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Abstract—In[this[paper,anovel Cadaptive énergylandSpectrum
efficientinverse powercontrolmethodthat[isbased “on_the
truncated filtered x[LMS(FxLMS)algorithm is[introduced. By
truncated ] powerl control[! we[l meanl] power[!control_! where
transmission isCinterruptedif(the channel state deteriorates to
badlenough. Inverse[ power[control ‘minimizes[thelinterference
thatlalcognitive radio[(CR) ¢reates to(licensed users and[allows
moreusersto[sharethe spectrum. 'To furtherIreducethe
transmission] power] and[] consequently[ thel] interference,
truncationinpower [ controlis[used. The[performance of the
system/[isimproved and(the @amount(of needed fransmitted€nergy
is[smaller. Basedon humerical Canalysis this hew[ethod [offers
energyl efficient transmission, helps[to[minimizeinterference to
theprimaryisers, and allows(éven more uisers fosharethe same
spectrum.

Keywords [ FxLMS algorithm; [ truncated| powerl] control;
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1. INTRODUCTION

Spectral [Jefficiency Iplays[lallkeyl[Irolel as[/future[Jwireless
communication [ systems [ will laccommodatelimore_and[imore
users(and (high (performancelservices. Nowadays/the spectrum
is(iisedlinefficiently. [(Cognitive tadioltechnologies have been
proposed tolimprovelthe(spectral [éfficiency([1], [2]. (Thelaim[of
cognitiveradiolsystem/[is[Verylpractical [and [doncentrates(on[the
efficient isel oflhatural [resources, Wwhich linclude[ frequency,
time, and[fransmitted [énergy.

Spectrum[awareness[is[al keyl requirement! for al CR[to
operatel [3].[ However,[ dynamic[ spectrum[ management[ and
power [control[arel equallylimportant[ functionsas spectrum
sensing. It[isimportant fo knowlhowl[detected[$pectrum holes
can[bel lefficiently[Jexploited[Iwhile[Jassuring[Jthe[ minimal
interference(to(the primaryusers[(PU)(as[well[as[to[the dther
cognitive metworks/(that(sharelthe[Ssame[spectrum. [Transmission
parameters have(tobeladapted (based [on[the[sensed Spectrum
and[the[¢hannel[éstimation. [Inside(the net, [interference dan (be
controlled With [drthogonality principleswhereas interferenceto
theother [ networks[lis[ ‘mainly[controlled[ by[reducing[the
transmitter (power fo the hinimum. Becauseloflinterference, the
cognitivelradioshave(toladjust(their [power [levels/according(to
their [potential [proximity(tola[primary/teceiver [4].[In[[5](the
task (of [power [dontrol [is[presented [@s[ito [permit fransmission [at
full [power limits[when necessary, [but [¢onstrain the transmitter
power tolallowerlevel [tolallow[ greater ! sharing[ofl spectrum
when Higher(power(operationisfotnecessary”.
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Inlactivel cognitivel radiol ystem, [ secondaryl users[ (SU)
activelyl sensel thel surrounding/ tadiol environmentland[ adapt
their[ 'transmission[ /based[ lon[ ithe[ Imeasurements. [ ]Spectrum
sensing|( sensitivity lcan [ bel used! tol lcalculatel thel jpotential
proximity( tol thel primaryl receiver and(tol estimate[the power
limit[ forsecondary! transmission. Given!this power [limit! for
transmission, [¢an [Wwe[use¢onventionaladaptivepower[¢ontrol
methods/tolcope with [multipath(fading(in[a[CR[System? (How
can(wel¢fficientlyluselavailablespectral[and[énergy(tesources
and[teducelinterferencelto primaryuserslandlother[$econdary
users| sharing[ lthelJsamel Ispectrum?[/What[ lare[ Ithe[ Jactual
interference tanges[ofl our lown [System?[ This[paper[addresses
theselquestions, [proposes[al method[for ¢alculation ofl power
limitland introduceslamnovel FExLMS [algorithm (based thethod [to
belised [for power(controlldver [@[cognitive link.

AReryldonventional [approach [for transmitter [power [dontrol
is[to[imaintain[Jdesired [Jsignal [strength [ at[ thel receiver by
inverting [ the[lchannel “Jpower [Igain[based[lon [the Ichannel
estimates. Delaylsensitive [ applicationstequire[ full [inversion
methods tobemsedlin[power [control. [However, [in [d[¢ognitive
radioMetwork ising [dctiveldwareness[principles,[delays(cannot
belavoided[because of periodical [sensing.[Suchalnetwork[is
not[good[for[teallfime communication. [ Thus, power[ control
method[does notneedtolassureldelaylesscommunication. A
largel part[of! thel transmission power [in[ continuouslinverse
control(solutionslisused(to ¢ompensate(the deepest fadeslin(a
fading[ channel.[ For[energy[ or[ power efficiency, [threshold
policieshavelto(beised. It hasBeen recentlyproven [in[[6] that
regardlessofimodulation [and [demodulation (methods [and[taken
general [assumptions[in[wireless ¢thannel imodelinto[account,
theloptimal [power [control method is[based on [threshold [policy.
Power [efficiencyland(throughput(can beclearlyimproved when
compared fo dontinuous fransmissionschemes.

