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基于受激布里渊散射的宽带宽和高精度的
微波频率瞬时测量

潘林兵,姜凌珂,王悦,董玮,张歆东,阮圣平
(吉林大学 电子科学与工程学院 集成光电子学国家重点实验室,长春130012)

摘 要:提出了一种基于受激布里渊散射效应的瞬时频率测量方法.未知信号经过强度调制作为泵浦

光,矢量网络分析仪产生的信号经过相位调制作为扫描信号光,当泵浦光和扫描信号光之间满足相位匹

配条件时,受激布里渊散射效应发生并实现相位调制到强度调制的转换,未知信号的频率被测量.实验

验证可以测量0.5GHz-27GHz的微波信号的频率,最大误差小于20MHz.
关键词:微波光子学;瞬时频率测量;光子微波测量;相位调制;受激布里渊散射
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InstantaneousMicrowaveFrequencyMeasurementwithUltra-wideRangeand
High-resolutionBasedonStimulatedBrillouinScattering

PANLin-bing,JIANGLing-ke,WANGYue,DONGWei,ZHANGXin-dong,RUANSheng-ping
(StateKeyLaboratoryonIntegratedOptoelectronics,CollegeofElectronicScience&Engineering,

JilinUniversity,Changchun130012,China)

Abstract:Aphotonicmethodforinstantaneousmicrowavefrequencymeasurementbasedonstimulated
Brillouinscattering wasproposed.Theunknownradiofrequencysignalis modulatedbyintensity
modulatorandthenitisconsideredaspumplight.Thesignalsgeneratedbyvectornetworkanalyzerare
modulatedbyphasemodulatorandthentheyareconsideredassweepingsignallight.Whenthephase
matchingconditionissatisfiedbetweenpumplightandsweepingsignallight,thestimulatedBrillouin
scatteringoccursandtheconversionfrom phase modulationtointensity modulationselectivelyis
achieved.Thefrequencyofunknownradiofrequencysignalisultimatelymeasured.Experimentalresults
demonstratethatthemeasurementrangesfrom0.5GHzto27GHzandthemaximum measurement
errorislessthan20MHz.
Key words: Microwave photonics;Instantaneous frequency measurement; Photonic microwave
measurement;Phasemodulation;StimulatedBrillouinscattering
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0 Introduction
Inmodernradarandelectronicwarfaresystems,themeasurementoffrequencytoanunknown

microwavesignalisimportant.Butconventionalapproachesarebasedonelectricaltechnology,whichare
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notmeetingwithmodernneedsgraduallyduetotheirinherentdisadvantages,suchaslimitedbandwidth,
highlossandelectromagneticinterference.Meanwhile,opticaltechnologyhasattractedextensiveattention
foritsadvantages,suchasultra-widemeasurementrange,lowloss,lightweightandimmunityto
electromagneticinterference.Overthepastfewdecades,someapproacheswereproposed[1-14].These
measurementmethodscanbedividedintothreecategoriesi.e.,fiberdispersion-inducedpower-fading
functions[1-7],four-wavemixing[8-10]andStimulatedBrillouinScattering(SBS)[11-14].Amongtheschemes
basedonpower-fadingfunctions,oneorsevaralfrequency-dependentAmplitudeComparisonFunctions
(ACFs)areconstructed.InRef.[1],asingleACFisusedtoestimatethemicrowavefrequency.Although
themeasurementrangecanbeadjustedbychangingthelengthoffiber,themeasurementresolutionis
smallbecauseoftheflatACFcurve.Inordertoovercometheshortcoming,severalACFswithalarge
slopeareconstructedsimultaneously[2-6].ThreeACFsareproducedbyusingthreesectionsoffiber[2].
TherearetwomorelasersinRef.[3]comparedwiththeschemeinRef.[2].APolarizationModulator
(PolM)isappliedinRef.[4-6].Thepolarizationstateisadjustedbytuningthebiasvoltageappliedtothe
PolM[4-5].ThenthenotchpointofACFisshiftedandtheslopeofACFisenlarged.InRef.[6],several
ACFsareconstructedbyusingmultiplephotoniclinks.Themeasurementresolutionisimprovedbythe
selectionofACFwhichhasthelargeslope.AlthoughthemethodmentionedinRef.[7]canalsoreduce
measurementerrorbyadjustingthepolarizationstate,theauthordiscardstheaccuracyforthesakeof
simpleconstructionandlargemeasurementrange.Themeasurementerrorreached±0.3GHzoverthe
rangeof1.6GHz-24.6GHz.Theschemesusingmultiplepower-fadingfunctionsgenerallyachievea
frequencymeasurementrangeof20GHzandameasurementresolutionof100MHz[2-6].

