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NETWORKS FOR CROSSED .FIELD

~~ ‘AND IN-LINE EXCITATION OF BULK
AND SURFACE ACOUSTIC WAVES .

A. Bal lato , ‘ —

US Army Elect ron,c~ Teclkuology and Dwvfcee Labaiatory (EC’OMI. Fos-rMoni~outh. NJ

\.~~. ~~~~~ ~~~~~~~~~~~~~~~~~~
S5eo i r is i der . Ifisin a uni fied point of v iew , eqUiv letit network descript ions 01 pieioelectnoills

~~~~~ ii iii ii si c i~ es i t  both sur t i ~ c a nd bulk isa e k i ud.j Particu lar at tent  sin is ci’ en iii the mechanism
e\ciiaiion , and to the denionstrat isi n tha t the netwi , rks are capable I a nil i iel r i~I is- iii,! detailed

~~~~~ interpretat ion in which their s, tr i no civil ,inents are so i r i . i r i Scs l  th a t the~ acci i rat e ls depict lie
unile rl~ inc phvsi cs iif the devices tIie~ character i,e.

l i,ur situations are considered, the cros sed- f i e ld lateral ly cys i t ed i  and in-line t lt icknes s- esci t ed l
quasisiatic ci icuits of r~ sta l plates esi ted in bulk thickness itiodes are first interpr eted in tern,’ nt
t heir es ac t  geometrical correspi indenies isith the pltysical features ol’ lie plate resor ut iirs . pa n t s  ulail~
t hat it I he pie,ot ransd ucti in mechanisni. Nest , lie oise or su r I is c is .svcs t irod uced ii in terdigi ta l
Jr,j v s is discusse d. flie qua 51st .it 5 equivalent net is i r k  is cii en in .i n analog bas is , an d ii is sliois n
hiiis t he ietn rk corresponds evact ly  t i  the delta—tun e , in isii iJel . I he ne t i ss i rk  ,,t,,~ Is’ use d or an~
s u r t i s e  i sase  node by suirahl’. delining appropriate node lunctiiins j ss i ss  i ted is rh the t ransnnss ion
lines support ing the vu rI ace niinle in question.

1’ lie t in rd case considered is that ii t h e  circuit representati o n sit  bulk .iso ust ic iii’ e pr duct ii in
n a  ic i cle s os rod hi an ,ipp~ied t usr i n i s e  s u i t S  lucId. It is shi,’.s n Ii ii h i s  ,ut c c iI\ iti.i s ‘c

treate d in t h e  hasts it a limiting lorni oh t h e  t ’ i rs t  isuse
C isc four s i nsts t s i,f rela~.ing the q ua s i s ta t i c  constraint t o  cii st .il plates s uh ics t e l  t s t i ss ed-

tield csc i i a t ton .  ~u1indlin ’ s es.ic i so lution to t  tlie co uplune iii the ~1i~ ss e ll m u  .is s u s t i s  tielils iii
t i i t . i te d I -c ut qu art e plates is oist nt nets , irk torni m d  the pt i~ sica l m nte ip re t a t i in i i  lie
e lectroit ia ’ne tic Interact ion I’ Ci ser i  the  reduction i t this ,tetv .i,rk t i  t h a t  oh lie f irst oisc m i sc in
the s l u a s l s t _ i t t s  limit is at so disc ussc t

I. I’PIJTRODUCTION

A. Equivalent Networks for Piezoelectr ic Structures
S t \ h v  s e a r s ago . Bull e r w m t r t l t  obtained t l t ~ ci iu t v i le ih t  e lect r ica l  ~hnc i i t t  ‘I a t t t e s lt at lt-

ca ll vibrating s~~’ ! ct I t  l i as t t t g  a s i t t t t l~ t i s t l a i t c e .  Sit ice l i tat  l o t t e . the se pe oh app lis-a-
fl irts t ec tuivalet il i le t s ls irks It_ is t t tcr ea se d g reat l~ . w h ile t h e  is tn cept  t ts e l l It.is bcet i
enric hed h~ incorporating trtat lv ideas m ont modern t t e t w  i t  k t htei i r ~ I lie itt ost recent
deve lopitient along thes i lit res h a s  been t h at oh point-by- point .  c~ a c t l~ a t ra l i igsit is net-
w i r  ks . where the ph ysical and circu it pictures t t ta t c h ciiitt p he tel~ a long a cu’urd it ia te .

~~~~ rat her than merely piis~~s stth g the sante g s c r t t i t l g  relali urns at the ir c im rre put idt t t g 
~
n i t

i t t i  ana log n e t w o r k s  it is possible 10 deal wi th w: ives itt the t un e  di t t ta i t t  as well as wit h

~~~~ vu brahions in t i te t requett ey d i,ttta iit ; phvs tca h ut tdcrs tatid ing is also enh iatic es !

