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0pIimumModuIa－orDesignforaHigh－Sens汁iYiIy

HomodyneSys－em－BinaryModuIa－ionMe－hod

KENZO WATANABE，MEMBER，IEEEJANDIWAO TAXAOJMEMBER，IEEE

AbsLTaCL－neOPtinummodulationmethodforahighーSenSitivity
homodynesystememployhgare且ection－tyPemOddatorisinvesti一

g＆ted．beneraleIPreSSionsarederivedwhichdescribethe甲e？Of
也emodd如Orpedomanceon也ephaSe－SenSiかeconversionlosS
iLndmiSefipreofthesystem．ItisshownthatthehigheStPhase－
detec60naAdthehighestamplitude－detectionsensitvitiescaAbe
Shndhneouslyatt血ableby也ebh叩mOdda伽nme也od・Ths
也eore伽dres山tiscon丘medby也epedomanceof也eprac鮎al

SyStememPloyingavaractorbinarymoddator・Thesystemhasthe
mi血umc。nVerSionlossof6．3dB．Therejectionratioforthequad－
rattlreSipalis42dBIandthemisefigureis8・7dBat9・45GEz・

T　　　　　　Ⅰ．INTRODUCTION

HEhomodyne detectionsystememploylngaSlgnal
modulation technique［1］，Or homodyne systemfor

short，hasbeenwidelyusedforthephase－SenSitivedetec－
tionofmicrowavesignalsinlaboratoryexperiments［2］－

［8］andinindustrialsystems［9］，［10］・The system

originatedfromadirect－detectionphase－SenSitivedetector，
but unlike the video detection usedin direct－detection

systems，anIFdetectionisemployedinhomodynesys－

tems，madepossiblebecauseamodulatedsignalcanbe

mixedwiththeoriginalcarrier．Theessentialfeatureof
thehomodynesystemisthehighsensitivitiesforboth
phaseandamplitudedetections・Manyauthorshaveana－

lyzedthemodulation－detectionprocessofthehomodyne

system［1］，［6］一［8］．However，the process treatedin

theiranalyseswas onlytheamplitudemodulationand

theenvelopedetectionJandnoinvestigationofthemodu－

lati。ndeteetionmethod toincreasethe detection sensi－

tivityhasbeenmade・

Thepurposeoftheworkdescribedinthispaperisto

investigate whatis the best modulation method for a

high－SenSitivityhomodynesystem・Ageneralexpression
fortheconversionlossis丘rstderivedwhichdescribesthe

phase－SenSitivedetectionofthehomodynesystem・Then，

uslngthisexpressionandthephasordiagramoftheinstan－

tane。uSfirst sideband ofthe modulated signal，pOSSible

modulationmethodswhichprovidethehighestrejection
ratioforthequadratureslgnalareinvestigated・Thisre－

jectionratioisusedasthemeasureofthephase－detection

sensitivityofthehomodynesystemthroughoutthepaper・
Next，themodulationmethodwhichprovidesthehomo－

dynesystemwiththehighestamplitude－detectionsensi－
tivityisexaminedbyderivingtheexpressionforthenoise
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figureofthesystem・Thesetheoreticalstudiesshowthat

thebinarymodulationmethodisoptimumforthehigh－

sensitivityhomodynesystem・FinallyleXPerimentalveri－

ficationsaredescribed．

ⅠⅠ．THEORETICAL ANALYSIS OF A

HOMODYNE SYSTEM

A．加γ血α正0循げCoWer80れエ088

AbasiccircuitconfigurationofahomodynesystemiS

showninFig．1・Powerfromamicrowavesourceatangu－

larfrequencyuis dividedbetweenthecarrierandthe

slgnalchannels・The waveinthe carrier channellthe

homodynecarrier）isledtothemixerafterbeingattenu－

atedtoanappropriatelevelandexcitesthemixerdiodes・
ThewaveinthesignalchannelisledtotheunknownCir－

cuitormaterialwhosepropertyistobemeasured，andisヽノu甚ヽ′　〉▲　　▲▲‾‾’▼Y、‾‘‾‾1’【H‾　’’‾‾‾▼■▼▼　r‾　▼r　▼“　　t′

frequencyくれ〉Onehas

p＝Re‡pi＋JIm届＝∑‡αれCOS（触れf＋β几）
れ＝0

＋JわれCOS（伽J＋れ汁（1）

Themicrowaveslgnalfromtheunknownis

es＝RetV。eXp［j（wt＋¢）］i・

Themodulatedsignale．nisglVenby

However，theyholdfo最亘onlinearmodulatoraslong乱S1　　　　　　　－

th慧還憲錆品監禁忠霊霊鳥量感
霹叢

蝕an他emo伽iatordでivimglあe旦毘畠dthes鹿naユ鉦⑰耶紺野〔
levelandthemodulationfrequencystay，reSpeCtively1
－－‘‾　　　　　‾‾　▼　　‾　　′
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RESULTANT

