

for signals both w ith  and w ithout signatures. For each value of the estimated SNR, 

a detection ra tio  y s ig / l jo  'vas calculated. Here is the average det(!ction s ta tis tic  

for signals containing embedded signatures and /yo is the average sta tis tic  for signals 

w ithou t signatures. Th is ra tio  represents a measure o f the conlidence w ith  which (k-- 

tection decisions can be made and pro\'ides an in it ia l means of conijjaring detection 

performance for different signature types and a.ss(jciated detectors. More detailed com- 

[>arisons are drawn using receiver operating characteristic (ROC) performance in the 

next section.

1 Subcarriers 
3 Subcarriers 
5 Subcarriers 
7 Subcarriers 
9 Subcarriers

3.5

2.5
O

!9 >
Vi

0.5
-6 -4 -2

SNR
est

Fig. 8.2: Signature detection ra tio  performance w ith  increasing mapped subcarrier set 
sizes over a range o f SNR values.

Experim ental results are illus tra ted  in  Fig. 8.2 for estimated SNR between -6 and 

12dB. Ecjuivalent results obtained using simulations are illustra ted  in  Fig. 6.1 in  Sec­

tion 6.2 anti a direct comparison for a subset of results is illustrat(;d  in Fig. 8.3. Here,
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8.2 SIGNAL DETECTION 165

expcriiuental results are illustra ted using continuous lines and sim ulation results are 

illus tra ted  using dashed lines. Com])aring these results, it  can be seen tha t a sim ilar 

improvement in detection j)erformance is observed w ith  increasing subcarrier set size;. 

W h ile  a detection ra tio  of ^  1.5 can be achieved using a set of 3 subcarriers for an 

estimated SNR of 3 (IB, th is ra tio  increases to  ss; 2 when a subcarrier set size of 7 is 

eni[)loyed. In  terms o f absolute ra tio  values however, ex])erinicntal results exh ib it a 

decrease iu performance over those obtainerl through sinnilation. For example, at 5dB  

SNR, a 3-sul)carrier signature is detected w ith  ra tio  j )sig/yo ~  2 using simulations. 

This value falls to «  1.75 for experimental results. A n  exi)lanation for th is fall iu 

[)erforrnance is the use of w hite  Gaussian noise in sinnilations. Under exi)erimental 

conditions, the wireless charmel noise is unlikely to l)e perfectly white and uncorre­

lated, resulting in the reduced performance observed. A lthough detector performance 

falls s ligh tly  under experimental conditions, cyclostationary signatures may be used to 

achieve excellent detection results for signals received w ith  SNR of greater than OdB. 

Th is is d(mionstrated in greater detail in the next section.

4
 1 Subcarriers (Exp)
 3 Subcarriers (Exp)
 7 Subcarriers (Exp)
 1 Subcarriers (Sim)
 3 Subcarriers (Sim)
 7 Subcarriers (Sim)

3.5

3

2.5

2

1.5

1

0.5 >- 
-6 -4 -2 0 2 4 6 8 10 12

Fig. 8.3: Comparison o f s innila tion and (experimental r('sults for signature detection.

8.2.3  Observation Tim es

In generating a cyclostatio iia ry signature, mapped subcarrier set sizes are the kc'v 

parameter in determ ining the detection i^crformance which can be achieved. However,
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16G 8. EXPERIMENTAL ANALYSIS

in  detecting an embedded signature, the ol)servation tim e emi)loyed in the detector is 

the key factor. This was shown using siuuUation results in Section 6.2.2 of C liap ter G.

y\s discussed in  Chapter 4, observation time is a l^ey factor in determ ining the reha- 

b ih ty  o f si)ectruni correhition function (SCF) estimates used for cyclostationary signal 

analysis. In the context o f DySPAN rendezvous and coordination, required observation 

tim e is a critica l {)erforrnance m etric as it dictates the sj)eed w ith  wdiich rendezvous can 

be achieved. A recognizc'd lim ita tion  o f cyclostationary signal analysis is the typ ica lly  

long observation tim e reciuired for reliable feature estim ation. One of the principal 

advantages o f cyclostationary signatures generated using O FD M  subcarrier set map­

ping is the reduction in observation tim e required for reliable detection. As discussed 

in Chapter 5, this is achieved due to  the re latively large sj)ectral frequency resolu­

tion, A / ,  w'hich is required to resolve features embedded using mapped subcarriers. 

In carry ing out ex])eriments using our transceiver im plem entation and over-the-air sig­

nals, (jbserved sim ulation results can be verified and the roles of oljservation tim e and 

niapp(,'d subcarrier set sizes c:an be fu rther examined in determ ining signatiire detection 

l)erformance.

1
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0.8

0.7
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A t =  16T

0.3

0.2
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0
0.2 0.40 0.6 0.8 1

Fig. 8.4: ROC performance w ith  increasing observation tim e for M  =  3.

Ex])eriments were carried out using O FD M  signals Jis before. Suitable signals were 

generated and transm itted using the MG3700A signal generator. Single feature sig­

natures were eml)edded in a number o f signals using mapped sul)carrier set sizes of
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Fig. 8.5: ROC j)crfoiiuaiice with incroasiiig observation time for M  =  5.
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Fig. 8.6: ROC i)erforniance with increasing observation tim e for M  = 7.
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168 8. EXPERIMENTAL ANALYSIS

3, 5 and 7. A transmit power of -16dBm was used to give an estimated receive SNR 

of Si 5dB. A t tlie receiver, signals were analyso'd using the freciuency-shifting single 
cycle detector [)resented in Chapter 5. Detection statisti(;s were recorded over a range 

of observation times for signals w ith and without signatures and used to generate the 

ROC graphs illustrated in Fig. 8.4, Fig. 8.5 and Fig. 8.6.

Results show that signilicant improvements in det(>ctiou performance can he achieved 

using increased observation times. Using a 3-subcarrier signature, a detection rate of 

90% w ith  an associated false alarm rate of 15% can he achieved using an ol)servation 

time equivalent to 12 OFDM symbol durations. By incrcjasing the observation time to 

16 symbol durations, the achieved detection rate increases to Ri 98% w ith an associ­

ated false alarm rate of «  2%). P igs. 8.5 and 8.6 show that comparable performance 

can b(' achieved using reduced observation times for signatures generated w ith greater 

subcarrier set sizes.
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Fig. 8.7: Comparison of simulated and experimental ROC performance w ith increasing 
observation time for M  =  3.

Fig 8.7 directly compares experimental results for M  =  3 w ith those obtained using 

sinnilations in Section 6.2.3. Comparisons show a fall in detector performance fcjr 

real-world experiments. Similarly to the fall in performance observed in the previous 

section, this can be exjilained by the use of w'hite Gaussian noise in sinnilations. As
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rcal-w orkl chaiiiiels rarely exhibit perfectly white, uiicorrelated noise, th is can reduce 

th e  reliability  of our SCF estim ates.