SeveralInstantaneousMicrowaveFrequencyMeasurement(IMFM)systemsusingfour-wavemixing
wereproposed[8-10].Theseapproachesachieveahighfrequencymeasurementrangefrom1GHzto40GHz.
Theapproach[8]doesnotrequirehigh-speedelectronicsatanystagewhichisacompetitiveadvantage.In
Ref.[9],anewschemewhichextendsthesystemofRef.[8]isproposed.AnadditionalHighNonlinear
Optical(HNLF)isusedtocopewiththeinputsignalontoasecondopticalwavelength.Thekeyadvantage
oftheschemeovertheschemeofRef.[8]iscopierstage.TheIMFMsystemofRef.[10]differsfromthe
previous.ItrealizesIMFM usingfour-wavemixinginachalcogenidechip.Thisreducesmeasurement
latencycomparedtofiber-basedapproaches.Theotheradvantageisthatitcanbeusedforintegrated
components.Theshortcomingofthesystemsusingfour-wavemixingisthatmeasurementerrorislarge.
Themeasurementerroris±250MHzinRef.[8-10].Theothernonlineareffect,SBSisalsoappliedto
IMFM[11-14].InRef.[11],SBSisusedtotuneACFinordertoadjustmeasurementrangeandresolution.It
canachieveconversionoffrequencybetweenameasurementrange (~2GHz)withhighresolution
(±0.05GHz)andafixedmeasurementrange(12GHz)withresolution(±0.25GHz).Thefrequency
measurementrangeofthemethodinRef.[12]canbeverylarge,andthemeasurementrangemainly
dependsonthebandwidthofotherdevices.Thisinstantaneousfrequency measurementsystemtake
advantageofwavelengthdependenceofBrillouingaintoconstructanACF.However,Brillouinfrequency
shiftissmallinthemeasurementrangeofdozensofGHz,sotheaccuracyisnotveryhighandthe
requirementsofsystemstabilityarehigh.Theotherschemewhichhasacapacityofmeasuringmultiple
microwavesignalsisproposed[13].Themainideaistheconversionfromphasemodulationtointensity
modulationselectivelyusingSBS.Theschemecanachieveameasurementrangeof9GHzwithresolution
of30MHz.InRef.[14],themeasurementrangeformultiplemicrowavesignalswithmultiplefrequencies
isfourtimesBrillouinfrequencyshift.Itisprovedbynumericalsimulation.

Inthispaper,anapproachforIMFM withultra-widemeasurementrangeandhigh-resolutionis
proposed.Themainideaofthismethodistoselectivelygainorattenuatetheamplitudesofphase
modulatedsignalviaSBS.Thentheamplitudeofupperside-bandisdifferentfromlowerside-band.Asa
result,theconversionfromphasemodulationtointensitymodulationselectivelyisachieved.Thenthe
frequencyofanunknownmicrowavesignalisobtained.