Link[budgetlis[an[lestimation [ techniquel for[evaluating
communication [systemperformancel([7]. Thelrequired bitlerror
rate[(BER)[dictates(the[valueloflteceivedsignal to[noise(tatio
(SNR)LinCbrder[ to[meet[ that[ performance. In[link[ budget
calculations [transmitter [power, [gains, [and lbssesin [the link [are
calculated [ with [primary[purposelofl determination ofl actual
operation[pointlin the[BER [curve. [However, [conventional link
budget ¢alculationsdo[not[takeeffects ofl transmitter (power
controllintolaccount.[Welhave/shown [in [8][that [power [dontrol
canlimprovelor[deterioratethe(link (budget'depending(on[what
kindlofpower[¢ontrol s mised. [Bit[érror [tate[depends both on
thellink'budgetand[theldistributionofl thelteceived signal.



Therefore, thelink[budget[¢an[be worsel with[inverse[power
control than withoutlit(becauselthe distribution lis [better.

Thelamount[ofl itransmitted [Jenergyl needed[ to[Jachieve
prescribed [ Irequirements [ Jis[ 'used[ las[Jal Imetric[ [for[ lenergy
efficiency.[ [Energy( lefficiencyl lis/ lan [ limportant! Imetric[ Ifor
potentiallythobileldognitiveradios where eénergylis/taken [from
batteryl Jand[lis[ therefore( llimited. [ Transmitter [ power llevel
defines(thelinterference(level d[CR [creates/[to[PUs.[Weluse the
interferencel rangel asl al metric[ tol compare different power
control thethods. Interferencerangelis [d[range within Wwhich [the
interference(levellismore[than [the[victim [feceiver [can tolerate.
Thisl[defines[bothhowl(¢loselto primaryluser wel¢an [operate
andhow[well wel canlsharelthel samel spectrum [ with [other
secondaryl users. [ In[addition, [ capacity under[interferencel or
energyl constraint(is[one[performance tetric. [Capacitycan [be
improved [ either by[uising(morebandwidth[or [Wwith[$pectrally
morel | efficient ] modulation [ ] method. [ Thel motivation [ for
truncation/in[CR [énvironmentlis[that/it

e Reduceslenergyldonsumption, batterylastslonger
e Reduceslinterference(tothelprimarylusers

e Improvesl capacitylboth [under interferenceltange
and lenergy/donsumption donstraint

e Allows[imorelJsecondaryllusers[ tolIshare[ 'same
spectrum

e Relaxesl] sensing[!| requirements;[| sincel! the
interferenceltangelis smaller, therelis[no(need/to
senselasweak signals/dswith[fulllinversionpower
control

This[paper(is organized [as[follows.[Section Il [gives some
background,land Section 1l [introduces[themethod for (power
limit[talculationand[‘modelused[in[simulations. Truncated
inverse[ power [ control[method[is[ presented [ in[ Section[TV.
Numerical [] performance( | analysis[] with[] link[] budget[ | and
interferencel rangel calculations[lis[provided[in[Section V.
SectionVIldraws(the conclusion.

II.  BACKGROUNDIAND BASICI(CONCEPTS

Interferenceltemperature(concepthasbeen[proposed [ds(abasis
forpower [JcontrolJadjustment[for[ISUs. [ Thellinterference
temperature[ limit 77 [characterizes/thel maximum/[amount[ of
tolerablelinterferencefor(algiven frequencybandih @lparticular
location [where[thelteceiver[canloperatelsatisfactorily[[9].[CR
terminals[Joperating[ lin[licensed [ frequency! bands[ have[ to
measure! thel ¢urrentlinterferenceltemperaturel and [adjust(their
transmissionlin[alway!(that(they avoid[raising[thelinterference
temperatureover [thelimit. [Power[¢ontrol[tules(that[takes 7}
into[accountlare[ proposedin[[2][and[[9].[The fundamental
problem(with [that[approach [is(that[¢ognitivelradios¢annot/be
aware| ofl thelprecise(locations| ofl primary(teceivers and/they
cannottheasureltheleffects(ofltheir fransmissions/on (all (possible
receivers.[In(addition, fegulation [authorities (have not[provided
actual iumbersfor 7;.

References|[4]and([l10] proposed measurements(ofiprimary
signal [ to[ bel ised [ as[ al basis[ for[ adjusting[ own [ secondary

transmitter [signal [power [to(d (Ievelthat[allows[interferencefree
communication | Ito[ the[ /PUs.[|Either[ Isignall from[the[ /PU
transmitter J4][or[sol¢alled[beacon [signal [(from[teceiver, [10]
can( bel used[ tol[estimate[ thel attenuation [ between![ ithe ISU
transmitter and[PU [receiver. [Thelproblem [with [atter [dpproach
is[ that[it[ cannot[ bel used! without modification[ tol primary
receivers. In[addition, [ typically  fast[ fading[ channel “is[not
reciprocal, [i.e.,[fading[tol oppositel directions|¢orrelatel poorly.
Thus, (measurements[ ¢annot( give accuratelinformation(tolthe
power | _control [ adjustment. In[ order[ tol get! thel CR[ system
workingwithwide varietyloflprimary(systems, (we will [fakelthe
samel approach[ than[[4].[Thel primary[ transmitter [ signall is
detected with highlylsensitive[spectrum(sensor [and[the decision
about[spectrum ise[with [required [power [level is hade bBased [on
that.[When (data [transmission [i§ [0n, transmitter [power [should (be
adjusted ladaptivelytaking thechanging/channel (conditions into
account.