C~~~ 
I Iti s paper will introduce a tiunther iii tt cw atiuluig t t c l ’,s it ks  ri the l i l i s s i t i g  s c c t t ith s .

we v i t li lead up to the se h~ a ‘mhiOtl sketch it the evululion ill equhsa ic t i t  s t t s i l t l s  as

• w
• 

1 t’ rese i itc i l  _i t t he Symposium u n  Optical and ‘S l i s l i s il Sl is i

~~ 

Polytechnic Ins t i t u t e  ot New York. .~rril I t m—I t .
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600 OPT/CA L AND ACOUST/C’AL M/CRO-FLECTRON/C’S

app lied lii pie/u ic - ke ’ l t i c ’ dei’ ices and by a cu>nuidu,rah iuni sib a ttututher mit ~hI~ sh ea I
phenom ena why i sc represent a 110115 iizuve to he incorpora ted itt to t h e  th e tw i n  ks.

Butte rwo ntJ i s 1~
) l4 circuit ~ll was undependently derived atid app lied tim Ibie 1i ielum-

e lectric c rys ta l  vibrator h~ V a n I)yke I~ I. II consisted ot U sCi ies resonant e i t c u h h
shunled by a capaci tor . amid describes ihte it t l i u i i l t a t t ce mit t h e  c t v s t a l  mi th u s h c i h h h t ~ su t a
t ess  itl a 1CC, Bill let w it r th u a lsu m gave a 1- oute r- turin represen I alum mu turn all i l  this ’ t Cvi milati cc’s
associat e d w ithr lhte h ia niunm tt ies oh a s it t g lc ttt u ud c of si hra t iui t t  of a re sm it iat u mi -

~ I - ‘I lie
sithg k ressm t uafl ce . l i uuui ped elcuiieuil equivale ut u netw u rk w a s  exte t ided ui I ) .~5 h \k i ss i t i

w h u cit  hue iuuade l i t is ’ s t i s t t  hon t he i b ic l im s ‘t ot t t t ec ht aun ca l  pm mr ls 14 1 lie thter t  ga s_ c all ex ac t ,
lutnped equivalent hor the I csot lj itcc ,. a sitig le tttoda l I ~‘~lC . iitcludiilg tiiechi urt teal p mr h ’ .
1 5 1 -  Au a lle r um ate represen latio n oh Ihie value kittd is due to Rsm l im IhS l One mr an um t h ie n oh
t h ese ci reuils his been used h’imr lime descript ion ,,f a large vanie t 1 huh k- i t tm mde , piezo-
e lect r ic v i h ra t s mrs:  a tahulalion of varismus classes of these is listed by Onu me and Ju innur tij i

71 I lie more recemil upsurge oh it t le lCst in surh ac e wave ,hcv t ces has led 10 the app lica-
t ictn s i t  hu lk-itu um de . luturped equivalent t netw mn ks in this ’,it Ca a lso I I

Broadband network ncpres entatt oui s of resonatit Sysheut is appear it, a nalural fas htiuni
wit h, the use of distr ibuled nelwork cott lpot rents. Indeed . many years agsi . Mas ui t n s ta ted
Ihal ac mUslle transituission lines are necessary for the adequate descni pin mtt uuh v i h u a l s s l s
ari d resonai ll units 

~~ 
While tiuls was understood, the networ k sc h uet itat ie was diaw ut itt

humped bort u I~ I -  w it h bite distributed natut e implicit in hire transcetideitlal hunc t i imn s
a ppearing in the lutnped circuit e le t n net t tv .  A par l ia l—hrac t i ul ihs c ’ pamnsuilin umf the elect  r cal
piurt input i t ltn ihiari cc leads one hack diree llv. in tact , hum ( hue But t c ’r w sm nlbi  circuil 3~

In I q5fi Redwou,d and Latnh redrew \1.~siit1 s huituped circuit hu usit ig a piece of
I r . i t l s t t t t s sh lt l l itte to replace t Ine tnanseendenlal coin tp ot meitt v which , Ilney recs giuiied as thie
tee f im rt rt of lIne distributed network 111 ) 1 iunve st iulg t h e  e lec ln icah se he itna tic us l u l l  U

physical lcnglh was an iinporlant step lorward in the deve lo pinnet rl si b t rue a u ia lim t r ltd
wor ks. A n smth ue r hulk-wave neprese nlahiimn , thu h of K nitnihol Ii . I ,s’edu it nn atmd Mar t  hiae i.
uses a tratn stt ulssio n litre iii a circuit quite ditfe renl tro u t th i a t  sit ’ Massi l l  as redrawn h~
Redwood and I .aithh II I - I I . The electr ical porl is cou ntiected in ilue cell ICr s i t  air
, icol lst lc t nanstt i issktt n line oh lengt h equal to the fnequetne~ dele ni t hu t l i t lg let lgt hi i l  I hue
vi brator , an d I hic unuechat nica l boundary iii ces appear at hothn I raths uuils sio tr - l i t ue eitds
ral lIer Ihan ac ns ,ss a cllttnhinahion (rf Iranstt nission- l iuie end aind piez iuek’ctr ic drive t au t ’
hornier. As a clrnsequeruce, sotn rc of t ire circui I elem ienhs are t t c q h ie t hc ~ sens itive aitd
a ppear to  lack ati mlhvt luus phnysica l interprcla l ii lun.