Fig・1・Thehomodynesystem．
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Fig・2・Thephasordiagramofnthupperandlowersidebandsgeneratedbyvariationsof（a）therealpart，andof（b）
theimaginarypartofthereflectioncoe伍cient，and（C）theresultantupperandl。W。rSidebands．

α几＝ta．n‾1
αnSinβれ±われCOS¢ル

αれCOS♂外〒われSin¢れ

βれ＝βれ士tan‾1
われeOS（β九一も）

αれ土われSin（βルー¢れ）
（4）

Elaboratingonthemodulationprocess，thephasordia一

gramofnthupperandlowersidebandsisshowninFig・2．

Theslgnalisrepresentedasafixed－referencevectorby

reducingthewholeangularvelocityofvectorsbythe

Slgnalangular frequency w・On this stationary phasor

diagram・thenthsidebandvectorsrotatewithangular

伊0

飢eXp［ブル＋α1）］
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¢n；the resultant upper andlower sidebands differin

magnitudeasshowninFig・2（C），Whichcheckswith（3）．
Thus，WhenbothrealandimaglnarypartSOfthereflection

CO亜cientvaryperiodicallyJtheslgnalissimultaneously
amplitude－andangle－mOdulated，andthe spectrumbe－

COmeSaSymmetricalwithrespecttothesignal．

Inderivingtherelationbetweentheterminalvoltage

andthecurrentofthemixer，thefollowlngtWOaSSumP－

tionsaremade：themixerdiodeisanonlinearconductance

devicewhichisexcitedbythehomodynecarrierVICOSwl．

Itisonlythefirstupperandlowersidebandsthatproduce

theIFcomponentofw的bybeingmixedwiththehomo－

dynecarrier・Onapplyingthestandardmixertheory［11］，

OneCanObtainthefolloⅥngrelation

洋闇（5）
gleXp［－j（＋＋α1）］g2eXp［－j（2¢＋

飢eXp［－ブルーβ1）］ダ0

g2eXp［j（2¢＋α1－βl）］　gleXplj（4－βl）］

Vdocities土nwn・TherealpartbfthereflectioncoefRcient

producesthesidebandpairshowninFig．2（a），thephasor

SuInofwhichyieldsaresultantvectorcollinearwiththe

Slgnalvector，justlike thesidebandsin an amplitude

modulation・TheimaglnaryPartPrOducesthesideband

pairshowninFig・2（b），Ⅵ血ichyieldsaresultantvector

inquadraturewiththeslgnalvector，justliketheodd－

Ordersidebandsinananglemodulation・Thephaseangle

betweenuppersidebandsinFig・2（a）and（b）is喜訂－

eれ＋¢n，Whilethatbetweenlowersidebandsis喜q＋On－

Wheregnwhen（n＝0，1，2，）arethenthFouriercoe伍－
CientsofthedifferentialconductanceofthemlXerdiode，

andtheasteriskdenotesthecomplexconJugate．

TheIFoutputconductancegun canbefoundbyin－

troducing the relations Zw＋巾＝－gaVu＋u九，Zu－Wれ　一

丁gaV…J・andZuれ＝gwれVwれinto（5）・SoIvingforgw・

glVeS

凱㌦＝帥－2グ12／‰＋ダ0＋ダ2　　　　（6）

Wheregaisthecharacteristic conductance ofthes唱nal
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transmissionline．TheIF short－Circuitedcurrent Z。巾。is