AlpracticalclosedIooplinverse[control method lisfixed step
adjustment/ | powerl] controll ! (FSAPC),[] knownl(! alsol as
conventional [¢losed [loop [power control [((CLPC)([11].[CWhen
this[methodis[uised, [ transmissionpower[is adjusted [up [Tor
downwards (byla[fixed [Amount[(typically[1[dB/ms)[depending
on[whether [ thel teceived power has[been[over or[belowla
threshold[ value. [ The[ FSAPC[method is[simple[but[hot[ fast
enough [ tocompensate[ deep[ fades[in[ the[ channel. In[the
literatureladaptive[step Sizeland[also[predictive[power [¢ontrol
methodsJarelJused JtolJimprovellthelJperformancel]ofl Ithe
conventional FSAPClalgorithm([12]-[14].

TheJFXLMS| algorithm[lis[developed[/from[Ithe[]LMS
algorithm [ byl inserting[ the[imodel ofl the[ controlled [system
between [thelinput(datalsignal [andtheladaptive[algorithm[that
updates(thelcoefficientslofladaptivefilter [[15].[Thismakes/the
algorithm [ $tableland[ suitable[ for[active control ‘applications.
The[FxLMS algorithm[is[ perhapsthe[most commonlylused
adaptiveldlgorithm [in(activenoise[dancelling@pplications. The
structure/and(dperation Gfithelalgorithm [arelideallylsuited folthe
architectures[oflstandard[digital[Signal [processing[(DSP)chips
and/(it[behaves [fobustlylin [the[presencelofimodeling érrorsand
numerical [effects[caused[by[finite[precision [¢alculations[15].
In[addition,thealgorithm Cis[verywell [suited [ to[adaptive
inversellcontrol Usolutions[15]. IFxLMS Halgorithm[Clcan [be
efficientlyised [forpower [ control[[14].[It[is alariable[step
algorithm [that[adjusts[thelstep(sizelin[aMearly[doptimal way. (In
thispaper, ‘welinvestigate[and [ proposeal[truncated FXLMS
algorithm (Based [power [Control @lgorithm [to[dope With [fading in
a/CR[environment.

Instead [ ofl] interferencel] temperature[ | concept,[] 1[1dB
coexistencel¢riterion [is[mised [in [¢alculations[to[provideactual
interference ranges Wwith[different(receiver sensitivities. In([17],
thelfundamental [criterion for [doexistencelin terms(oflacceptable
interferencelin [thevictim receiver(isldefined ds/thelinterference
levellthat/dauses[1[dB[degradation[in [feceiver [Sensitivity. This
means/[ that[ thelinterference power[ has[ to bel 6 dB[below
receiver  thermal [noise. Thelinterferenceltange[for[$econdary
transmission[¢an[beldefined[aslaltangelin [which[¢oexistence
criterion(stated [abovelis mot thet.



III. SYSTEMMODEL

A. Basiclscenario

Interference[tangel¢anlalsolbelseen(aslaldensing/tange(forla
cognitiveltadioldevice. [ Tolbe morel exact, sensinglrange r;
should['bel as much( as[ thel transmission[ rangel bfl primary
transmitter 7y, [pluslinterferencelrangeloflsecondary/transmitter
rint_tolavoidinterfering[ with [ primaryl[user[in[thel tasel the
primary! teceiverlis[locatedlin[thel edgel ofl thel transmission
range.[Solthelspectrum(sensor[should/belhighly(sensitive. The
scenariol lis[lshown [in[ Fig.[/1.[ Transmission [ rangel lofl the
cognitivelradiolis 7.

Figure[l. Sensingllinterference,land transmission[ranges.

[SolJwhat[Jis[IthelIrule[ ! for[ltransmission[ | power[]limit
calculation?[Whileliitcouldbel very helpful [to[ know!( tthe
location[ofl PU teceiversland[the power[loss[gain ofl ¢channel
between[ them[ land[ secondary! transmitters, | neither lofl this
information may(belavailablelin real [Systems. Iflithellocationsof
primaryl receivers|arelavailable,[ e.g.,[in[some[ database, [ this
information| should[ of! coursel be[ used. But[ assuming| fully
active[CR [system[weldon’t[get[information [from [primary[users
during[ operation. [However, welcould[(know[something[about
primarylusers(when(welmanufactureldur(dognitivelradios. The
receiver [decoding(sensitivitylofithe [PU andthenoisefigurelare
thelkeylissues to know. Knowing[theldecoding[$ensitivity of
PUlreceiver( land [ the[lspectrum/Isensing [ Isensitivity[ lofl ithe
cognitivelradio[Wwelcan[¢alculate(howlmuch[further[a[CR [¢an
detect[the[primary(transmission [than d[primary(receiver. Using
worst[caselbudgeting, [i.e.,[assuming[only thefree[spacelpath
loss[between [CR [transmitter and [PU[deceiver(andlarge(fading
inlalsecondary!link, (and (using[1 [dB[coexistencel¢riterion, we
can (calculate How(rhuch [power [wedan [transmit(and What could
beltheltransmissionrange(ofithe (CR [system.

