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Abstract— 1-GHz wide-band VCOs using SAW resonatorshave
been successfullydeveloped. A control-voltage sensitivity of over
5%/V has been achieved by using new edge-trap-type SAW-
resonators. Optimizing the reflectors of SAW resonatorsis very ef-
fective for suppressingthe spurious resonanceof the Rayleighwave in
the oscillation band.

Two typesof VCOs are compared. One usesa Si bipolar junction
transistor asa feedbackamplifier and theother usesa GaAsMESFET.
Both VCOs achieved a control-voltagesensitivity of over 5%/V and a
phasenoiseof lessthan -107dBc/Hz at a 25kHz offsetfr equencyfr om
the carrier fr equency. The GaAsMESFET VCO showedbetter phase
noiseperformancethan the Si transistor VCO at a 30-kHz or greater
offset fr equency. By changingthe amplifier elements,it is possibleto
achieve the requirementsfor both local VCOs and transmissionVCOs
for wirelesscommunication terminals.

I . INTRODUCTION

Surfaceacousticwave (SAW) resonatorshave beencon-
sidered to be attractive as voltage-controlledoscillators
(VCOs)dueto their compactnessandhigh Q value. How-
ever, it hasalsobeenconsidereddifficult to achieve wide-
bandSAW-VCOs,sincethebandwidthof SAW resonators
hasbeensmallerthanthatof otherresonators(micro-strip-
line resonators,dielectricresonators,etc.).

Recently, edge-trap-typeSAW (alsoknown as”grating-
mode-typeSAW”) resonatorsthatshow largek2 have been
developed[3]. Wide-bandVCOsfor 170-MHz-band,400-
MHz-band[1], and1-GHz-band[2] applicationhave been
developedby usingedge-trap-typeSAW resonators.

We have investigatedthe phasenoise performanceof
VCOsusingedge-trap-typeSAW resonators.In particular,
we have focusedon spuriousresonancesin theVCO oscil-
lation band.In this paper, we describea problemwith pre-
viousedge-trap-typeSAW resonatorsandpresentasolution
to thisproblem.Thedifferencein phase-noiseperformance
by usingdifferenttransistorsin VCOsis alsodiscussed.

I I . EDGE-TRAP-TYPE SAW RESONATOR

A. Impedanceripple in oscillationband

Edge-trap-typeSAW resonatorshave thick (typically
over 10% of the SAW wavelength)Al electrodesfabri-
catedon 15˚ -rotatedY-cut X-propagationlithium niobate
(15˚ YX-LN) substrates.Theseresonatorsprovide a large
k2 of up to 23%anda highQ valueof over210at thereso-
nantfrequency.

In a previous work [2], our group introduced the

diamond-shapedinter-digital transducer(IDT) structure.
Figure 1 is a top view of a typical diamond-shaped,one-
port SAW resonator. The aperturelengthdecreaseson ei-
thersideof theIDT to minimizetheresistanceof theelec-
trodesandthe chip size. Fig. 2 shows a close-upview of
theIDT. To reduceleakageof excitedSAWs, reflectorsare
placedbetweenthebusbarsandthecrossingarea.
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Fig. 1. Topview of diamond-shapedSAW resonator.
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Fig. 2. Close-upview of IDT (reflectorsandcrossingareaareshown).

Fig. 3 showstheimpedanceresponse(realpartonly) of a
200-MHz-bandSAW resonatorusingthe diamond-shaped
IDT structure.A smallripple (A), which hasnot beenseen
for conventionalIDTs, appearedat a lower frequency than
theresonantfrequency ( fr ) (B). Accountingfor this ripple
is essentialfor SAW-VCO performance,sincetheVCO os-
cillation rangeincludesthis frequency.

We have fabricatedvariousSAW resonatorswith differ-
ent fr values(i.e., differentelectrodeperiodsandAl thick-
nesses),and we have found that all of them had ripples
at a frequency correspondingto the sameSAW velocity
of about 3160 m/s. Therefore,we have concludedthat
this phenomenonis not due to fabricationprocessvaria-
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tion but is an inherentproblemof SAW resonatorsusing
thediamond-shapedIDT structure.
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Fig. 3. Impedanceresponseof 200-MHz-bandSAW resonator.