nextfoundbyintroducingtherelationsA。＋。≠＝I。＋wn＋

g。V。＋。．，A…憫＝I。H≠＊＋gaV…！，and V。≠＝Ointo

（5）．Solvhgforんれ由ves

ん轟き＝緑A少＋。れeXp［ブル＋α1）］

＋A…れeXp［－ブルーβ1）］‡／‰＋帥＋92（7）

wherethecurrentsourcesA。＋。れandA…れareglVenby

A。土叫＝（ダαyJ2）［α12＋b12土2αlblSin（β1－¢1）］1／2・

（8）

Theconversionlossofahomodynesystemisde丘nedas

theratioofthesignalpowerSi＝g。V82／8totheavailable

IFpowerSi／＝II。れBL2／8g。m・Byusing（6）－（8），andpro－

viding the matching condition of a broad－band mixer

ga＝予0－g2［11］，OneObtainsanexpressionforthecon－
verslOnloss

ん＝上。上れ／1＋il－［2α1征mSin（81－¢1）］2‡1／2

・eOS（2¢＋α1－β1）（9）

whereL。andLmaretheconversionlossofaconventional

broad＿bandmixerandthemodulationloss ofthemodu－

lator，reSpeCtively，andareglVenby

ん＝4帥（約2－飢2）／g12（帥一打2）　　（10）

上れ＝2／α12＋わ12．　　　　　　　　（11）

且P九α88－かeねC露0れぶeれ8仏和αれ　〟0血血豆0れ〝β兢Od

The conversionloss Lhbecomes minimumwhen2¢＋

al－β1＝2vq，and maximum when　2¢＋α1－β1＝

（2V＋1）訂，Where¢isthephasedifrerencebetweenthe

slgnalandthehomodynecarrierlandvisaninteger・This

phase－SenSitiveconversionlossisphenomenologicallyex－

plained by the phasor diagram shownin Fig・3・The

reference axisis also the stationary slgnalvector．The

homodynecarrieristhenastationaryvectorwhichmakes

anangle¢withrespecttothereferenceaxis・Theside－

bandvectorsshowninFig．2（C）arereproducedasfirst

upper andlower sidebands，eaCh rotatingwith angular

frequencies土wmrelativetotheslgnal・Thephasorsum

ofthesetwosidebandsyieldstheinstantaneoussideband

vector，Whichrotateswiththeangularfrequencywnwith
thetime－Varylngamplitudeand，duetotheasymmetrical

spectrum，traCeS Out an elliptic orbitJaS Shownbythe

dotted curve．Since theinstantaneousIF signalis the

projection oftheinstantaneous sidebandvectoron the

homodynecarrieraxis，theIFvoltagebecomesmaximum

when the homodyne carrieris collinearwith the maJOr

axisoftheellipse，andminimumwhenitiscollinearwith

theminoraxis．Consideringthissituationfromtheview－

Pointofthehomodynecarrierbeingfixedinsteadofthe

slgnal，theconversionlossvarieswiththesignalphase・

Supposenowthemicrowaveslgnalconsistsoftwocom－

ponentswiththesameamplitudebutinphasequadrature・

Whentheconversionlossforonecomponentisminimum，
thatfortheotherismaximum．Theratioofthemaximum

to theminimuminthe conversionlossis defined as the

Fig．3．Thephasordiagramoftheinst・antaneOuSfirstsideband．
Thedottedellipseisthelocusofthefirstsidebandvectorwhen
thespectrumisasymmetry・TheinstantaneousIFsignalisthe
projectionoftheinstantaneousfirst sidebandvector alongthe
homodynecarriervector・

rejectionratioforthequadratureslgnal，Whichisusedas

ameasureofthephase－detectionsensitivityofahomo・

dynesystem．Fiom（9），thisratioisP01elydeterminedby

themodulatorperformanceand，inthephasordiagramof

Fig．3，itisglVenbythesquareoftheratioofthemajor

axistotheminoraxisoftheellipse．

Threeconditionsunderwhichthequadratureslgnalre・

jection ratio becomesinfinity are present：1）al＝0，

2）bl＝0，and3）01－¢1＝川．Then（9）issimplifiedas

エ九＝上。上れ／2cos2［¢＋（α1－β1）／2］・　（12）

Conditionl）is metby phase modulation without any

amplitudemodulation，andcondition2）ismetbyampli－

tudemodulationwithoutanyphasemodulation・Theloci

oftheinstantaneousfirstsidebandarethenstraightlines

l）perpendicularto，Land2）collinearwith，thesignd
vector，reSpeCtively・HoweverllnpraCticeJtherealization
ofthese two modulation methodsin the microwavefre－

quencyreglOnisdi凪CultsincethephasemodulationiB

inevitablyaccompanied，mOreOrlesslbytheamplitude

modulation，and，COnVerSely，the amplitude modulation

isinevitablyaccompaniedbythephasemodulation・

Condition3）meansthattherealandtheimagina！y

partsofthereflectioncoe伍cientmustbevariedjustln

phaseorjustinantiphasewhenbothofthemcoexist・The
locus oftheinstantaneousfirstsidebandthenbecomesa