Redwsrod and Lait lhs piclorially-disl rihuled hulk us use equ lval etht c Ircuit i m b a pie/ui-
eke I n c  resi s thal or was app lied lsr I lie descri ption oh surface w ise he hnasu s m r itt I )h r ~b h’5
Kra i t i ~ anaura in an d Redwoimd 1 1 3 1-  They furthier netn lark cd that t h e  pietoeleclnic so urces
ire placed at the electrode edges ot t Ine uunlerdig ilah array we will ouiuke I urt lne r h i iC s ib

t h eir inhservat iumt i sh lbss ’q1ie IIt l~ , \hi irc lees_- l i l l y . Balm arid lee  app lied I s u t h e  surhac ’e u s a s e
probleuti the ne lwi rrk s ib Kt t l l l t i l i l t / .  Lecdimt rn . atid M m t t i u a e u  1 1 4 1 .

B. Analog Networks
I lIe es l l i l ua le t t l  t t e tw i u r ks  tw Irl ioned ahimve all describe thie imperal loin si b pue t mn~lectrl -

~,illy e s s i t c d  i s _ O l i s t t s  s t ruc tures .  I _ m e l t  re pncs e i tts a su ung le tnts idal t~~pe. e . g.. s i l t s ’ i t tet l lhdl
s i t  the bhi lk t uuuu d c ba t t i i t y  . o r t y p e  s i b  sill las _ C wave . si ibt ic arc ’ hrisudhattd . o tb I c t  s SUlId um nl y ’
h ea t .i sit tg le re.s u i unau ncc. All Itave t h u s  fl cou ttt nnsin each (Is_ s c r l t res  i ,tt ly ’ Ihe pu rl re lai t st t s
111,11 are oblalu ne d itt a p~m rt t c iu lar des’lc e ~ o _ I t t e t thpt  is it lade to  l rh ; m ls e Ills’ uretu ’ . i t k
s~ b t e t t i i t i 5  i i i , t t . t i  up wit h the i u r le nlu mr u s i i t k h l I g s  sib the s t r h i c t u re .  l ta l la t i u . Ber to t i l .  and

• I at i t u t  bu ass ’ s it iw n in I h7 _ ih lat t he t hu uckun e ss Ithis ik’ s il pie i iuele ctt uc ul lv i l t t s c t t  s t  s s t ll
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NE7WORKS FOR ACOUSTIC WA VES 601

plates could he t ep ues eu ut ed i in lid WuIr k li m rmm m in suchu a tas huiouu tim a t lIne individual circuit
— cuu uui pum uue unus huure siuinpk interpretations in tenn is suf the underhyimig physics of t h e  devices

1 15 . I b~ . \lilueovei . t ire tu ,uhtitn node circuit schemat ics are exact atna hu igs As the physical
pu imc esse ’ s  smf tire actual pnu ihleuuu are accurately unui nr mred iii thue qua rutities associated w it h
ihuei r uletwor k eqt uiva lem ut , wiuichi is spatiall y disi ributed to cu rt esp mnd h I  I hue georinci tV  s it

t h e s t ructure , it is possible to visualize amid trace the interp lay of t ue  waves it lvs i lved
siu ui p ly b~ luls pes ’I hu ng t ime circuit; iun addilioul. t h e  bull sb feels arus lu lg h ’rllu un t ue ciiup lnng
at t he Ixuntudaries hehwe c un jux ia1nosed plaIcs are uinade evident in a succi urct aund read ul~
itO en pre table iuia u n  en.

h un t ’oll mnw umi g sections we will present lhesu ’ c  t ys ta l Plate auialogs amid use Iheinl 1,1

it im uoduce a riumuuher nf tiew aunalog circuits cove niuhg surface acimustic wave propagatIon ,
bulk mode exci la t i o t t  by muui c ns lw’ ave ca v i ty  h’ie lds . atud a lso ple ,u iele ctrotnm a~ nehic vibra’
hiot is of c rysta l  plates , whete t h e  qoavtst a l uc cunsiraint is retius uved auud 11w bull coup lIng
tuf h u e  acoustic aun d Maxweh l hlelds lakes place.