Figs. 8.8, 8.9 and 8.10 i)resent the  detection sta tis tics  underlying the  ROC results 

and  allow us to  exam ine our detecto r perform ance in greater detail. Once again, in these 

histogram s, an overlap l)etween values of y.,,,, and yo indicates th a t  perfect detection  

results cannot l)e obtained. Therefore, th e  greater the d istance between the  values of 

y s i y  and yo? 'lit! b e tte r  the detection  perform ance which can be achieved.

C om paring results w ith those jjresented in Section 6.2.3, it can be seen th a t detec­

tion sta tis tics  for signals w ithout em bedded signatures closely m atch  those obtained  

using sim ulations. However, sta tis tics  show a  fall in the  m ean recorded for signature- 

contain ing signals due to  the  f)resence of real-world channel noise. As w ith our sim ­

ulations, iucrea*sed observation tim es can be seen to  reduce the  m ean and variance 

of r(;cordcd detection sta tis tic s  for signals w ithout em bedded signatures, y ^ .  These 

figures also illustra te  th a t an  increase in the ma])j)ed subcarrier set size causes a re­

duction  in the m ean values of yo observed, resulting in significant im provem ents in 

de tec to r [)erforrnance.

8.3  Network Identification 

8.3 .1  Experimental Setup

Network identification forms an  im portan t elem ent of the rendezv'ous process for DySPAN 

system s. A device perform ing rendezvous m ust identify comj^atible networks l)cfore 

choosing one which it wishes to  join. In the  ctise of reconfigurable radio devices which 

m ay (jperate w ithin a num ber of differing netw ork types, the  ab ih ty  to  perform  netw ork 

idenlification is esi)ecially im j)ortaut.

C yclosta tionary  signatures facilitate netw ork identification for DySPAN system s 

by i)('rinitting individual netw orks to choose a unique identifier to  be em bedded in 

all signals tran sm itted  by m em bers of th a t netw'ork. Upon detection of a signature- 

contain ing  signal, a device may use the  properties of th a t signatu re  to  uniquely identify 

the  netw ork in question. One property  of a cyclostationary  signature which may be m a­

n ipu la ted  in order to  {)rovide th is unicjue identifier is the  cyclic frequency. As discussed 

in Section 5.3, the  cyclic frequency of a signatu re  is determ ined by the  m apped subcar- 

rit'r set s])a<'iug. By choosing spi'cific set s of sul)carri(‘rs to m ap, the cyclic frequency 

of th e  em bedded signa tine  can be manii^ulated.

T lu ' perform ance of cyclostationary  signatures when used for netw ork identifica-
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Fig. 8.8: H istogram s o f  ijsig and yo underly ing  R O C  analyses  for M  =  3.
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t io ii was in it ia lly  exaniincxl using sinnilations. The resuhs of these sinnila tions are 

outlined in Section 6.4. In order to fu rther examine the use of signatures in th is  way. 

experiments were carried out using our experim ental transceiver. Suitable signals w'ere 

generat('d using our transm itte r im plem entation and transm itted  using the MG3700A 

signal generator in  order to provide h ighly accurate control over transm it frequencies 

and power levels. Suhcarrier set mapping wiis used to embed m ultii)le -fea tine  signa­

tures in  the transm itted  signals. P'or each signature, three sets o f three subcarriers 

were used to embed three inde[)en(lent cyclostationary features. S im ilarly  to the ap­

proach adopted for our simulations, signatures wore chosen w ith  the m in im um  cyclic 

frecjuency separation. The cyclic freciuencies o f the embedded signatures arc outlined 

in Table 8.1.

Signature Cyclic Frequency

2 9 /r,

(l2 3 0 /r,

fv.j 31/Ts

f V . l •i'2/T,

Tab. 8.1: Signature cyclic frequencies

Signals were transm itted  w ith  j)ower levels Ijctween -8 and -36 dBm  for a received 

SNR of between 10 and -5dB . As in sinm lations, the time-domain sh ifting  detector 

w’as adoi)t(xl and signature detection was carried out at each cyclic frequency for ob­

servation times ranging from 5 to 30 O FD M  symbol durations. Netw’ork identifica tion  

performance is assessed by comparing detection results at each of the foiu' cyclic fre­

quencies w ith  the know’u signature cyclic fre(juency. 250 tests were performed for each 

signature, power level and observation tim e. The s ta tis tic  2: was calculated as:

2  =  a rg m a x y _  (8.4)
.7

where is the ou tpu t o f the detector at each cyclic frequency a^. The p roba l)ility  of 

identifica tion, Pj wa.s calculated using 2 as;

p . = p { z = j \ x j )  (8.5)

where .r, is an O F D M  signal containing a cyclostationary signature w ith  cyclic fre- 

(luency a, .
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8.3 .2  Network Identification Performance
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Fig. 8.11: Perfonnarico of lu’twork identifier using cyclostationary signatures.

Experimental results obtained using our transceiver implementation are illustrated 
in Fig. 8.11. Performance can l)e seen to imi)rove significantly with increasing obser­
vation time, as before. While a P, of !(){)% can be achieved at 5 (IB SNR using an 
ol)servation time of just 15 syml)ol durations, this performance falls with decreasing 
SNR and greater observation times are recjuired to achieve equivalent performance. At 
SNR levels below' OdB, identificaticni performance falls raj)idly.

Comparing our experimental results to those obtained using simulations in Fig. 8.12, 
it can be seen that real-world performance closely matches that observed in Section 6.4. 
One difference which can be seen is the more rapid deterioration in i)erformauce at low 
levels of SNR exhibited by our experimental results. This discrepancy can be explained 
as before by the use of white Gaussian noise in our simulations. As real-world noise is 
rarely perfectly white and uncorrelatcxl, it can reduce the accuracy of spectral corre­
lation (‘stiniate^s at low levels of SNR. A second dilferen(;e Ix'tween the simulated and 
experimental results are the higher levels of performance achieved in experiments at the 
higher SNR levels. This is exj)lained by the use of an exponentially decayed multii)atli 
model in simulations. Experimental channel conditions in an indoor environment are 
unlikely to involve such a long delay spread and so in this case improved results are 
observed under experimental conditions.
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Fig. 8.12: Coinparisou of siiiiulat,('(l and exixn in ienta l performance of network identifier.