2 Principleofoperation
Undersmallsignalmodulation,itismerelyconsideredtotheopticalcarrierandthetwofirst-order
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sidebandsforanopticalphasemodulatedsignal.TheoutputopticalfieldofPhaseModulator(PM)driven
byaRFsignalcanbeexpressedasfollows

E(t)=J0cos(w0t)+J1cos w0+wm( )t+
π
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wherew0isthelightcarrierfrequency,wmistheRFsignalfrequency,Jnrepresentsthenth-orderBessel
function(n=0,1).ItcanbeseenfromEq.(1)thattheamplitudesoftheupperandthelowerside-bandare
equalandtheirphasesareopposite.Theywillbeoffsetcompletelyinphotodetector(PD).Themainideaof
theproposedschemeistochangethatthroughSBS.

ThesystemoftheproposedapproachforIMFMisshowedinFig.1.Thecontinuouswavelightfrom
tunablelaserissplitintotwopathsbyanopticalcoupler.Intheupperpath,thelightmodulatedbyPM.
Themodulationsignalisaseriesofsweeping microwavesignalsfsfrom VectorNetwork Analyzer
(VNA).ThemodulatedopticalsignalsaccesstoHNLFinwhichSBSoccurs.Anopticalisolator(ISO)
followsbythePMforisolatingthesignalsfromHNLF.Inthelowerpath,theopticalwaveismodulated
byanunknownRFsignalfxviaaMach-ZehnderModulator(MZM).Inthisscheme,carriersuppressed
doublesideband(DSB-SC)signalisobtainedbyapplyingabiasvoltageintotheMZM.ThentheDSB-SC
signalisamplifiedbyanEr-DopedFiberAmplifier(EDFA).TheoutputofEDFAwhichisregardedas
pumplightisaccessedtoHNLFviaanOpticalCirculator(OC).AsisshowninFig.1,theDSB-SCsignal
enterstheOCfromport1andoutputsfromtheport2toHNLFinwheretheDSB-SCsignalinteractswith
thephasemodulatedsignals.ThetransmittedsignalsarefinallydetectedbyaPD.Thentheyareinjected
intoVNA.

Fig.1 PrincipleofoperationoftheproposedIFMapproachbasedonSBS
  TheprocessofSBSisillustratedinFig.2.TheFig.2(a)showstheDSB-SCsignalwithanunknown
RFsignal.TheopticalfieldofDSB-SCsignalcanbeexpressedasfollows

E(t)=2J1{exp[j2π(fc+fx)t]+exp[j2π(fc-fx)t]} (2)
wherefcrepresentsthelightcarrierfrequency,fxrepresentsthefrequencyofunknownRFsignaltobe
measuredanditisbiggerthantheBrillouinfrequencyshiftfb,J1representsthe1th-orderBesselfunction.
ThefxrepresentsthefrequencyofRFsignaltobemeasuredanditisbiggerthantheBrillouinfrequency
shiftfb.TheDSB-SCsignalsareregardedaspumplight.TheFig.2(b)showssweepingsignalsfs.They
aregeneratedbyPM andareregardedasStokeslight.Theopticalfieldofsweepingsignalscanbe
expressedasfollows:

E(t)=J0exp(j2πfct)+J1expj2π(fc+fs)t+
π
2
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wherefsrepresentsthefrequencyofsweepingsignals,Jnrepresentsthenth-orderBesselfunction(n=0,
1).Inthisproposedscheme,thephasemodulatedsignalsandtheDSB-SCsignalcounter-propagatein
HNLF.WhenthefrequencybetweentheDSB-SCsignalandthesweepingsignalsdiffersbyaBrillouin
frequencyshiftfb,SBSoccurs.ThephasemodulationsignalisaffectedbystimulatedBrillouinscattering,
andtheopticalfieldcanbeexpressedasfollows:

E(t)=exp(j2πfct)J0+J1expg(fx-fb-fs)+a(fx+fb-fs)+j2π(fc+fs)t+
π
2
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whereg(f)anda(f)denoteBrillouingainandloss.Theycanbeexpressedas
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whereg0=gBIPLeff/Aeff,andΔVBistheBrillouin
linewidth,gBislinecentergain,IPispowerof
pumplight,fisthefrequencydetuningrelativeto
thecenterofgainorlossspectrum,LeffandAeffare
effectivefiberlengthandeffectivemodeareaof
HNLF,respectively.TheFig.2 (c)showsthe
process.Thesweepingsignalsatfc+fs1andfc-
fs2areamplifiedrespectivelybythepumplightsat
fc+fx1 andfc-fx2.Atthesametime,the
sweepingsignalsatfc +fs2 andfc -fs1 are
attenuatedduetothe Brillouinlossspectrum.
Whenfxislessthanfb,theprocessofSBSis
showninFig.2(d).Inbothcases,wecanobserve
twopeaksonVNA.Thefirstpeakisgeneratedby
thebeatingbetweenfcandfc±fs1.Andthe
secondpeakisgeneratedbythebeatingbetweenfc

andfc±fs2.Itcanbefoundthatthereisa
constant difference in frequency between the
unknownsignalandthesecondpeakobservedon

Fig.2 Opticalspectraevolvementoftheselectiveconversion
ofPMtoAMbasedonSBS

VNA.SothefrequencyofunknownRFsignalcanbecalculatedandthefrequencyisequaltofs2-fb.The
mainadvantagefortheproposedschemeisthatitcanrealizeafrequencymeasurementwithultra-wide
measurementrangeandhigh-resolution.ThemeasurementrangeisdecidedbythescanningrangeofVNA
andthe modulationfrequencyrangeofmodulators.Iftheyarelargeenough,wecangetahigher
measurementrangeofunknownsignalwithhighresolution.

3 Experimentalresultsanddiscussion
TheopticallinkofexperimentsetupisshowninFig.1.Thelaserwavelengthfromthetunablelaser

(SantecTSL-510)is1550nm.Thenthelightissplitintotwopathsbya5︰5opticalcoupler.Thelightin
upperpathissenttothePM.Aseriesofsweepingsignalswiththesweeprangefrom0.04GHzto40GHz
whicharegeneratedbytheVNA (Anritsu37269C)areappliedtothePM.Thenthephasemodulated
signalsarelaunchedintoa1.0kmHNLFafteranISO.Inthelowerpath,thelightissenttotheMZM.An
unknownRFsignalgeneratedbythePSGanalogsignalgenerator(KeysightE8257D)islaunchedintothe
MZM.Atthesametime,thebiasvoltageproducedbyaDCstabilizedpowersupplyisappliedtotheMZM
torealizeDSB-SCmodulation.Thebiasvoltageisthekeytoeliminateinterferencefromcarrier.Thenthe
modulatedopticalsignalisamplifiedbyanEDFAandenterstheHNLFviaanOC.TheBrillouinfrequency
shiftoftheHNLFis9.205825GHzwhenthewavelengthofpumplightis1550nm.Thefinaloptical
signalsareconvertedtoelectricalsignalsthroughaPD(TektronixSD-48)afteroccurrenceofSBS.Wecan
calculatethefrequencyofunknownRFsignalthroughtheformulafx=fs2-fb.Thefs2isfrequencyof
thesecondcrestonVNA.

TheexperimentalresultsareshowninFig.3.TherearetwowavecreasesobservedonVNA.The
secondpeakbecomesblurredwhenthefrequencyofunknownRFsignalishigh.Thisisattributedtothe
bandwidthconstrainsofMZMandPM.Itisoneofthekeystothefrequencymeasurementrange.
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Fig.3 Experimentalpictures
  TherelationshipbetweenmeasurementfrequenciesandinputfrequenciesisshowninFig.4(a).Itcan
beseenthatthemeasurementfrequenciesareconsistentwiththeinputfrequenciesexcellentlyinthe
frequencyrangeof0.5GHz-27GHz.ThemeasurementerrorsareillustratedinFig.4 (b)andthe
maximumerrorislessthan30MHz.Thisisoneoftheadvantagesofthisproposedmethod.Inaddition,it
canbeenseenfromFig.4(b)thatthemeasurementerrorincreaseslinearlyasinputfrequency.Itresults
fromBrillouinfrequencyshiftwhichdeclineslinearlywithincreaseofopticalwavelengthRef.[15].Inthis
proposedmethod,Brillouinfrequencyshiftismeasuredbyexperiment,butthemeasurementaccuracyis
nothighduetoconstraintsofexperimentalconditions.Sothemeasurementrangeisdividedintotwoparts,
namely0.5GHz-14GHzand14GHz-27GHz.TheBrillouinfrequencyshiftintwomeasurementintervals
is9.204GHzand9.199GHz,respectively.ThefrequenciesofunknownRFsignalsiscalculatedaccording
tothenewBrillouinfrequencyshifts.