C. Acoustic Waves in Crystall ine Dielectrics
George ( i r eemu, in I S30 . gave t h e  first general theory for time propagation of platme

acous hic w as es itu amn isotrop ic media 117 1  . in h N77 (‘Inristoftel publish ed a long art icle on
t h e  samne subjech iii wbnic lu hue casi I hue equahions in line form win ch is sti l l  used uimday
II MI - l awson Illen gen eralized tile treatment to take into accou mnt piezoelecln icity 119 1.
hie ch inua muuu gave a cotump lel e discussion mmf tire unbounded propaga limltn prunhleuu l . Illc’ludut ig
h u e  e ffect mnf h ue  pietu ie lecnri c c sn ust u f l ts  on the particle nuumhio ns 1201 Epstein huas
reb ’onuui tila led I lie probleu ru and disc tissed time eft ’ec t sib pie iiuelect n c  stiffeni tng (urn lIne
elastic wave surhices 1 2 1 ? .

h” rouim t h ese  neseauc hle s it is kinown that t b mre e p lane-wave hulk modes pnum pagate in
any givetn direc t is ,m i itt an unfi t lnanv c rys ta l .  arid that  line iu uc lt i siummn of piezoelect nicut y

nuus nd I bles tile t luree tuioda I vel slci lies, gem eral ls _ itt lime order of a h~~w penceuu I a~n e lect r ic
field us alsi ’ prmiduced by thie wave ut~ rt i on . and lies in line directiomi s i t  advaurce oh tine
ph ase ft imunis. Timis c rmuttp otnetu l of elecini’: h eld, due to t h e  piezu melastic waves. uueces-
vu ta tcs  a di s l hr lct io n itt flue circuit pictures describing excitat ion b driving hiehds along ou
t niu r , t~al 1(1 ii. This wul l  he dIsc ussed iii greater detail below.

Surb ’aee arId irulerfa e ial wave propagation on. and hetweeti  cryslals leads Is , Inure
t:so hved ‘s i tuat ions ti naun the hulk wave case. Analytical results have been subtaimued hs~

Stotn e ley 2 2 ? ,  Svtuge I 23 1,  I)eresuewic i and Miund liun 1 2 4 ? .  Burridge 35 1 - aund Goti I 2~ I
Gcu hera l l imeoretucal results ire extr euu mel v dift ’icuht to oblairn , hs iwevet . and time ruu utuenuc cm l
iui e lhuum ds of Liinm and I” ,irtme hh 27 ?  imave pniuvemi particularl y valuable for investigating ilnese
uuiu m de I pes c iu ul hp uta l l l lu na l ly .  I l i mweve r . nuuu ue nica l a uta lys ls  does unot provide ann adequate
conceplual b ’raunuew ’ork for a m itn-de pihu apprec Iation of tIne various unue c ima nis r uus invsm lved.
m n umr dines it lead iii a sy s leutmat ic  procedure for time aur alysus and svn hlnesis (mf pract ical
deuce ’s .

Fine uimtuch-ur ecded sy s leuun ai i c procedure was provided by Ol iuner . Berlouni . and Li

I 2,s— ,qb . Tim ey have carried oven It’ acoustical tnnicno-ehectronics the soph nist tca ued
met Its i~Iohui ~~ of nmicruwave net work uniethnods . Itt el luded are tire coT rcep ts s ib time huildung

• hhsmck uppniiachm . tra l nsuuu is s um s uu . hine uuuoda l represen lul ls t i . , f ,mn t nansunnissi mn reg ions, and
Ihi tuiped C IrcIl l  Is t u r  discouttinui I’s ’s ~nd junctions. Time networks that appear fnimun r themr
hu i r t u t i u l a t i u r n  t i c ’ iuu s b r i iu tg ls wi t hn the Redwood—h.au nnh variet Ihat evolved dunc c t l  frmmu ni
t he I r,ud itus iuna l pici i iclec l n e  vibra lor eqlm iva lcflt.

( uincerni rug () lunet s tna uns u ,uissu i ,n . l iuue inmundal ne prese nla ti om ns , w ira iever lime mode
I ic . mn d regu u bl e s s umf time c’ u uuuu ple x t t ~’ of h u e  nesui lliung motio ru . so Is iuw ms lime suppiunti lug

it
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602 OPTICA L AND ACOUSTICA L MICRO-ELECTRON/CS

struciure is i ramu slat icmiial ly in varia n t mu o ne  direct iuu lm . suc h a t eprc’se im uauu cm n catt in pni Id-
pIe , lie fmu mrd I 3M ? . It is up mii t h i s  lad thu t our cotislnuctiori oh equivaleiit Inch works is
based. Associated wi thu the Iratisit lission litre carryuuig the nmuude lii queshilln are veckur
node fumict iomus chuarac ler is i ic of t u e  uuiediuu uu amnd geoiuretry of time supporting shructure.