8.4 Frequency Acquisition 

8.4.1 Experimental Setup

The final experiment carried out using our transceiver im plem entation focused ui^on 

the use o f embedded cyelostationarv signatures to [)erform carrier frecjuency estima­

tion. As discussed in Cha[)ter 5. the s])c;ctral frequency of cyclostationary features 

enib('dded using O FD M  sul)carrier set rnai)j)ing is accurately known. Ui)on d(;tection 

o f a signature-containing signal, these features can be usi'd to accurately estimate the 

carrier frec|uency of the signal. In the case o f DySPAN systems, this is a f\mdamental 

re(iuirement for rendezvous and network coordination. A  particu la r advantage of the 

use o f cyclostationary signature's in this way is the a l)ility  to  perform carrier freciuency 

estim ation for a signal whose bandw id tli is s ign ificantly smaller than the bandw idth 

sampled in the receiver.

In  order to examine the real-world i)erformance of cyclostationary signatures used 

for carrier frequency estimation, suital)le signals were generated using our transm itte r 

im j)lem entation and transm it t('d using the MG3700A vector signal gc'nerator. The use 

o f a signal generator perm itted the power levels and carrier freqTiencies o f transrn itt(‘d 

signals to be accurately known. 25G-subcarrier O FD M  signals were generated using 

C^PSK modulated random data. M ultip le-feature signatures were embedded as before 

using three niai)iK'd sets of three sul)carriers. Using the MG3700A, these signals wen' 

transm itted  w ith  a 1 M Hz bandw idth, g iving a subcarrier si)acing o f 3906.25 Hz.
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1 MHz

;

i ;

o 2.352 
Carrier Frequency (GHz)

Fig. 8.13: C arrier frequencies of tran sm itted  experim ental signals.

Signals were tran sm itted  using th(' CTVR lic(‘ns('d Ijands w ith carrier frequencies 

random ly chosen betw een 2.3485 and 2.351-5 GHz for each test. In th is way, our 1 MHz 

signal was tran sm itted  at a known carrier frequency w ilhin a 4 MHz channel. Fig. 8.13 

illustrates the frequency hand used. I’ower levels of between -8 and -2 2 dBm  were 

used for estim ated  receiver SNR levels of iK'tween approxim ately 12 and OdB. At 

each power level, 100 tes ts  were carried out using differcjnt transm it frequencies. For 

each tes t, a single tone was tran sm itted  by the signal generator to  facilitate carrier 

frecjuency calibration  of the U SRP R F front-end. As the relative freciuency offset 

between tlu ' ITSRP and MG3700A varies slightly from t(,‘st to test, the  use of a tone 

w ith a  known fri'ciuency allow'ed us to  calculate this offset and so improve the accuracy 

of our estim ation  results. This tone was followed by the SOI. At the reci.'iver, th e  U SRP 

was .set to sam ple the  full 4 MHz bandw id th  centred at 2.35 GHz. S ignature detection  

and carrier frequency estim ation was perform ed for each tes t by the frequency-doniain 

shifting de tec to r im plem entation. An observation tim e of 30 symbol du rations wa.s 

used.

P rogrannning  scrip ts w'ere used to  autom ate; the testing ])rocess. Fig. 8.14 illustra tes 

the sequence used for each test. Rem ote control of the signal generator wa.s facilitated  

using an  e th e rn e t interface while the IRIS software radio engine wa»s dynam ically re- 

configiued using ex tensib le  M arkup Language (XML) configuration scri[)ts, i)uslu*d to  

HUS over e thernet. T he sequence for each test comi)rised four steps. Firstly, the  cen­

tra l controller in itia ted  transm ission of a single tone at 2,35 GHz. This tone was used 

to  ca lib ra te  the  USRP for each test. Secondly, the  controller in itia ted  a tim ed signal 

(•apture on the software radio engine'. The* first part of this caj)ture consists of the  

single fixed tone. Once the  tone was cap tured , the controller triggered the M G3700A 

to  sw itch the  tran sm itted  waveform from the  single tone to the OF^DM signal con ta in ­

ing the  embeflded signature. A t the  sam e tim e, the carrier frequency of th a t signal 

was ad justed  to  a random ly chosen freciuency l^etween 2.2485 and 2.3515 GHz. Once 

th a t signal had been cap tu red  using IRIS, the  controller switched off transmi.ssion on

Pli.U. ThesLs Se[Jteniber 2.'), 2(X)«
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Fig. 8.14: Autom ated signal capturing sequence used for each freciueiicy acquisition 
te s t.

the signal generator to complete the test. In this way, each signal capturc comprised 
two parts, the first containing the single tone and the second containing the SOI at a 
carrier freciucncy randomly chosen Ijy the controller.

This signal ca[)ture sc(iuence was ijerformed repeatedly, in a loop, to provide sufii- 
cient captured da ta  to perform our analysis. Following the signal capturc process, the 
signal data  for each test was processed offline using our transceiver im plem entation to 
perform carrier freciucncy estim ation and provide results. These results are j)resented 
in the next section.

8.4.2 Performance

Actual transm it frequencies were recorded together with carrier frequency estimates 
for each test and were used to generate the results illustrated in Figs. 8.15 to 8.17. The 
results in rc'd illustrate the distribution of actual transm it freciuencies between 2.348 
and 2.352 GHz. The distribution of our carrier frequency estimates are illustrated in 
blue. The estim ates are showm in a distribution within a single subcarric'r si)acing of the 
true \’alue ( - I - / -  A /) . It should be noted that all estimates excc'eding a single subcarrier 
si)acing from the true value are represented in the outer bars of the histogram. It can 
be seen th a t, although the carrier fn'(}uencies used in the tests are widely distributed,
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estimation of those fiecjuencies using the embeckk'd signatures is highly accurate to 
within a single subcarrier spacing.

Results show that cyclostationary signatures may be very reliably used to estimate 
signal carrier frec|uencies for signals received with SNR of 3dB  or greater. Carrier 
frecjuency estimates determined for signals witli SNR of above 7 dB were shown to be 
accurate within + /-  A /  in 100% of tests. At an estimated receiver SNR of G.1947dB, 
estimates were accurate in 98% of tests and at 3.5636 dB, 95%i of tests were shown to 
be accurate.

A pro})ability of acquisition, P„ is defined tks

= pUo -  A / < U t  < /() + A./-) (8.6)

where A /  is the subcarrier spacing and /o if’ the true carrier frequency. Using our 
experimental results, a detector threshold was chosen such tha t the probability of 
detection, l]i wtis 95%. W ith this threshold, the probability of acciuisition calculated 
for each value of the estim ated receiver SNR is illustrated in Fig. 8.18. Simulation 
results from Section 6.5.2 are also provided for comi)arison.

Comparing both sets of results, it can be seen that the performance obs('rved for 
simulations has been verified by our experiments. As in our simulation results, j)(!rfor- 
marice is relatively constant al)Ove 5dB  SNI^. Simulation results indicated an average 
Pu of 98% at these levels. The use of a m ultipath fading channel exi)lains the loss of 2% 
performance. For our experiments, an average P„ of almost 100% is observed. Below 
5dB  SNR, i)erformance can l)e seen to deteriorate. At 3dB, a P^ of ai)proximately 95% 
is observed for our experimental transceiver. This closely mat dies siuudation results. 
B('low 3dB , performance is seen to deteriorate more rapidly for experimental results 
than in siuuilations. As before, this discrepancy can be explained by the use of white 
Gaussian noise in oiu’ simulations.