[Receiver [sensitivity[defines/the[minimum(radio [frequency
(RF)[signal [power [level [fequired|at the [input(ofla receiver for @

certain BER [performance. [ Thisis[al decoding[ sensitivity of
receiver. Itlis/defined(ds

S=N+Ny +y, [dB], (1)

Where N(=kTBlislthemoisefloorlevellin(dbandoflinterest, &

= 138-102J/K is[the[Bolzmann’s constant, 7_lis ithe
temperaturelin[ degrees/ Kelvinland B is[the bandwidth. The
symbol Nglis[thel[noisel figure[and vy,[representsl required
received [ ISNRJvalue.[IThelldecoding[ Isensitivity[ land[Ithe
spectrum/sensing[ Isensitivityl lare[ /different( jthings. |While
decodingsensitivity[tells_ how much [ power[is needed to
decodelthelsignallcdorrectly, thelsensing[Sensitivityldefines(the
power [ level [Ithat[can[ bel /detected. /Ifl Ithe[ IPU[ldecoding
sensitivityand [noise! figurel are hot known, [ they[ should[ be
assumed [to(belas[good(as[possible.

[[Rulelabove!is forlalsingle sensing[ device. More![teliable
sensing|[tesults can[belachieved with[¢collaborationand[then
worst[ lcasel /budgeting/ lis[ not[ needed. ' Thellocallyl lsensed
spectrum[information [of nodes[¢ould belsent(to(thel¢onscious
node((CNode) that [plays/a[role[oflspectrum (doordination [in [the
network [[18][throughlal¢common[control [ channel, combined,
and(then (bBroadcasted[to(the[CR terminalslih the Metwork. (In[the
link Tevel, [spectrumhas[to[belestimated [periodicallyfolobtain
current! spectrum/u1se[pattern. Thelsystem[maylalsolemploy
passivellawareness/ | principles[]and[Ireceivel | spectrum(]use
information[from(e.g.,[servers, [ databases, or beacon[$ignals.
Basedlon[the[¢hannel [and[Spectrum/estimatesand[the control
channel [ information, [ loperating[ [frequencylis[Iselected Jand
suitable[ | power[ | level | adjusted[ | to[ 1 meet[]thel] prescribed
requirements.

B. Powerldontrolmodel

Thellsystem [ model [ used [ inJpower[ control[ 'simulations[is
presented (asfollows. [Theldata arelassumed [to[be known [in [the
receiver, and/thus(thelsystemis/dataldaided [((DA). Theldataare
transmitted through(thelchannelland [thelinstantaneoustransmit
power P[k](is/allocated Based on(thelchannel (gain(estimate /[k]
sentby(thereceiver.Thereceived domplexBaseband [signal has
thelform

k1= x{k]+ P[k] h[k]+ n[k]

where! thel complex [ fading[ gain[ ofl thel channellis A[k][=
a[k]e”™and n[k]iisadditive Wwhite Gaussian moise (AWGN) (at
time k. [Thelamplitude/ofithefading(gainlis a[k]land O[k]lis/the
phaselshift. Mirectleast squares(LS)estimation[of A[£]lishade
online. Theltransmission [data x[£][dre(BPSK hodulated [with d
rate[0f110 kilobitsper[second.

1(2)

Signal to noise ratio/definitions: Thelaverageltransmitted
and(theldveragelreceived/énergylareisuallynormalized (bylthe
receiver [ noisel spectral[ ldensity N, leading[tol the average
transmitted [SNR [per[symbol [[8]

?tsztx/NO (3)
andthelaveragelreceived [SNR [per [symbol [8]
Y =E./N,. 4)



Transmitted [ energylis[ al basicl system![tesource.  Inlaliobile
system/itlis[taken[from[the[batterylofl theltransmitter [ and[is
therefore[ limited. [ Transmitted ISNR[should[bel used as[la
performance! Imetricl Jin[Jorder[ Ito[ lobtain[/fair[ \comparisons
between (different/adaptiveltransmission [systems.

Channel (modeling: [Our [multipath [¢hannel(is/modeled by
summing ipéqual lamplitudelsinusoids with[different(Doppler
shifts.[ This[ igives/ us[al flatl Doppler power[ spectruml that
corresponds|(toirban [and/indoor [énvironments [[19]. [ Thetime[ ]
variant/channel [gain dan [beWritten (ds

Hk] = Afae./(zﬂkar(i’,) (5)
i=1
where M is[the humber[ ofl multipath components, alisl[the
amplitudelofieverylcomponent, f;lisltheDoppler(shiftiofithe ith
component, ¢;7isthe random[uniformlyldistributed phaselshift
oflthe ithicomponent/inrange [0, 27[ [and klistime.