We will add tin the ju nic h im lmr atud disco rmhituuihy circuits those assc mciated wit h pie/.si~
e lectr ic coupling arid arrange t u e ilelws irk hopuilogy sum thai they provide a phmysica ll y
sa lishying picture oh thme piezoehecin ic excitat Ion rrmec hna rm isni.

D. Conditions at Boundaries
Ar the boundary beiween Iwo crysl a ihirme mui ate nia ls , amr ucumus h ic plane wave itn1pin~~ng

at normt uah iirc idenrce ge neral l y couples to tire t h r e e  uinumdes in eachm nnediunn, even in Ihe
absence of pietoehectnicilv . The uniechiunical boundary netwunrk descnihiuig Ihie interaction
hmas recenthv been given 13 1? . ht co mrsists of an asseunrb ly smf intercunnnecled ideal trans-
foniuners . localed rn tire analog networks. at nc ju n rc tim nm n tnf t ine crys lalS , in tine sanme
manner as Ohiner ’s I2 M I.

Fir t h e  c nnrespun rrdiuug case smf pietimelectric coupling. qllile a hO of mrrateria l is seal ’
lere d about thut l i terature. Tiersten ’s e xact analysis sri Lawson ’s pnohleunm 132 1 disclose d
nimat h ue  ihuckness rnrundcs of plates were coup led by uhie piezo eb ’lec l , and Ihu ah t h e
ccuu plirng too k place UI Ihue plate b munduries. Transieni studies by Cook ? 32i I showed tirat
a volta ge siep app lied huu a pietuilnat lsducen produced acoustic wave fronts hiua l prumpagahed
in ward t nun iti t h e  Iwo etrd surtaces. Slaler 34? describes t u e use umf imnicrowave cavity
h ’ields fcmr exdi t i r rg huhk piezo c lectric urr mh kur m in a cry st a l .  l’his et ’fecu was used by
Banaitskii 13~ I 

aund Bouuumu ie l arud I)ransfeld 1361 to produce hiyperstmmnic hulk acoustic
waves  in quartz rods and plates. Fxperiim ieurts arid aunalys is , carr ied out inn 1 960 by
Jacobsen led to a rmnore coniplele tindersta t mding sri tine equis’a le rtce of puets icleciric exd ita
lion considered as arisintg either front a vol utuneln ic etfect or fr u mm m r surface Inadi ions (3 7 ? -

He shmowe d Ihat acoustic waves are produced at all spatial discs mntiurui h ies 01 t ime piezo.
eledhri c st ev ’s . ilue abruph disc nntim rui ly w luic hm occurs at bite end lace of a rod or plahc
being sinly a special ease; finn us it is a very iirrportanl one. He also showed t h at t i le
tun icrumwav e fringing t’Ieid in lime cavity prunduces a contu rruous dislnihuhiurn st h acoushic
sohirces wit h in Ihe pie/.o ut rale nial , hut thrat hineir effect is inctunsequen hial c lnuuupared to
t u e de lta ’functiu mn’ like htulk.wave sumunce created at t ire end face.

Rep lacenrr emr l of time vo luhrletn ic piet imelectrie driving stress by tine suntace lumrc t uig
equivalent was fru itfuhh y app lied by hlm nlland ? 3 M 1 to a vaniehy ofcerammric vihnalou
pnimh leurrs i ul ’ ’ si lving cuntunp le x cuuntl gurat iunns. Tratns ieurt pru,hleuunr , wherein t h e  surl ace
fumrcing effect shitiws up most pronnninenit lv , were further considered by Redw,mod I3~1 -

an d Peierson anmd Rosen 140 ? .
1)inecl piez irelectr ic ex cuta h ion of surface waves by an array sub itr l end igi hah elect nodes

was firsi repmmnned by Wh nitc and Vo ltunen 14i I. As we umren t imnnted earlier , Krairm iiana nan
atrd Re dwo umd 1 1 3 ? applied a hulk turode eq t uiva ienmt circu it ho t h e  descnp himmn s_i l I bos
case . Mi hs mrm m m and Redwmmod 142 ? iimen nr( rdihled the circuit ho lake iu mto acctmun l h u e  facts
t hat time ehec lr ic hield pattern produced by time intendigitah array is ge m uerah lv at a m ~m,n gle
1 mm the interface , and t hral the surface wave disp lacenment paltern heinmg driven by Ihe bleld
‘s t u kewise nei t h e  n whum hly along. nunr m o e nrah ho . I lie direct ionr of propaga t ium n.