8.5 Summary

The key aims in i)erforming cyclostationary signature exjieriments using a leal-world 
transceiver imi)lementation included the verification of performance results obtained 
using comj)uter sinmlations and the testing of the imj)lernented transceiver.

W ithin the three key ajjplication arefis of signal detection, network identification 
and carrier freciuency estimation, experimental results obtained and presented in this 
chapter have fully verified the performance observed using sinmlations. Indeed, it has 
been seen th a t experimental results closely match those obtained using simulations

P h.D . T tu s is S ep tem b er 25, 2(X)8
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Fig. 8.16: Frequency acquisition perforniance II
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Fig. 8.17: Frequency acciuisition performance III

in each instance. I ’he key difference observed in each case is a small reduction in 
performance at low levels of receiver SNR due to the presence of real-world noise. 
As noted hc'fore, the presence of noise which is not completely white and uncorrelated 
causes a reduction in the accuracy of oiu' spectral correlation estim ates when comi)ared 
with simulations. Having verified performance results in this way, I have {)roven the 
utility of cyclostationary signatures in overcoming the challenge of DySPAN rendezvous 
and coordination.

In the area of signal detection, it was shown tha t a single-feature signature generatc'd 
using 3 mapped subcarriers may l)c used to achieve a detection rate of «  98% for an 
associated false alarm rate of sa 2% using an observation time equivalent to just 16 
OFDM symbol durations. This is less than  half the mininnun frame duration for an 
802.16 WiMAX system employing a 3.5 MHz bandwidth and a 1 8  cyclic prefix. Thus, 
in order to detect and use an embeddi'd cyclostationary signature in such a system,
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Fig. 8.18: Frequency acxjuisition performance using enil>ed(led cyclostationarv signa- 
tiu'es.

less than  half a single frame nnist be captured and analyzed. F'urthermore. it was 
shown that this required observation time may be decreased using a greater number of 
mapped subcarriers.

Cyclostationary signatures were also shown to provide a highly elfective technique 
for achieving netw'ork identihcation. Using the minimum signature separation, it was 
shown th a t 4 uni<}ue signatures can be successfully identified at SNR levels abov'e 
3 (IB with an observation time of just 20 symbol durations. Results showed that an 
identification rate of 100% was achieved over 250 tests for all SNR levels above 3 (IB.

In the area of fre(iuency ac(iuisition, a critical requirement for DySPAN rendezvous, 
results slunved tha t cyclostationary signature's may be used to reliably estim ate the car­
rier fre(iuency of a detected signal to within a single subcarrier spacing. At SNI^ levels 
above 3(113, tests showed an accuracy rate of 95% or greater. A number of frequency 
synchronization api)roaches exist for OFDM-bas('d systems where the acciuisition range 
extends to a single subcarrier spacing |105|. Thus, l>y incorporating the use of cyclosta­
tionary signatures within a transceiver using such aj)proaches, signal detection, iden­
tification and full synchronization can be achiev(xl for DySPAN systems. Importantly, 
this was shown to be true in the case where the bandwidth sampled by the receiver is 
nnich greater than  the bandw idth of the SOI itself. These fmdings show tha t cycl(jsta- 
tionary signatures may be accurately used to achieve rapid network rendezvous where 
a wide-band signature detector is employed.

In carrying out ex])eriments using the softw are radio based transceiver, the key
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advantages of such a fiexible iinplementation became apparent. Specifically, the al)ility 
to dynamically reconfigure the system during the course of operation greatly facilitat ed 
the autom ation of tests. The use of a component-based design made it possible to 
incorporate signal processing components which were tailored to the requirements of 
a specific task. One example of this is a signature detector c.omponent designed to 
perm it the estim ation of detection statistics at a range of observation times. W hik' 
im practical for (lei)loyment in a real-world system, this component was very useful in 
the collection of test data.
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9. CONCLUSIONS

9.1 Introduction

This d issertiitiori luvs shown tha t in tentiona lly  embedded cyclic features or cyclostatdon- 

ary  signatures  are a h ighly effective too l for overcoming the challenge o f rendezvous and 

coordination in emerging m u lti-ca rrie r Dynam ic Spectrum Access Networks (DySPANs). 

Through the use o f computer sinuilations. transceiver j)roto type im plem entation and 

over-the-air exj^erimentation, it  ha.s been shown tha t cyclostationary signatures pro- 

\ ide excellent performance for signal detection, network identifica tion and frequency 

ac(iuisition. Furthermore, it h;is been shown tha t these signatures require low signalling 

overhead, low transm it and r('cei\'e architecture com j)lexity and short signal obser^■a- 

tion times yet form  a robust and h ighly flexible tool for ac'hieving a range o f critica l 

tasks in DySPANs.

T h is  cha i)te r draws conclusions from  the d isserta tion  and h igh ligh ts  a num ber o f 

key d(!V('lopmcnts w h ich  ha\'e taken i)lace since the research began.

9.2 Summary of Contributions

This dissertation ha.s shown tha t embedded cyclostationary signatures provide a h ighly 

flexible yet robust techniciue for overcoming the challenge o f rendezvous and coordina­

tion in emerging m u lti-ca rrie r Dynam ic Spectrum Access Networks (DySPANs). The 

following section examines each o f the contributions i)resented by the dissertation to 

sub.stantiate this claim.

Emerging DySPAN Systems and the Challenge of Rendezvous and 

Coordination

The dissertation ])rovides an overview of emerging DySPAN systems and the m ain d riv ­

ing forces l)ehind them. In Chai)ter 2 specifically, the need for dynamic s])ectrum access 

was outlined in the context o f the increasing value of radio-frequency si)ectrum and 

the usage inefficiencies which have arisen as a result of legacy spectrum management
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j)olicies. The chapter exaniinecl the history of spectrum management and iUustrated 
the key problems to  which this history has given rise. A conii)rehensive overview was 
provided of the spectrum  policy reform del^ate spanning the initial arguments of Herzel 
and Coase in the 1950s to the jjresent day. In addition to examining these DySPAN 
drivers, the dissertation examined the synergistic com})ination of spectrum  })olicy rty 
form and technological advance which is creating opportunities for the development 
and (lei)loyment of these systems.