B. SimulationandAnalysis

To analyzethis phenomenon,we have simulatedthe
impedanceresponseof an infinite IDT. The simulatorwas
programmedby combininga finite-elementmethodandan
analyticalmethod[3]. Thecalculatedimpedanceresponses
areshown in Figs. 4 and5. Whenthe SAW propagation
directionwasexactly parallelto thecrystal’s principalaxis
(x-axis. i.e.,φ � 0), no ripplewasfound(Fig. 4). However,
for φ � 2 � 5˚ , a ripple appearedat 3166m/s(Fig. 5).

We think that theorigin of this ripple is a spuriousreso-
nanceof the Rayleighwave. The Rayleighwave actsasa
spuriousmodefor edge-trapSAWs. Reducingthespurious
resonanceof theRayleighwaverequiressettingtheAl grat-
ing thickness–wavelengthratio (h

�
λ0) to around0.125[1].

This conditionis sufficient whentheSAW propagationdi-
rectionis parallelto thex-axisof thesubstratecrystal;how-
ever, whenthedirectionslightly differsfrom thex-axis,the
spurioussuppressioneffect is overcomeby theasymmetry
of the SAW velocity [4]. As a result,spuriousresonances
of theRayleighwaveareobserved.

Basedon thesimulationresults,we have concludedthat
the mechanismof the ripple is as follows. Fig. 6 shows
the layoutof a diamond-shapedIDT in the region closeto
a busbar. Fromthetip of anelectrodefinger, SAWs areex-
citedin all directions.AmongtheexcitedSAWs,somethat
propagatein a slightly differentdirection from the x-axis
causestandingwavesif the electrodefingersof the reflec-
torsarearrangedin thesamephaseasthegratingarea.This
situationis nearlythesameasthesimulationconditionsfor
thespuriousresonanceshown in Fig. 5.

C. SpuriousSuppressionTechnique

To suppressthespuriousresonancecausedby thereflec-
tors,we have designeda new IDT layout,shown in Fig. 7.
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Fig. 4. Calculatedimpedanceresponseof infinite IDT (φ � 0 ˚ ).
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Fig. 5. Calculatedimpedanceresponseof infinite IDT (φ � 2� 5 ˚ ).
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Fig. 6. Mechanismof rippleappearance.
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Fig. 7. New layoutto suppressrippleappearance.
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In this layout,thereflectorsareshiftedalongthex-axis,so
straySAWsdo not causestandingwaves.

We have fabricateda 200-MHz-bandSAW resonatorus-
ing this layoutandconfirmedthattherippledisappeared,as
shown in Fig. 8.
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Fig.8. Impedanceresponseof 200-MHz-bandSAW resonatorwith shifted
reflectorlayout.

Wehavealsofabricated1-GHz-bandSAW resonatorsfor
VCOs. Figure 9 shows the impedanceresponseof a 1-
GHz-band,diamond-shaped,one-portSAW resonatorthat
usesthespurioussuppressiontechnique.Thisresonatorhas
400-nm-thickAl electrodespairedon a 15˚ YX-LiNbO 3

substrate.The measuredimpedanceincludesabout1 nH
of parasitic inductancefrom the bondingwires. Single-
resonantresponsewasobservedbetween900MHz and1.1
GHz. The Q valueat fr wasabout210, andtherewasno
spuriousresonancebelow fr .

I I I . WIDE-BAND LOW-NOISE SAW-VCO

A. VCOCircuits

Wehavefabricatedtwo typesof feedbackamplifiersince
this device is as important as the resonatorin determin-
ing VCO noiseperformance.Oneconsistedof a Si bipo-
lar junction transistor(Si-BJT),andthe otherwasa GaAs
metal-siliconfield-effect transistor(GaAs-MESFET).The
electricalcircuits for theseVCOs are shown in Figs. 10
and11. TheColpitts-typeoscillationcircuitsconsistedof a
SAW resonator, externalinductor, variable-capacitordiode,
feedbackcapacitor, buffer amplifier, andothercomponents.
They wereall integratedon glass-epoxysubstrates.