Iii 1972 , Mmt ch me lh arid Reilly 4 3 ? deutronstrated that sonic ot thur bulk mode equiva’
lent circuit nurodels that had been applied hun the c hi ara ct eriza i im m m m of surtace wave produc’
Iuu ,nr in puetum electn ic devices were exactly equtvalem it Ii, a “~ - fumnci iont ” model of lransduc-
t iu i nm . w h iereevery electrode inn the array is repre semmted 1w one or rurone siunnp lc . unr depeurdc mrb .
su uunmd ss l i i nces . The si iu la ce wave generatioru by Ihue structure is deteru ritnied by addim ug

¶
‘SI

~

: i

~

T 1 _•T: ~~~~~~~~ ,~~, - - .-- ~~~~~~~~~~



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.- - -

~~~~

--

~~~~~~~

- , - --

~~~~~~~~

-.-

~~

-

~~~~

-—— .

NETWORKS FOR ACOUSTIC WA VES 603

the waves prs mduc cd t ry t h e  sir pa late sumurces. 11w equus’a lerlh souiud sources blase been

placed by dut ’te re n r t  au llhio rs at v ariuiui ’s pumsiti uu ius witit u’esps’c i ho Ills’ arra y’ tn lge nv _ hu n ami

arn ;my iv ithi hew bim uge rs it appears that the devIce perborut ia iice s ittuu la ied by t ime uruode l is
re lativ ely iulseunsi t se to the placem mi etn l oh the siuundes. 1 h e y  iravs- al t l mmm e s bec ’ui Isicated at

time cer l le n mt ulte electrode gap amid at tire ceniler s i t  h u e  elecu t side blnigers. As slated inn

1 1 3 ? , h ire source ’s are lumc ated at tile electrode edges ri their iiiodel. We shal l bind hhal

t h i s  location corresponds nmost closel y with t h e  physics aiid sh all arranige our analog

rrenwor k schet iran ic sum hhai the network places tire cx d ihat ion n al t h e  e iec uru de edges.
ilav imng considered briefly acoustic waves in crysha ll imre immedia . arid nIle niechianical

ari d pieiuieheetnic t rue lii ui’s t imat exist at hmrundaries . we ho w pass i sr i t i  t h e  ne hwor k
re piesetiha ilons tm f varkmus structural c unr hb igura hiumns amid iuuodul ly ’pcs Ibla h describe dev ises

,uru .ina luug b asliiumn

II. QUASiSTAT IC NETWORKS OF THiCKNESS -MODE PLATES

A. ln.Line (Thic kness ) Excitation
‘time arb iira i lv anisotropuc piezirelectri c pla hc , covered us thu pe rlechl\  cuuuiduc limi g

elect nodes , and e xecutirr g mlrotiuun varying urirly in tIne hhu t c k t n e ss directIon , wa s consi dered

h~ I.uwso nr 4 4 ? .  ami d analyzed exact l y h~ 
‘hiershern 1 32 ? .  lbs results were t e s _’ast in lm170

by \‘.inmada annd Niizeki (45 ( , using a n&nr mnr a l-c ou urd im rahe trat ishorr nia l iumi i , as was Ilisi

initrumduced 6mr such pru hlems by Basni 46? - Neiwork reali,.a l,mrn umb h Ile plahe um m urm ihl ar nc e

was h hien uthtai nied by Onoe (4 7? usinrg three circuits 1 mb the Masm umi type (S I - i t t  parallel.
Inn Fig. I we slmulw the ex adm auna lslg uneh wumrk nea hid’ h u l l  s_t b Bal latin, Berlonu. amid Tamu n ir

115. 16 . 3 II - s iruip libied fumr mite case where unnly a surrg le liu icknnes ’s iunsmd e l’s piezoelect ri
cal l’s driveun. The network is supent rr rps i’sed upurnr an exp kmde d s less ob air ehectr uided

crys lu l  plate to enrphasizo hire plac enrrent of mire n egative capacita nce aind tire p;e/i ieiechrid

dr ive transhoninters at line plate boundaries, rite nrega hhve capac itance is intru mduced by
hire pietoelectric reaction of the ehecuric field produced by mire ac umu stic waves upon tine
electric tleld dnivimng t u e  plate vibration; it is characie nistuc smf m rn . h irme excilu lioun. hr r t h e

figtlre the electrodes are assuitued It) be perfecl citnducRmrs w t r b u  no e lasmic properties . hum
unIv luturpe d surface unmass. The lumped iruductors and piezu.mtnansfmur n rrers nepreseu rt ,

res pectivel y , delta- funchions unf inertial and piezumele ct nic surbace I na dtl um nr . Time absence sit

ehechnode t i t u s ’s  leads tum impusitkn n of short circuit s at tine six rniesinanuca l puinls. Wile ut

more general nrechtau nicai boundary conditi umm rs are applied, a mec inamnical hmundary Item-
wumrk , eminv isting of intcre umn neeted ideal transt i irnu icrs ( 3 11 .  us required. i’icisie lec lb uc
exciiat ion muf all hiu nee nbnickne ’s modes uu h the pla te us repre seurted by ah ladin imng pie/u.