IV. TRUNCATEDPOWERICONTROL

Truncated (channel inversion [(TCI)[compensates[fading/abovela
cutoffl while meeting power[ constraint [20]. [ Transmission[is
interrupted [and[transmission ‘power [is[ zero/when [the[¢channel
gainl ] deteriorates| ] under[| certain [ | cutoff’ | value.[ | Datalare
transmitted (only[when [channel [gain [is[dbove the threshold. The
received [SNR liskeptlin thelevel

oo =1/[177],, . (©)

where

7], =~ pener. ™

and[ cutoffl value y,lis[ chosen byl humerical[toot! finding[to
maximizecapacity perinit Bandwidth[21]

Ei(vo/7)

Clt; =10g2(1+ Jeyo/y [bits/s/Hz].L] (8)

Symbol ylrepresentslinstantaneous feceived[SNR[valueland ¥
isltheldverageloflit. F(x) isthe(firstlorder éxponential lintegral.
FxLMS [power [control[structure/can/bemodified [to[meet[same
constraint. [|Modified[structure( | that[ ] approximates[ | TCI[]is
presentedin(Figure(2.

Thelalgorithm can bepresented with(theleéquations

€ = |xk|—‘xkck,1Kk /oy Nohy +nl, 9)
Ck = Ck1 +Hka/00'N08k|xkhk| . (10)

Xk

Ky /{ooNy

Figure2. [Truncated ExLMS power(dontrol.

Theldlgorithm [updates/the(real [coefficient ¢, ofld dneltap filter,
ulstheladaptation step(size and N islthenoiselspectral [density.
Theldptimal [step(size for multipath fading[channellis[given by
[14]

_ 1 ) (11)
“opt - ol A 2

(]xkl |hk| ) + Crerm

where ¢y 15[ Small [number (that [prevents theladaptation [Step
sizeltolgrowl(tolinfinity[when[thelestimated [deceived power [is

verylsmall.[Thelparameter K, in[equations islalfactor[that
defines/when theltransmission is/interrupted,

1, when y=>
K, ={ e r=vo, (12)
0, v<vo
Channel [stateléstimate(thatlis[comparedto[cutoffivaluelis
— a2
7= Ey (] 1 No). (13)

where E,_[is/the average ftransmitted lénergy. [Theltransmitted
energylislapproximately E,, ~ E,_ (507§ [)for § >1y,land
zeroldtherwise.

Iftheldata[ratelis [kept[constant duringtfransmission [above
threshold(and(thelaim(is(fokeeploverall[data ratelin[the same
level R thanlin[¢ontinuous/fransmission[Scheme, it has(tolbe
normalized (with inverselofiprobabilityofloutage P, Thus, the
datalrate(will be

R/ZR/(11Pyy). (14)

Outagelis/thelcutoffitimewhen [transmission [is[0ff, file., (channel
gainlis[ below![ thel threshold. Additional [ outageltimelin[ CR
system[comes| from[thelfact/that[transmissionhas(to[beloff
during[Ispectrum[Jsensing[ lto[Jobtain[reliable[ results[Jabout
spectrum/use. [In[addition, somel timellis[ neededJalso[ for
spectrum!(allocation (between isers(dand (@lso for[timeneeded [to
reconfigureltheltransmitter after frequencylshift.



V. RESULTS

A. Energyléfficiency
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Figure3. ThelreceivedSNR [withltruncated FExLMSpowerldontrol, average
transmitted[SNR =20(dB.

Figure[3. shows[thelteceived [(BNRin[a[flat[fading multipath
channel (with M =[12[when(averageltransmitted [SNR[is(set/to
20[dB.[In(this(system[Doppler[shift f;[is[chosen(tobe[10Hz
which(corresponds|tba/slowly/fading/channel. Basicallylit[tells
howl rapidly( teceiverlis[ moving. 10l Hz[ corresponds|tolthe
walking[speed(1.5[m/s[Wwhencarrier [frequencylis[2[GHz.[The
targetteceived [SNR[6,/is[9.9(dBand [the[probability ofl outage
27%. Delays [daused by truncationarerandom.

Tollcomparel !full[Jinversion[ | FXLMS[Imethod, [JFSAPC
method, and [variable[stepadjustment/powercontrol [(VSAPC)
[12]0methods[tolfruncated [scheme[welmadelsimulations[with
samel 'channel. [J/Approximatelyl lsamel Jamount( Jofl lenergy! lis
needed[with [every[fulllinversion [methods.[ As/¢an[belseen [in
Figure(4.[Itheheededtransmitted [SNR[tolachievelteceived
target [ SNR[is(clearly(smaller [with [fruncation. [However, (when
theltargetl SNR[is[increased, [thellines[ getl closer.[ Whenl[ the
differencelis/dlmost/9[dB(with (6[dBtarget [SNR, [it[is[almost[3
dBlsmaller(with[12[dBtarget.  Thereason [for[that is[that more
transmitted/ energylis allocated[tol deeper|fades. This canl[be
seenalsol from[outagel percentage. [ Probability ofl outage! for
three(dases presented(dre(0.47/6(dB,[0.31/9/dBland[0.21/12(dB.
Truncated[schemellis[ clearlyl much[more[ energy! efficient.
However, [tolachievelthel samelaveragelthroughput,[ dataltate
during(theltransmission hastobe higher(and(this(teduces/the
actual [SNR [difference.
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Figure4. Transmitted SNR versusreceived[SNR[curvesfor/truncatedand
fulllinversion/power [control.