The coni[)lex issue of network rendezvous and coordination in these emerging DySPAN 
systems wjis also addressed. Although the potential benefits of dynamic spectrum ac­
cess technology are significant, so too arc the technical challenges. One well recognizexl 
issue is tha t of low-power signal detection for white-space identification. However, an 
(Hiually significant challenge is tha t of rendezvous and coordination. While consider- 
abl(> research effort is currently being (lf!vol.ed to the low-power detecticm issue, there 
is far less emi)liasis on rendezvous and coordination.

In CTiai)ter 3, solutions for network rendezvous in existing and euK'rging networks 
were examined and companxl. The dissertation showed that these existing solutions 
rely heavily on prior knowledge of oi)crating frecjuencies and channelization schemes. 
As DySPAN systems nuist operate without this prior knowledge, they cannot take ad­
vantage of the existing solutions and new mechanisms umst be (levek)ped. Taking this 
approach, the dissertation illustrated the key r('quir('ments for a DySPAN rendezvous 
and coordination solution and showed the considerable challenge involvi'd.

Cyclostationary Signatures: Enabling DySPAN System s

The most signihcant contribution of this dissertation is the proposal of a solution to 
the challenge of rendezvous and coordination in multi-carrier DySPAN systems. The 
I)roposed solution involves the generation of intentionally embedded cyclostationarv 
signatures in transm itted data-carrying waveforms. These signatures form a type of 
waterm ark which may be easily detected l)y recei\ing devices and used to perform net­
work identification and fre(iuency accjuisition. In this way, cyclostationary signatures 
permit DySPAN devices to achieve rendezvous and coordination without prior knowl­
edge of system operating freciuencies or the need for a static channelization scheme.

The dissertation first outlined the advantages of cyclostationary signal analysis 
w'hen applied to the challenge of DySPAN rendezvous and coordination. While this 
signal processing technique holds many key advantages, there are a number of signifi­
cant drawbacks typically associated with its use. These drawbacks were identified and 
in C hapter 5, the use of subcarrier mapping to embed cyclostationary signatures was
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l)reserited aii an effective ineehaiiisin for overcoming these drawbacks. The dissertation 
outlined transm it and receive architectures for the generation, detection and analysis 
of cyclostationary signatures and show'od how these can be incorporated in existing 
Ortliogonal Freciuency Division Multiplexing (OFDAl)-ba.s(‘d transceiver systems.

Tlie use of these cyclostationary signalvues was examined in the context of three 
key applications relating to network rendezvous and coordination. The ai)plications 
addressed were signal detection, network identification and frequency accjuisition. In 
C hapter 6, computer simulations were used to analyse the performance of systems em­
ploying embedded signatures in these areas and to examine th(> key tiade-offs associat('d 
with their use.

In the area of signal detection, simulations were used to examine the trade-offs tha t 
exist between signature overhead and signal detection performance. In addition, the 
impact of signal observation time on detection i)erforniance was exi)lored. These sinui- 
lations showed that by using an overhead of just 3 mapped subcarriers, a signature may 
be embedded in a transm itted waveform and detected a t signal-to-noise ratio (SNR) 
levels of greater than -5dB. At an SNR of 5dB, it was shown that an observation time 
of just IG OP'DM symbol durations is required to achieve a detection rate of 99% for an 
associated false alarm rate of 1% when a 3-carrier signature is employed. Detection of 
embc'dded cyclostationary signatures mider frequency-selective fading conditions was 
also addressed. The use of a robust nuilti-feature signature was pr0j)0scxl in order to 
provid(‘ frequency diversity. Using these robust signatures, it wfis shown that excellent 
(k'tection i)erformance can be achieved for a wide range of nniltipath chamiel models.

A key advantage of cyclostationary signatures embedded using subcarrier set map- 
[)ing is the ability to create unicjuc; signatures and use these to i)erform waveform and 
thus network identification. The dissertation examined the use of signatures in this way 
and showed that, using cylic frequency as an identifier, the nmnber of unicjue siugle- 
feature signatiues which may be embedded in an OF'DM-ljased waveform is ('qual to 
N  -  2 M  +  1 where N  is the to tal number of snbcarriers used in the waveform and 
M  is the size of the mai)ped set. Using the mininnun signatiu’e separation, comijuter 
simulations were used to show tha t an identification rate of 95% can be achieved for 4 
unique signatures at an SNR of 5 (IB and under frequency-selective fading conditions 
using an observation time of 30 OFDM symbol durations.

The third key application identified in the dissertation for embedded cyclostation­
ary signatures was tha t of hxxjuency acquisition. It was shown tha t ui)on detection of 
a signal containing an embedded cyclostationary signature, a receiving device may use 
that signature to estim ate the carrier frequency of the signal. Comput(;r simulations 
were used to show tha t under frc(iuency-selective fading conditions, an eml^eddc'd signa-
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ture uiay be used to  perform carrier frequency estimation to w it li in  a single sul)carrier 

spacing. A t SNR levels at or above 5dB , these simulations showed that an accuracy 

level of at least 95% can be achieved.

By develo[)iug the novel concept of an embedded cyclostationary signature for m u lti- 

carrier waveforms and illus tra ting  its use in a range of api)lications, the dissertation 

demonstrated the strength of this ai)proach when employed to overcome the challenge 

of network rendezvous and coordination in emerging DySPAN systems.

Transceiver Prototype Development

Computer simulations were used in the flissertation to illus tra te  the power o f cyclo­

stationary signatures w lien employed in DySPAN systems. However, tiie  th ird  key 

contribu tion  (jf th is dissertation sfiow('d the practical u t i l ity  o f th is approach by de­

scribing the im i)lem entation of an O FD M  based transceivc'r prot(;type using eml^edded 

cyclostationary signatures for rendezvous and coordination.

Chaj)ter 7 outlined a h ighly flexible general purpose processor (GPP)-hased j^lat- 

form  for DySPAN experim entation developed at the Emerging Networks strand of 

C’entre for Teleconmnmications Valuo-Cliain Ilesearch (CTVR)  l)ased at the Univer­

s ity o f D ublin , T r in ity  College. The dis.sertation described the im plem entation of a 

l)roto type DySPAN transceiver using this p latform , h ighlighting the key design deci­

sions which were made and ou tlin ing  the reasons behind those cU'cisions. In th is way, 

the dissertation provides an insight in to  the key challenge's associated w ith  the use of 

cyclostationary signatures in real-world systems. In addition, variations o f the main 

transceiver design were disciissed. These variations illustra te  the maimer in wdiich sig­

natures can be used to  achieve different goals when emi)loyed under different (jperating 

conditions.

In describing the im plem entation of a prototy[)e transceiver, the dissertation high­

lighted the im portance of a component-based design in managing system com i)lexity 

through encapsulation and abstract ion. Furthermore, the benefit o f a h ighly reconiig- 

urable p la tfo rm  architecture was clearly shown in the context of system testing and 

design variations.