trans fu mrnrers ho tire sit her I ran’ ,iuuis ’su u ln lines inn a luta lmt le r identueah m um t lia I shown , ari d

eum mrnec hi tt g lire I innee p rr iran es at eac h stir lace itt t aralle i Pie to rn ’s ra him ms are propu mm-
t imt nal to tine pieioelechric cm mn s hants referred hum tine nurtmma l ci s i i ndiu m aies . Observe t imat
the piezo tra urstunru nnen dots arc oppumsihel y placed at mime Iwo ‘surbaces . ihm us Is hire cI rcUll
tttan ifesiahion of tire polar nature unf Ilue piezuiehec lnic e bbe d

• l.a c lm acti ushic transnnlissiumn line suppmirus mim ic lb tIme m buree c imara c teri sluc uuiodes oh ilue

• sys ietbr . In general , t he line paramrreters are unequal. Ahthnumug im drawn w l t i m  miie conuvemr-
tionah Circuit symbol for convenience . time siuunt capac itm ur pia mes helumtig. oh course , at mine

electrodes; lhrough the capacitor tluiws tIne dielectric disp laccmn eimh curreflh , winihe the

piezoelectr i c polarutation current fhnws thmroug im t im e Iwum wire s cmm nnedhin g mh i e pie/u-
tra nsformer primaries in parallel . When hire hut undam y -hu mad i th gs i t r i  tine plate surfaces are

¶
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t ig I. I~’sphodcd s_ mew iii a s  r~ sia l plate v. itti uiiass5 ehesuuumde s I he piale suppuiuts ihnee thiui kness
nmiu.mdes mmh which mine is shown pme iumu’hes unical l ~ driven in mliv’ equ mvalenu iihv’chnca l netsu irk super-
itripimsed. Oh pin is uhar iunpumrhj nse is Ihue isw a mis in uih nhme piezuxi ruve t ransl utn irme rs am rIm e surfaces si t
ihe plate: rh iey c um rres pmm nd Is , sun lass ’ t r,us iimm n’s driving the nmumt u unm

non equal , hhue unm hahannce simumws up ru time difference inn pmu lanza imon curreni carried by
Ihe two w ires .

‘ru e nre t w om r k sib Fig. I is ann exact an alog tb uhie pimys ica l smmua t uumr t SumMnng mire l i s t -
wor k hum determine the hrauts u in issi umnu-i unne v mhta ges , and umtimen quantu hies at an’. value im f
t h e  iii Ic kil c’s ’s cu ordmnate . ami d linen hna its lat iuig niue~ in to t lie cuirnespm~ri dunig ph lv s t cal
qtiat il mIles . leld ’s e xach h y t ue sa utne resuil I as suuhv itm g t hue e hedn roehas hic plat e Insihlert m ; liii ’
tie rwumr k rnrahciues I hue pbly ’ sic.s am s_ v e r y ’  lrmiir u m w iii tu nu the hulk atIll at time humuridaru es. Vi
will ‘sI li iw in I he sequel than it also provides time basis bi t t  mite uietwutrk m I d  pret aI im mun s ib

numuiher of oth er pue itma dm uushi c pnsthlennis . Th is is because tile cireuin co itipon uet its
individually admit mmf phiy sicul nm n me r pret a l i mu tu s because uuf 11w unranner we h ave dispumsur d
t h u e m r m r u time sc he nma hic - .

‘5 I lime rigin I .lramtd si de itt I lie Ii gu re is time fu uu r’e lemmmen t Huh re rwu in m Ii. V.ui t I )~ kc ill cui
I, 3 ( ,  h ue car hies i net work re pres e nla h iuut t .

B. Cross ed’Field (Lateral) Excitation
Ya mmma da arid \ t t ,e k l  aisim Irea led mlii ’ cnumssed .bield c’xd ita llu t mi of arbit rarily a u i i s s s t t  opts

pie/i s e lect  nlc ph me’s ~nt I Ihic knes’s tirudes (4
~ ? ;  10 (I nns is’ l’s dt ue I he cimcu iit meali,.aiuoir mml

t hiei t r c , ~il t ’ s  u’s imr g \ t _ l s o t l ’ t ’. Ii’-’ uls ’lw ’ o tks  —1 7 ? .
( i ii  rs’’s~x ini dit ig t im l ime ur u n—l i ne  m t h :i 59! re[irese fl tah iui ii , Hallaio . Bm_’ ni u mt u an n d 1 au iuir