Tolobtain [tesults[ aboutl interferenceltangel and 'more! fair
comparisons| about! transmitted SNR[ requirements! that[ take
datalrate[ lvariation[Jinto[account,[ 'welImadellink[Jbudget
calculations!(that(are offeredlin [the[next[Sections. Noise power

in[10/kHz band(is N'=%TB=1.38-107 2 J /K -290 K -1-10* =

4.002-107"7 W.[In(decibels it [is 10 Ig(k7B) =11 64 dBW. Based
onl(14)andbutagel information [wel can[ compute[ datalrate
requirementsandactual [SNR [differences between[ full [and
truncated linversion methods. Results(are/shown [in Table(l.

TABLE 1. DATARATES/AND/ACTUAL SNRDIFFERENCES BETWEENFULL
INVERSION/ANDITRUNCATEDISCHEME

Received R, Noisefloorlevel N, Actual SNR

target[SNR B[R, difference

6/dB 18.87 kbps 161.221dB 8.610(164]
161.22)=5.831dB

9/dB 14.49 kbps 162.37/dB 5.471dB

121dB 12.66kbps 162.95/dB 4.90/dB

Becauseloflhigher[data(tate, [the noiselfloor[¢hanges and!this
reduces(thelactual (SNR[differencebetween [fruncated (and[full
inversion [l power [l control [ schemes. [ However, [ it[lremains
remarkable.

B. Interferencelrange

TolJobtain [ numerical _resultsJabout[theJinterferencel range
variations, Wwelimade[somelcalculations[with[al[simple[model.
Node!(1(andmode[2lielatltheldistancelof dfrom(each(other. We
assume! | that[] signal[ | propagates! | in[] lineloflsight[] (LOS)
environment[ characterized[ by the twolslope[path[loss[model
which[ describes[Wwell[ thel attenuation [in[ short[ distance, low
antennal_height[lenvironment([[22],[1[23]Usuch [ that[laverage

receivedsignal power P, [W](is




= K
P

VX:—PX’ (15)
d“(+d/g)’ "

where Klislalconstant, al(usually[two)lislalbasic[path[loss
exponent/ for[ shortl distances, b[(between!twoland[six)[islan
additional [path[loss exponent, and Py, [W] is[theltransmitted
signal (power. [ The[parameter g [m]Lis[thelbreak[pointlofipath
loss(curvelandlis(givenlby gl= 4hyh,/A.[Where Ay, [m](is(the
transmitter _antennal height, /4, [m]lis[ thel receiver antenna
height,land A.[[m]lis[theWavelength oflthel[carrier.[ Wellise
antennalheights /iy [F A [3[2 i, [Which[dre(typical for imobile
user([23].[When!thel¢arrier[frequency f. is[2[GHz, [welobtain
break [point/at(106.67m

Thelparameter K[in[(15)[dependslon(thelused|transmitter.
Theltypeloflthelantenna, [use[ofl beamformingetc. [affects the
constant value. When lisotropical antennalis ised, K=1/(4xf,/c)".
Tolfind thel maximal (heededtransmitted [power (el havelto
calculate(the(pathloss[with[the[distance d =[200[m, Wwhich[we
assume [to/be(the/maximal (range for[our [cognitive(link. 'With[2
GHzlsystem(thelbreakpoint(distancelis[106.67 . ILetthe[path
loss/exponents/tobe a=2[and b =[4.[Then,

a b
Ly = 101og(%) ~102.8dB. (16)

When[welassumelnoise figure ofl 5 [dB[[24](and[take into
account!that[desired [SNRin[thelteceiveris[9[dB[tolachieve
BERI(6f110° we 0btain that receiver(sensitivity(is (1134 3 +(9)
dBm(=[1120[dBm.In[Rayleigh fading/channel,[the[probability
oflfadeldepth(tobellessthan Flislsimply p =lexp([1/F).Thus,
for[99%! coverage,| fadel margin[ ofl 20 dBlis needed.[ The
maximal (needed[transmitter [(power [with[the[fading[margin [of
20[dBland(shadowing/margin[ofl 10 dBwhich[provides[90%
successful (communications [dt[the(fringe(of[coveragewith[8([dB
standard(deviation [25](i5 PxZ Prx desired + LrF M 50[dBWH120
dB=#10[dB+#102.8[dB=M7.2[dBW=E19mhW.