straightlinemakinganangletan－1（bl／al）withrespeCt
tothesignalvector，aSSeenfrom（3）and（4）．Practicallyl

thisconditionismetbythebinarymodulationmethod，

whichisexplainedinFig・4‥Whenamodulatorwithan

arbitraryreflection－COefRcientlocusaSShowninFig・4（a）

isdrivensothatittakesp。andpbineveryhalf－Periodof

themodulationfrequency，therealandimaglnarypartS

varyjustinphaseasshowninFig．4（b）．Thebinary

modulationmethodissuperiortophaseandamplitude

modulationmethodsinthatitisapplicabletoanymOdu・

lator，andthissimplifiesthedesignofamodulator・

C．Ⅳ0ゐβ勒re肋d肌血肋彿エ088　　　遷

TheconversionlossforthemicrowaveincoherentnOISe

incidentonthehomodynesystemisLcLn，aSSeenfroIll

（9），Whnethatforthenoiseoriginatedinthemixerdiode
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lmtd

（a） （b）

Fig・4・（a）Thereaection－COe伍cientlocusofanarbitrarymodulatTOr．（b）ItswaveformSWhenbinary－mOdulated．

kL。．Withtheseinmind，thenoiseoutputN。OfanIF
amplifierisglVenby

汎＝［Ⅳノ上れ＋（Fr。。－1）たれβ］（吼f／ん）（13）

WhereNiistheincidentmicrowavenoisepower，F，恍is

thenoisefigure ofthe receiver consisting ofthemixer
andtheIFamplifier，andB and Gifarethebandwidth

andthegalnOftheIFamplifi6r，reSpeCtively．Onuslng

（12），thesignaloutputpowerS。isgivenby

監　ぶ。＝2Gifぶ‘eOS2［¢＋（。1－β1）／2］甚ん（14）

Thustheoutputsignal－tO－nOiseratiois

ぶ。　2ぷie鵬2［¢＋（α1－β1）／2］＝

Ⅳ。　Ⅳi＋上れ（Fm－1）たで0月
（15）

Iftheoutputnoiseiscontributedmainlyfromtheincident

microwavenoise，（15）becomesthesameチSthatforthe
double－Sidebanddetection［12］，andamaxlmumimprove－

mentof3dBinthesignal－tO－nOiseratioispossible．

Thefrequency－tranSformationprocessofthemodulator
doubles the bandwidth for theincident thermaln。ise．

PuttingNi＝2kToBlandtakingtheratioofinput－Output

81gnal－tO－nOiseratio，Onefindsanoisefigureexpressionof

thehomodynesystem

ダ＝
1＋上れ（ガ，e。－1）／2

eos2［¢＋（α1－β1）／2］
（16）

Itisnotedthatlowerlngthemodulationlossisofprlme

lrnportanceindesignlngalow－nOisehomodynesystem．

ReferringtoFig・4，themodulationlossofthebinary

modulatorisglVenby

上れ＝（訂／偵晶一郎t）2．　　　（17）

Equation（17）takestheminimumvalu占q2／80rO．91dB

Whentheidealbinary1800modulationJp。－Pbl＝2is

realized・Sinceanypracticalmodulator，Whetheritmay
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beanamplitudeoraphasemodulator，prOVidesthelowest

modulationlosswhenbinarymodulated，aS describedin

theAppendix，thebinarymodulationmethodissuperior

alsoinobtainingahighamplitude－detectionsensitivity．

ⅠII．EXPERIMENTAL RESULT

Thehomodynesystemhasbeenconstructedfortheex－

perlmentalverificationofthetheorydescribedinthepre－

viOussection．Thearrangementofthesystemisthesame

asthatshowninFig．1，eXCePtthatthevariableattenuator

isinsertedinthesignalchannelinsteadoftheunknown．
The modulator consists of a circulator and a varactor

diodemount．Thereflectioncoefhcienthasbeenmeasured

at9．45GHz，the specified frequency ofthe modulator，

andtheresultisshownin Fig．5withthevaractorbias

VOltageasaparameter．Sincethebinary1800modulation

glVeSthelowestmodulationloss，themodulatorisdriven

SOthatittakesHon〃and〃0ffnstatesineveryhalf－period

Of the modulation frequency，Whichisl．8MHz．The
Fourier coe伍cients estimated from the reflection coe伍＿