B. OscillationFrequencyandBandwidth

It was necessaryto optimize the constantsof the feed-
backcapacitors,theextensioninductance,andmany other
componentsof eachcircuit individually, since the input
impedancesof thetwo transistorsarecompletelydifferent.

Fig. 12 shows the oscillation frequenciesof the SAW-
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Fig. 9. Impedanceresponseof 1-GHz-band,diamond-shapedSAW res-
onator.

VCOs. Both the oscillation frequency and the control-
voltagesensitivity were adjustedto be almostequal. We
achieved high control-voltagesensitivities of 6.9 %/V for
the SAW-VCO with the Si-BJT and 5.0 %/V for the one
with theGaAs-MESFET.

C. PhaseNoisePerformance

The phasenoisedependenceon offset frequency ( fof f )
is shown in Fig. 13. The phasenoise at fof f =25 kHz
was -110 dBc/Hz for the Si-BJT VCO and -107 dBc/Hz

Vcc

Vcont OUT

Fig. 10. VCO circuit with Si bipolartransistor.
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Fig. 11. VCO circuit with GaAsMESFET.
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Fig. 12. Oscillationfrequency vs. controlvoltage.

for the GaAs-MESFETVCO. Near the carrier frequency,
theSi-BJTVCO showedlowerphasenoisethantheGaAs-
MESFETVCO. At frequencies30 kHz or moreaway from
the carrier frequency, however, this relationshipwas re-
versed.

Thesecharacteristicscanbe explainedby the difference
in the noisecharacteristicsof the transistors. The phase-
noiseslopefor the GaAs-MESFETVCO nearthe carrier
frequency was9 dB/octave. This9-dB/octaveslopederives
from the up-converted1/f noiseat low frequency. There-
fore, this property originatesfrom the fact that the low-
frequency noise(1/f noise)of theGaAS-MESFETsis larger
thanthatof theSi-BJTs.

By comparison,at a frequency 100 kHz away from the
carrier frequency, both the Si-BJT and GaAs-MESFET
VCOs had 6-dB/octave slopesand the Si-BJT VCO had
lower phase-noise.Sincethe 6-dB/octave noiseis deter-
minedby the flat noiseat low frequency, this resultagree
with the fact that GaAs-MESFETshave smaller noise-
figure(NF) thanSi-BJTs.

IV. CONCLUSION

We have found a spuriousresonanceof the Rayleigh
wave in diamond-shaped,edge-trap-typeSAW resonators.
This phenomenonhasnot beenobserved in conventional
IDT layoutsbut is inherentto diamond-shapedIDTs. Op-
timizing thereflectorarrangementis veryeffective for sup-
pressingthis spuriousresonance.We have fabricated200-
MHz-bandSAW resonatorsusingthis techniqueandcon-
firmedits effectiveness.

We have alsofabricatedSAW-VCOs using1-GHz-band
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Fig. 13. Phasenoisecharacteristicsof 1-GHz-bandSAW-VCOs.

SAW resonators.We comparedfeedbackamplifiersbased
on Si-BJTsandGaAs-MESFETs.TheSAW-VCO with the
Si-BJTshowedbetterphasenoiseperformancethantheone
with theGaAs-MESFETat frequenciesnearthecarrierfre-
quency, but the situationwas reversedat the frequencies
morethan30kHzaway from thecarrierfrequency.

Theseresultssuggestthat we mustselecttransistorsfor
VCOsmorecarefully. For example,a Si-BJTVCO is suit-
ableasa local-VCO (Lo-VCO) in cellular radio systems,
since a Lo-VCO requireshigh phasenoise performance
near the carrier frequency. On the other hand, a GaAs-
MESFETVCO hasadvantagesasa transmitterVCO (Tx-
VCO), which requireslow-noisepropertiesat frequencies
away from thecarrierfrequency.
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