Note[that(shadowing[does mot[exceed the[fade margin for
90% ! ofl /locations[ Jat[ /the[ imaximal [ Jrange[ /(200 Jm[]from
transmitter). (When[theteceiver [isnearer(thevalueloflthe fotal
path[loss[lis[less. Thus, [ clearly[ more[ than[ 190 percent of
locations[willhavelacceptablel coverage. ' With [truncation[and
with [target SNR[0f(9[dB, the needed [transmitted [SNRis[5.47
dBlsmaller.[Wel¢an calculatethat(maximal meeded [transmitter
poweris[thenlonly[5.4mW.[With[1dB[¢oexistencel ¢riterion
and (dssuming that[the [fequired [SNR for [link (wearelinterfering
is9(dB thelihterferingsignal has(to be(15 [dBbelow thereceiver
sensitivitymot/tolinterfere. [Forlexample, with[[85 [dBmlreceiver
sensitivity,[ the[ signal has[to[be[ below[[100LdBm[ at[this
receiver.
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58855883888

100-m SU link

i i i i i i i i i
-118 -10 -105 -100 -85 80 -85 -80 -5 -70
Receiver sensitivity [dBm]

e
8

Figure(S. Interferencerangelwith[differentreceiver sensitivitiesfor 100 m
and200mSU [inks.

Tolseel thelinterferencel rangelin[thelhighlyl improbable
worst|dasesituation, when[30(dB[fading(exists/in [SUlink[that
uses/maximum/distance 0fl100(or 200 meters,dnd o fading at
alllexists[between [SU transmitter[and[PU[receiver, (Welmade
calculations(with different(teceiver [sensitivities.[Welassumed
that(signal [propagates dccording/to[(14).[Results are/shown[in
Figurel5.[TWith[200(m(link [and[sensitivity[0fl [70[dBm, the
rangelis[155(mwith full linversionand(1 15 [m[with [truncation.
Thus, [ thelinterferencel areal that[is[ al circle[ with[ radiusl of
interferencel tangel is[ teduced[tolthe 55[ %[ ofl the  original.
Whensensitivitylis (195 [dB, [ranges dre[396m(and[504m with
interference areal ratioJofl 61.7[%. [ If[ the[ system[ wellare
interfering [ With [is[ equally[ sensitivel cognitivel tadiol system
with[[120[dBmasensitivity, the rfanges dre(1424 [m[and (1141 th
with linterferencelarealratio[0f(64.2 ([%. Thus,thegain [0f ising
truncated [ power [ controll schemelis[that[interference arealis
reduced [almosttothehalf'from (original. Ifipath losslexponents
wouldbelsmaller,[theldifference[would[beleven[larger. (With
10000mISUDNink, [112.881dBlessIpower is[Ineeded [land
consequentlylthelinterferencel ranges are smaller[as can[be
seenlinFig. (5. Thelinterferencelarealratioswith shorter link lare
even [better (becauselthelattenuation (mainlyhappensbeforelthe
break [pointlin[the[pathloss ¢urve.  Thus,[truncation improves
the[ performancel ofl low[ power![ transmitter [ leven [ imore.[In
addition[tolthelinterferencelreduction[tolthe primarylisers,
truncation improves/thespectrum efficiency(bylallowing[tore
secondary(users(toldccess/thelspectrum atthe same/time.

Capacity. How(much [better ¢apacity(can[welachievelwith
samelenergyl¢onsumption? Sinceltheldifferencelin [fransmitted
SNRi5[7.10dBwhen BER Itarget[is 10 °, we[can raise[the(data
rate[with[truncated/schemelsolthatnoisepower [(becomes([7.10
dBlhigher. [Thishappens Wwith (31 kHzbandwhich [corresponds
to[(51kbps[2[(110.31))[=35.2 kbps[average[dataltate. Thus,
compared o fulllinversion[scheme, (wel¢an[achieve3.5fimes
thelthroughputith [the[samelenergylconsumption. [(Iflwelare
not/allowed toraiseourbandwidth, oneloption(is to [changelthe
modulation[to[imore efficientl one. [QPSK [bffers[ same BER
performancelthan[BPSK.If[16[QAMIis[selected, (3 [dB[larger
SNRismeededfolachievesameBER [with [doublelthroughput.



Thislis[ess[than[the[differencelachievedwithtruncation.[To
achievelsame/[throughput[with[fulllinversion, data tate during
transmissionshould(bel[1.449times higher. Byl changing[the
modulation[Wwel¢an[doublelthel datalratel and[still[ getl ¢learly
smallerlinterferencelrange.

C. Coexistencelscenariowith! 1 Mbps|secondary|link

Assuming!(1MbpsQPSK[transmission in 500 kHz band,[5/dB
Nr [and[9[dBISNR [toldchieveltequired BER, 'thelsensitivity [of
thelreceiver [is[8[=1103[dBm. With[200m[link[and[30[dB
fading, [transmitter [power [should Be29.8[dBm. Tf[RU(sensitivity
islalrealistic[ 190 dBm, [interferencelranges| arelapproximately
845(1/670 m[for[full [inversion/truncation. With 100 m/[link,
transmission[power [shouldbe[17/dBm(and/interference ranges
are[490(m/383 [m. [ AssumingPU(link[to[be[200[m, [ $pectrum
sensor [ should[sense! signals[ 200 m![ farther[ than[interference
ranges mentioned [above. With[30[dB[fading, [attenuations for
cases/mentioned are[170.2[dB/165.7[dB[for[ 200 m[link[and
160.2(dB/157.0ldB [for 100 link.