Experimental Transceiver Analysis

The fou rth  contril)u tion  of the dissertation involved the [)resentation of experimental 

results obtained using real-world signals transm itted  over the air and received l)y our 

transceiver prototypes. C\)niputer sinmlations serve to i^rovide a number o f key insights
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into the use of cyclostationary signatures for DySPAN rendezvous and coorcUnation and 
to ilhistrate the main trade-offs involveci in their use. However simulations attempt 
to model real-world operating conditions and so can only })rovide an ajoproximation 
to real-world performance. By describing experiments using a prototype transceiver 
and presenting results, the dissertation examined the performance of cyclostationary 
signatures embedded in over-the-air OFDM-ba-sed waveforms and show’ed that this 
approach provides a practical solution for real-world DySPAN systems.

Chapter 8 outlined experiments used to assess the performance of cyclostationary 
signatures when employed for signal detection, network identification and frequency 
acquisition. By mirroring a number of the tests carried out using simulations, these 
experiments permitted comparisons to be drawn between performance achieved using 
modelled signals and results obtained under real-world conditions.

In each ai)i)lication it wa,s shown that experimental results closely matched those 
obtainc'd through sinndation. When employed for signal detection, a 3-carrier signature 
wa.s found to provide a detection rate of 98% for an associated false alarm rate of 2% 
using an observation time of IG OFDM symbol durations at an SNR of approximately 
5 (IB. In the area of network identification, signatures were shown to permit identifica- 
ticjn of four uni(iu(> signatures with an accuracy rate of 100% at or above 3dB using 
an observation tinu' of 30 symbol durations. In this case, exi)erimental performance 
excec'ded that obtained using sinuilations due to the freciuency-selective fading models 
employed in those simulations. When used to achieve frequency acciuisition, it wjus 
shown that signatures embedded in over-the-air signals permitted receiving devices to 
estimate the carrier freciuency of those signals to within a single subcarrier spacing 
with 95% accuracy at 3dB SNR wdien an observation time of 30 symbol durations wa.s 
used.

9.3 Future Work

In develoi)ing the concej)t of intentionally embedded cyclostationary signatures for 
multi-carrier DySPAN systems, this dissertation highlighted a nunil)er of further areas 
in which this approach may l)e used and in which future work may be carried out. This 
section addresses each of these areas in turn.

Enab l ing  Increased Flexibility in D ySPAN S y s t e m s

This flissertation focusc'd primarily upon the introduction of operating frecjuency Hexi- 
l)ility in c'merging DySPAN systems and tlu- challenge of rendezvous and coordination
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which this entails. By developing the novel concept o f cyclostationary signatures for 

( ) l ‘"DM-based systems, it  was show'u tha t th is form of flex ib ih ty may be incorporated 

i l l  practical systems while supporting the rol)ust estal)lishment and maintenance of 

communications links betwt'en devices. Cyclostationary signatures make th is possible 

by pe rm itting  a form of physical layer signalling to be achieved between heterogeneous 

devices. Using this concei)t o f ])hysical layer signalling, it may be possil)le to sui)i)ort 

fu rthe r flc 'x ib iiity  in  these systems.

One area in which such fie x il) ility  would be valuable is signal bandwidth. W hile 

the spectrum sculpting capabilities o f reconfigurable OFDM -ljased systems are widely 

recognized, lit t le  researc-h has been devoted to the issues of rendezvous and coordination 

in  such systems. 0 [)e ra tiiig  frecjuency fk 'x ib ility  perm its a DySPAN system to transm it 

a waveform using idle white space spectrum. However, signal bandw idth  fle x ib ility  

would perm it tha t system to dynam ically ta ilo r the bandw idth o f tha t waveform to 

the proj^erties of tha t wdiite space sj^ectrum. In addition, by supporting bandw idth 

fle x ib ility  a DySPAN system can optim ize spectrum use efiiciency by only using that 

bandw idth which is recjuired for communication at a g iv('ii lim e and j)lace. In th is way. 

n 'm am ing bandw idth may be occu[)icd l)y other systems.

Bandwidtli Unit

-B/2 + B/2

Fig. 9.1: Generation o f a signal using m ultip le  units, each containing an independent 
cyclostationary signature.

One i)ossible approach for supporting bandw idth fle x ib ility  in DySPAN systems 

would be to define a m in im um  u n it of bandw idth to be used by devices w ith in  the 

system. Transm itted signals w’ould comprise one or more of these bandw idth units in a 

sim ila r manner to the channel bonding aj)proach proi)osed for the Ins titu te  of E lectrical 

and Electronics Engineers (IE E E) 802.22 standard described in section 3.2.3. However, 

while the centre frequencies o f IEEE 802.22 channels are typ ica lly  fixed, the use o f phys­

ical layer signalling would perm it flexible bandw idth signals to  be transm itted  at any
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operating i’recjuencies. Where each bandwidth unit comprising a transm itted  signal 
contains an embedded signatine, those signatures could be independently detected by 
a receiving device and uscxl to estim ate the overall signal bandw idth and carrier fre- 
(juency. In this way, control information could be obtained and a communications link 
could l)c established. F"ig. 9.1 illustrates this approach and shows how a signal can be 
generated from a number of bandwidth units, each with an eml)edded cyclostationary 
signature.

A second an>a in which wavt'forni fk'xibility wo\ild prove useful is in the subcarrier 
spacing adopt(;d in OFDM -based systems. In defining the subcarrier sjiaciug to l)e 
emplovc'd in an OFDM-bcised system, the designer of tha t system makes an im portant 
trade-olf betwt'en inter-synibol interference' (ISl) and inter-carrier interference (ICI) ro­
bustness. A small subcarrier spacing results in a large number of stibcarriers and hence 
a l(jug symbol duration. W ith this long syml)ol duration, a longer cyclic, prefix may be 
used for a giv('n degree of overhead, providing increased robustness to ISI. However, 
a large subcarrier spacing increases the distance betw'ceu adjacent carriers, reducing 
the effect of ICI. It may be possible to use enibc'dded cyclostationary signatures to 
determine the; subcarrier spacing used in a given waveform. In this way, ])hysical layer 
signalling could be used to sup{)ort subcarrier spacing flexibility in OFDM -based sys- 
t(!ms. 'riius, thos(' systems would no longer be oj)!ijni/,(!(l for fixed expected levels of ISI 
and ICI l)ut could dynamically optimize the waveform used according to the chamu'l 
conditions exj)eri('nced at a giv('n time and place.