Fig.4 Experimentalresults
  ThemeasurementerrorisshowninFig.5.
Themeasurementerrorreducedfrom30MHzto
20MHz.

Inthecourseofexperiment,thepowerof
unknown RF signal has little effect on the
measurement error. When the frequency of
unknown RF signalare1 GHz,11 GHzand
20GHz,thepowergraduallyreducedfrom 20
dBm to 6 dBm with 2 dBm step.Thenthe
frequencyofunknownRFsignalismeasuredand
measurementerroriscalculated.Themeasurement
errorsareshowninTable1.

Fig.5 ThemeasurementerrorafterchangingtheBrillouin
frequencyshift
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Table1 ThemeasurementerrorcorrespondingdifferentpoweroftheunknownRFsignal

Frequency 20dBm 18dBm 16dBm 14dBm 12dBm 10dBm 8dBm 6dBm
1GHz 4.825MHz 4.825MHz 4.825MHz 4.825MHz -18.15MHz 4.825MHz -18.15MHz 4.825MHz
11GHz -5.175MHz -5.175MHz -5.175MHz 19.8MHz -5.175MHz 19.8MHz -5.175MHz 19.8MHz
20GHz 10.8MHz 10.8MHz 10.8MHz -14.175MHz -14.175MHz -14.175MHz -14.175MHz -14.175MHz

  AscanbeseenfromTable1,themeasurementerrorisstilllessthan20MHz.Ontheotherhand,the
poweroflaserwouldaffectthebandwidthofBrillouingainspectrum,whichinturnaffectsmeasurement
resolution.Whenthepoweroflaserreducefrom15mvto10mv,thebandwidthofBrillouingainspectrum
increases.Theresolutionchangesfrom5MHzto8MHzwhenthefrequencyofunknownRFsignalis
1GHz.Sothepoweroflaserisashighaspossiblewhileensuringthateachdeviceisworkingproperly.
Andhighpowercanalsoeliminatetheeffectofnoise.Inthispaper,thenoiseinopticallinkhaslittleeffect
onmeasurementresult,aslongasstimulatedBrillouinscatteringoccurs.Whenthepoweroflaseris
larger,stimulatedBrillouinscatteringbecomesmoreobvious.Thentheeffectofnoiseonopticallinkis
smaller.

Inthisproposedmethod,thestabilityofopticallinkshouldbeensured.Thewavelengthjitteroflaser
willmakeBrillouinfrequencyshiftvariable,andthenthe measurementerrorwouldbeintroduced
theoretically.AlthoughthechangeofBrillouinfrequencyshiftisgenerallysmallbecauseofthewavelength
jitter,thestabilityofopticallinkshouldbeensuredtoreducemeasurementerror.

4 Conclusion
AnapproachforinstantaneousmicrowavefrequencymeasurementbasedonSBSisproposedand

experimentallydemonstrated.Thekeyoftheapproachistheconversionfromphasemodulationtointensity
modulationselectively.ItisrealizedbySBS.Theexperimentalresultsdemonstratethatthemeasurement
errorissmallerthan20MHzinthefrequencyrangeof0.5GHz-27GHz.Andthemeasurementrangecan
beextendedbyimprovingthescanningrangeofVNAandthemodulationfrequencyrangeofmodulators.
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