When [ PU[ transmitter uses 40 dBm/[ transmitted [ power,
sensitivityofl spectrum[ sensor [should[be[1130.2 [ dBm/[125.7
dBm [for 200 [m [ink [and[1120.2[dBm/[117.0 L dBm[for[100[m
link. [Can [weldetect/anylofitheselsignals when [thenoisefloor [is
(117LdBm?[Uncertaintieslin[the hoiselandlinterferencelevels
and[thel coherenceltimelinducellimits onhow[weak![ signals
individual(sensors(¢an [detect[[26], [27].[Thelminimum [power
levellisicalled[SNR [wallland[dannotbelovercomebylincreasing
thelsensing[time. SNR [wall [with[1 [dB[noise[uncertainty for
energy!detectoris[3 [dBbelow[noise[floor [and[¢anbe further
reduced By20(dB byising featureldetection. Solthelachievable
sensingValuesare[ll120[dBm and (1140 [dBm for (500 kHzband.
Only[100m[link [Wwith [truncation [ can[be[used[Wwith[ energy
detectors. 'All[scenarioslarelachievable[with [featureldetection.
Assuming[10CdB[gain[for[¢cooperative detection, also[200 i
link (with [fruncation [can [be ised [With [Simple[eénergy(detectors.
Because! thelsignalllevels for[ detection with[ truncationare
higher, [faster [ sensing[ times[Jand[ more[Jefficient[ spectrum
utilizationdan belachieved.

Thesel¢alculations[show!(that[wel¢anuse highlylsensitive
cognitive[radiolsystem (with felatively[longfransmission [links
inside(the[primary[system[even uinder Worst[ casel ¢conditions.
Interferencel¢anlbelcontrolled [with [fransmitter [power [¢ontrol
together Withreliable[Spectrum [awarenessmethod. [However, [if
much Chigher[dataltate[is[heeded, [ multilcarrier[ transmission
over thultiple(spectralioles/could(beused. Thelother (option[is
toldopelmultipath (fading[Wwith [diversity[and use[power [¢ontrol
tolmitigate[theleffects[of path Toss dand/shadowing. [Thiswould
allow[ even[ better[ spectrum/( sharing[ and[ interferencel range
reduction. Truncation(offersmuch (better [energyldfficiencylalso
inlshadowing[channel [28].

VI. CONCLUSIONS

Cognitive radiol should [minimize[interferencel it creates[ to
licensed users. [This[can[beldonebyusing thinimum [amount [6f
transmitter [ /power.[/In[Jan[Jactivellcognitivel Iradiol Jsystem,
spectrum[ sensing[ sensitivity[ together[ with[ worst[ casel link
budgeting tells liowrhuch [transmission [power [i5 @llowed to[use
inlorder( tol avoid[ interfering[ with [ primary!( receivers. Inla

cognitivel radiol hetwork[ using[ active[ awareness| principles,
delays/cannotbeavoided (because of'periodical [sensing. [Suchd
network (is mot[good (for [real [time[¢ommunication.[Thus, power
control[] methodl] doesl] not[] need[| tol] assurel ] delayless
communication.

Alllargel part[of! thel transmission[ power[ in[ continuous
inversel control[ solutions!is/ ised[tol compensate! the deepest
fadeslin/a/fading(channel. [Truncation [in [power [dontrol reduces
thellenergyl]consumptionand[Jtransmission[Jpower.[]Thus,
interferencelto[primary(uisers/is[teduced [and (more[secondary
users[are[ allowed[to[sharel thel spectrum. [ Both energyl and
spectrum/[ ] efficiencyl] arel] improved. [] In[Jaddition,[] sensing
requirements[ can[beltelaxed [becausel ofl shorter[interference
range. [ This[means[ faster [ sensing[ timesand[better [ spectrum
utilization. Drawback[is that[nho[ datal areltransmitted[ below
threshold Jwhich[Jcauses Irandom[delays[/to[]transmission.
However, Wweldan [achieve thuch better [average [throughput with
samelinterference tange[Wwhen[compared to[conventional [full
inversion(scheme.

Truncation/is al good[ choicel for[ transmission[inlal CR
system.[ When[ channel [ becomes[ bad[ enough, [ thel secondary
transmitter [should[stop[transmitting[and[continue again [When
situation [is[better. (Another _optionis[ tol[ change[ frequency.
Further[work[is[still(needed tolinvestigate[how[the multipath
fading(affects/theloperation[oflal¢ognitive[dadioand [(what [are
the[best methods[to mitigate[theseleffects. [For example, an
interesting(tesearch(topicl¢ould (beltolinvestigatethe effects of
diversityland [beamforming fo(the[fransmitter [power [needs [and
tolthellinterference range. lIntuitively, [ithe lcombination of
directional Cantennas, [jgood [ldiversity[ method and[ truncated
power [control Cmethod"could Coffer Civery[efficient [spectrum
sharing [Isolution. [JIn Jaddition, [Jexperiments [Jwith CJmultiple
secondarylisersidausingaggregatelinterferencelcould Beldone.
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