Alternative Detector Designs for Cyclostationary Signatures

This dissertation i)roposes the use of a signature detector designed i)rimarily using 
a time-smootliing ai)proach to cyclic feature detection. As discussed in C hapter -5, 
this approach i)crmits the processing recjuirements of signature detection to be evenly 
distributed over time and allow's the use of a short fast Fourier transform (FFT). 
However, one lim itation of this ap[)roach is the need for prior knowledge of the overall 
OFDM symliol duration used by the transm itter. As discussed in Chai)ter 4, in order to 
preserve the cyclostationarity of a signal when performing time-smoothing, averaging 
windows of signal samj)les must be symbol synchronous. In order to ensure that symbol 
transitions are synchronized between averaging windows, the OP’DM symbol duration 
must b(> known and the averaging window size nnist be an integer nmltii)le of that 
duration.

One ai)pr(xich which can be usc'd to overcome this need for i)rior knowledge (jf the 
symbol duration in\'oh'es tlu' use* of a detc'ctor design based on the use of frequency-
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smoothing. Such a design would involve the buffering of a large nmnl)er o f received 

signal samples followed by the use o f a very large FP'T and sul)sequent smoothing. In 

th is w'ay, a bursty processing profile is required however time-averaging windows are 

not used and the issue of symbol synchrcjuization does not arise.

Alternate Uses of Cyclostationary Signatures

The focus o f this dissertation has been upon the issue o f network rendezvous and 

coordination in emerging DySPAN systems. Embcxlded cyclostationary signatures have 

];een shown to  be a practical and effective tool for overcoming this challenge. However, 

it  may be jjossible to eni[)loy cyclostationarv signatures in addressing a second challenge 

typ ica lly  associated w ith  DySPAN systems; tha t of low-power prim ary signal detection.

In ord(!r to  share a spectrum band w ith  a h igh-p rio rity  jjr im a ry  ust'r w ithou t causing 

harm ful interference, a DySPAN device nmst be capable of re liably detecting the trans­

missions of that p rim ary user. I t  has been s I k j w u  that cyclostationary signal analysis 

may l)e used to achieve improved detection i)('rforniance over ecjuivalent rad ionu 'tric  

approaches at Icnv signal power levels |G8|. How('ver in order to ro'alize these advan­

tages, the signal (jf interest must contain cyclic features which can be identified and 

used for detection.

One approach for fac ilita ting  low-j)ow'er detection of prim ary transmissions would be 

to  embed a cyclostationary signature in those transmissions which could be leveraged in 

a receiver to i)erform detection. In this way, the h igh-p rio rity  prim ary u s (t  could aid a 

secondary DySPAN system and reduce the possil)ility of harm ful interference. Ideally, 

dyuam ic spectrum access by a secondary user should not recjuire any aspect of the 

p rim ary system to be changed. Thus, th is approach may not be i)ossible for currently 

(lei)loyed wireless systems. However, it could be incorporated in future systems which 

are granted h igh-p rio rity  spectrum access in a shared band.

In  examining the use o f cyclostationary signatures for DySPAN rendezvous and 

coordination, transm it and receive architectmes w'ere o i)tim iz('d to reduce overhead, 

required observation tim e and com putational complexity. However, in order to examine 

the use of signatures for low-power signal detection, these designs nuist be revisited w ith  

the goal of optim izing detection performance. For example, a greater lev’el o f signalling 

overhead may be acceptable to embed a high-power(,'d signature in the transm itte r 

while in the receiver a much longer signal observation tim e might be considered.
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Cyclostationary Signature Use on Alternative Platforms

One (if the key contrilivitions of th is d issertation  is the  descrip tion of a i)rototyi)e 

transceiver using cyclostationary  signatures im plem ented upon a  C^PP-based software 

radio platform . An area for possible fu ture work would be to  ex tend  th is  ini})lcmenta- 

tion to  a  num ber of a lte rnative  platform s.

By im plem enting a transceiver using cyclostationary  signatures upon  a held p r o  

grarnm able gate array  (FPGA)-ba-sed [ilatform , some of the dynam ic reconfiguration 

advantages of the G P P -based  im plem entation m ay be lost. However significant im­

provem ents in perform ance could be gained. These im iirovem ents could be leveraged, 

for exam ple, to perm it rapid analysis of wide frcciuency bands for signatiue-con ta in ing  

signals. A lternatively, an FPC^A-based platform  could be em ployed to  perform  full 

cyclic frequency analysis of a signal of interest for em bedded signatures.

R etaining the flexibility of a G l’P-based platform , advanced processor arch itectu res 

could b(? employc'd to  achieve the perform ance typically associated w ith FTGA-ba.s(Kl 

platform . One such system  is the Cell b roadband ('ugine |115| developed jointly by 

IBM, Toshiba and Sony and curren tly  used in the I’lavstation  3 gam es console. The 

Cell arch itec tu re  combines a power processor core w ith eight 'synergistic processing 

elem ents’ which are used for parallel d a ta  jirocessing. These processors are  connect c'd 

Ijy a high-speed bus, iierm itting  very large am ounts of d a ta  to  be [lassed rajiidly be­

tween them . I3y employing the  CVll arch itcctiu’c and im plem enting highly parallelized 

algorithm s for the  generation, detection and analysis of cyclostationary  signatures, it 

may be possible to  realize a highly reconfigurable system  for general cyclostationary  

signal analysis as well as cyclostationary  signature detection.

9.4  Conclusion

Since work on th is d isserta tion  began, some significant developm ents have taken  place 

in the areas of spectrum  regulation and DySPAN technology. Together, these changes 

are bringing dynam ic spectrum  access closer to  a reality.

In the  area of s[)ectrum  i)olicy there have been im portan t advances in a num ber of 

countries including the  UK and the  US. Specihcally, the  corning switch from analog to 

digital broadcast television in these countries promises to make significant sw athes of 

highly-valued spectrum  available for reallocation and reassignm ent. Term ed the. digital 

divide.nd, these spectrum  bands provide an a ttrac tiv e  trade-off betw een signal p ropa­

gation and cajiacity and would b(' highly suited  to  system s j^roviding b roadband  d a ta
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connectivity. Recognizing the benefits of emerging dynamic spectrum access technol­
ogy, a number of regulators have taken steps to examine the use of DySPAN systems 
in these bands.

In the UK, the Office of Connnunications (Ofcom) has identified two categories of 
spectrum  which will be available for reallocation following the digital switch-over |117|. 
It has term ed these categories cleared and iiiierieuved spectrum. Cleared spectrum  
bccomcs available due to the increased efficiency of digital broadcast technology. As 
less liandwidth is required to support broadcast television services using digital tech­
nology, the additional spectrum currently used for analog services will })econie available 
following the switch-over and can be reallocated on a countrywide basis. Interleaved 
spectrum , on the other hand, becomes available within the spectrum bands to be al­
located to digital television broadcasters. Although tliirty tw'o 8 MHz channels will be 
allocated for digital television, only six of these will be used for the preferred service in 
any one location. As a result of this nuiltii)lexiug scheme, a numl)er of idle channels may 
Ije available for Uvse at any time in tha t location. W'hile Ofcom has chosen to allocate 
cleaned spectrum  using auction mechanisms, it has projjosc'd to allow lic(nise-exempt 
use of interleaved spectrum  by DySPAN systems capal)le of detecting idle channels and 
using them  while reliably avoiding the creation of harmful interference.