cientwaveformsare

α1＝0．955　も1＝0．143　β1－¢1＝182．460（18）

Wherethedepartureofel－¢lfrom訂isduetothetran－

Sientbehavioroft，hereflectioncoe伍cientduringthetran－

Sitionalperiodbetweenthebinarystates．

Three circulatorsinserted between the modulator and

the mixer prevent the homodyne carrier fromleaking

into the signalchannel［2］．The totalinverseisolation

betweenthemisabout140dB，Whilethetotalinsertion

lossofthe circulatorsisl．ldB．The mixeremploys two

low－nOise GaAsSchottkydiodes arrangedin abalanced

COnfiguration．Theconversionlossofthemixeris4．7dB．

ThenoisefigureF，e。forthecombinationofthemixerand

theIFamplifieris7dB．

Theconversionloss ofthesystemis measuredbythe

directmethod；themicrowaveslgnalpowerismeasured
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Fig・5・Thereflection－COefncientlocusofthevaractDrmOdulator
measuredat9．45GHz．

byabolometerlandtheIFavailal）lepowerismeasured

byaspectrumanaly2ier・TheresultsareplottedinFig・6

againstthephasedifferencebetweenthehomodynecarrier

andthesignal，Whichisintroducedbymeansofavariable

phaseshifterinthecarrierchannel・Thephasedifference
ontheabscissaisarelativevaluetothereadingofthe

phaseshifterwhenthemaximumconversionlossisob－

tained，Whichis convenientlytaken as q／2・Thesolid

curveshowstheconversiPnlosscalculatedby（9），uSing
theFouriercoefBcientsglVenin（18）andtakingthein－

sert，ionlossofthecirculat，OrSintoaccount・

Atminimumconversionlossthenoisefigureofthesys－

temisestlmatedbymeasurlngthesignalpowerrequired
todoublethezero－Slgnaldetectedoutput・Themeasured

valueat9．45GHzis8．7dB，Whilethatcalculatedby（16），

includingtheinsertionlossofcirculatorsJis8・14dB・

Bywayofcomparison，thesamemodulatorisdriven

bythesinusoidalsourcesothatitcontinuouslytracesout
thereflectioncoefBcientlocusshowninFig・5・Themeas－

ured values of the minimum conversionloss and the

quadratureslgnalrejectionratioare9・8dBand34dB

at9．45GHz，Whilethevaluescalculatedby（9），uSingthe

estimatedFouriercoefBcients，are9・6dBand36dB）re－

spectively・Comparisonoftheseresultswithcorresponding

valuesof6．3dBand42dBshowninFig・6showsthe

superiorityofthebinary1800modulationinobtaining

bothhighphase－andamplitude－detectionsensitivities，aB
describedintheprevioussection・

IV．CONCLUSIONS

Thephase－SenSitiveconversionlossandnoisefigureof

the homodyne system employing a slgnalmodulation

techniquehavebeentheoreticallyderived・Investigation

120　　150　　180（○）0　　　　30　　　60　　　90

PHASE DIFFERENCE BETWEEN HOMODYNE CARRIER aSIGNAL

Fig・6・TheconversionlossplottedagainstthephasediiTerence
betweenthesignalandthehomodynecarrier・

衰
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（a） （b）

Fig．7．There且ectioncoe伍cientlociof（a）amplitudeand（b）phasemodulators．

［上れ］B址＝［訂／偵（伽－pあ）］2．　（ん3）

From（A－2）and（A－3），itisevidentthat［L．n］BXisalways

sm誠ertban［五m］AX．

且P九α8β∬0（ね払正0循

Thereflection－COe伍cientlocusofaphaBemOdulatoris

showninFig．7（b）．Thereflectioncoe伍cientpisgivenby

p＝lplexp（沖cosUmり

回目ム（缶）＋2∑ん（申）eOS（2触れ亘れわ
れ＝1

＋J2∑J2れ＿1（申）cos［（2†もー1）叫J＋（雅一1）∬］i
れ＝＝1

（A－4）

WhereJn（申）istheBesselfunCtionofthefirstkind，Of

Ordernandargument申，and缶isthemaximumphase

deviation・ThusthemodulationlossisglVenby

［上れ］川＝1／［偵届Jl（申）］2　　（ん5）

While the modulationloss when binary－mOdulatedis

かenby

［五m］B班＝（訂／2偵届血判2　　（ん6）

Where◎isalwayssmanerthanl．85radatwhichJl（。）

becomesmaxlmum・Inthisrangeof申，（A－6）issmauer

tbn（ん5）．
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