Similarly, in the US, the analog-digital sw’itch-o\'('r sclieduk'd for February 2009 will 
result in a dividend of both clean’d and interleaved si)ectrmn. Cleared spectrum  bands 
covering 108 MHz of spc'ctrum are currently Ijeing allocated in auctions expected to 
raise over $20bn. Howeve>r, pro])osed use of interleaved or while space si)ectruni has 
been subject to intense lobbying over the past niunber of years. Use of interleaved 
s[)ectrum by DySPAN systems is strongly advocated by the Wireless Innovation Al­
liance w'ith partners including Dell, Cjoogle and Microsoft |118]. On the other hand, 
serious concerns about potential interference w'ith broadcast servic'es have been raised 
b\- the incumbent l^roadcasters. In order to examine the capability of DySPAN systems 
to reliably detect digital television l)roadcasts and avoid the creation of interference, 
the Federal Communications Connnission (PT’C) began testing white space DySPAN 
devices in August 2007 |119|. Dei)ending upon results of these tests, unlicensed use of 
interleaved spectnnn by DySPAN systems may be permitted.

Also in the US, in February 2008, the FC’C' announced the designation of a testbed 
for spectrum  sharing iimovation. Intended to provide a venue for dem onstrating tech­
niques for sharing spectrum  betw'een federal and non-federal users, the testbed com­
prises 10 MHz of spectrum  in the 470-512 MHz band. Researchers can apply to use the 
testbed and will follow a three-phase program to test and evaluate DySPAN systems 
and techniques.
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Each of these regulatory steps is significant in encouraging and promoting DySPAN 
research and develo]:)ment. At the same time, considerable technological advances in 
the area of dynamic spectrum  access are also being made. In Dublin in A{)ril 2007, 
the second IEEE international symposium on New Frontiers in Dynamic Spectrum  
Access Networks took place. A major focus of this event were the dem onstration 
sessions where both academic and industrial researchers (lisi)layed devices and systems 
ca[>able of DySPAN operation. These included contributions from Motorola, Shared 
Spectrum  Company and Qinetici as well as the CTVR Emerging Netw'orks research 
group based at University of Dublin, Trinity College, the University of Kansas and 
Virginia Tech University. In addition to their ck'uionstrations in Dublin, the Sharcxl 
Spec:truni Comi)any carried out extensive tests of their spectrum  sharing equipment 
in P'ort Hill A.P. in Virginia, showing the ability to identify unused si)ectrum and use 
it to form and maintain a netw'ork whik' ('Ificiently using s])ectrum and avoiding the 
creation of harmful interference |12()|.

As changes in regulatory policy are creating opportunities for the (leveloi)ment and 
deployment of DySPAN systems, technical advances are beginning to address many of 
the challenges associated with these systems.

This dissertation represents a significant step towards the realization of i)ractical 
Dynamic Spectrum Acccss Networks (DySPANs). Th(' issue of network rendezvous 
and coordination has been highlighted as a key technical challenge associated with 
the develo[)ment of highly reconfigurable networking systems and the novel use of 
enibc'dded cyciostationary sUjnatnres has been proposed as a powerful and flexible tocjl 
for o\'ercoming this challenge. In making this proposal, the research has developcxl a 
firm foundation upon which to advance the future development of highly reconfigurable, 
robust wireless networks.
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ACRONYMS

ACA A ustra lian  Cornrnunications A u th o rity

ACI adjacent channel interference

ADC analog to d ig ita l converter

AF autocoherence function

AGC adaptive gain control

AM am plitude rnodulat ion

API application progranuning interface

ARFCN al)solute radio frequency channel numbers

ASIC application-specific integrated circu it

AWGN additive white Gaussian noise

BCH broadcast channel

BPSK })inary ])lu\.se sh ift keying

CAP cyclic autocorrelation function

CCP cyclic cross periodogram

ComReg Conunission for C\)nnnunications Regulation

CTVR Centre for Telecomimmications Valuc-Chain R('search

DAC d ig ita l to analog converter

DC direct current

DDC d ig ita l dowuconverter

DUC d ig ita l u[X'onverter

DySPAN Dynamic Spectnnn .Access Network

DSP d ig ita l signal j)rocessor
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FCC F('deral Coinmunicat ions Connuission

FCH frame control header

FDD fre(iuency-division duplexing

FEP front-end processor

FFT fast Fourier transform

FM frequency modulation

FPGA Held progrannnaljle gate array

FRC Federal Radio Conmiission

FS-CCP freciuenc'y-suioothed cyclic cross {X'riodograni

GDP gross domestic product

GPP general jxu'pose processor

GSM Global System for Mobik,'

\ Q in-phase - (luadrature

ICI inter-carrier interference

IDE integrated d(>velo[)nient enviromnent

IEEE Institute of Electrical and Electronics Engineers

IFFT in\’erse fast Fourier transform

IID inde{)endent and identically distributed

lO input/out put

IR infra-red

IRIS Implementing Radio In Software

ISI inter-symbol interference

ISM Industrial, Scientific and Mc'dical

ITU International Teleconnnunication Ihiion

MAC medium access control

M IT Massachusetts Institute of Technology

NLOS non line-of-sight

Ofcom Office of Conununications
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OFDM O rthogona l PVequency D iv is io n  M u lt i j j lc x in g

PAPR IK 'ak-to-average i)o\ver ra tio

PC personal com puter

PCS personal connnunica tions service

PN pseudo-noise

PPE power processing element

PSD power spectra l density

PSK phase sh ift keyed

QAM (juad ra tu re  am p litude  m odu la tion

QPSK quadra tu re  phase sh ift keying

RC rendezvous channel

RF rad io  frocjuency

ROC receiver o i)(;ra ting  characte ris tic

SCF si)ec tnun  co rre la tion  fu n c tio n

SCH sui)erfran ie con tro l header

SDR software-d('fined rad io

SNR signal-to-no ise ra tio

SOI signal o f in terest

SPE synerg istic j)rocessing element

SPTF S i)ectrum  P o licy  Task P'orce

TDD t im e-d iv is ion  dup lex ing

TDMA T im e  D iv is ion  M u lt ip le  Access

TS tim eslo t

TS-CCP tim e-sm oothed cyclic  cross pcriodogram

UN U n ited  N ations

USRP U n ive ra l Software Radio P eriphera l

UWB u ltra -w id e  band

WiMAX W orldw ide  In te ro ])e ra h ility  fo r M icrow m 'e Access
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WLAN wireless local area network

XML ex tensib le  M arkuj) Language
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