I 6 , I (~( gave tu e cns is ’se d .bi eh d :una lumg ne twm mrk ‘sI ls iw It iii F 9! 2 . as specialized rum Ills’ case
• sib  .m s itm g le piezoe lectru caily driven t utmm d c ’ : i t is ’ l lu ’ sis ti s ib  h ue  (mille r us 0 num t mde s in lime gc’nnera l

si l lu ahu (m n t , t l l ow ’ s  flue dlss ’ ussi i m nl  biur  hI t s ’ inu . l ur mt ’ s ,ism~ .u hut ve liii ’ c l ns ’uil resu lt us im htai t t c ’d
uu t n mh i e ass uuuupmt im l h ihial time plate is it r t r s ’t i by a ‘s~i,ii t :m l l y e tn sl at i t  e le cb r i c  h eld lateral Ii,
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CRYSTAL PLATE

Z , K
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QUAS ISTAT iC
LATERAL EXCiTA T iON
—~~~~---~~

I’ ig. 2. Anatog, quasisiat ic hransmission-hine nehwork Ion a single, piezoe lectnic ahhy driven. hbiickne ss
mode ‘t he driving field is kuheral to Ihe phahe sur face , conrespumnding ho cnuisse d-f ield s”sc ilahnon,
Traction-free mechanical boundary conditions are represented by Ow chu rl circuits ar (‘I) and 1 . 1

time plate surfa ces. This leads to the luiniped capacihor with orientation simown ; it repre.
senhs the dielectric effect of the applied field along a unit distance of the crystal. The
capacitor plahes simould extend across the plahe thickness and be separated by one unil
of lenghin. h owever, that the plate motion in the quasishahic appnurxiuu ratm onn is nnoh an
exact  simlut ion is evident by Ihe fact that tire plate waves produce an electr i c blend cont-
pmmnen t in the thickness direction, which contradicts the boundary conditions on the
ca paeihor plates. We will return to this point in cirnneclion wihh Mindhin ’s problem in
Section V.A ,

TIre transmission line in Fig, 2, and the remaining two not shown , are identical ho
those in Fig. I in their parameters. As far as the acoustic modes are concerned. hohln
pruthleirrs are ihe same. Time differences occur in tire orientation and perm hnihhiv ily of the
sh uirh capacihance . the presence or absence of the negative capac itance . and hire piezo-
elechr ic constants entering the transformer hum s ratios; hire cross-field piezoconstaurts are
likewise referred ho the normal coordinates. Sirown in fire figure are shorl c ircui hs at tine
two nmechanica l ports , repr esenting hraction.free boundaries. hun general situahhm ns time
mec imanical humundary netwu rk 131 ? is required.

C. Composite Excitation
F\ct hat ism n u I  a piezoelecirie ‘s t r udmi i re  by an e lect r imde arrangement producing a

• cm un mm posiie lucid neiihrer aluung nimn troritmal ho line din ec i immnr (if wave propaganion ts an
mu n icres h in g pnuth len r posed by Redwood 14°?. In u mt u r nehwtm rks t lte sihtiahion wouhd he
nrnur dehed app niix ituuate ly by at haching. iu tire thurec nmoda l t ransnrission hinres. eiedlnica l
un pul net works of the I s_ pc ’s in Fmgtires I and 2. Each t ranshi riss iumn lit re has alhach ned. lu m

r
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606 OPTICAL AND ACOUSTICAL MICRO-ELECTRONICS

eac h end, t hree sources oh traehiot l : the nrnechanical boundary network ( u n  shmorl ci rcuit
in tire Irachlofl .free case ) , anid , in series w ithu ii , fl ue series cuun nection of Iwo pie/u -
t ram ishorme ts , otre fun eac h hype umf exe ut a hii m n. Th ese lead 11ff ho the shiuml u capacuho r
oriennied a lumtig time plate f u n lime cntmssed .ilehd conrrponeni , anrd tuu iregahive arid S iIUflI
capacitors tom the inu.line hleld curnurponent. Additiotrally, h u e  mwo electric al ports would
he ctm nrn uected togelhien by a capacihive lahiice , in parallel with tine crystal equivalenl
circuit , to ues’ounui for the s’ls’c irostat ic coupling between lime electrod e systennis.

III. QUASISTATIC NETWORKS FOR SURFACE WAVES

Piez me lechr uc iractuons are proportional ho eleciric field strength, For surface wave
produchiorr by iruherdmg m na l arrays , t he hleld shrength is largest at time electrode edge s (50 .
$1 ( . The electric field graduerit . which yields t he force-densily, is likewise largest at the
edges , and has been approxi m ated by ~‘function sources by Tancrell and Hollaird (5 2 J .
Time piezotramisformers presenled iii corunlec hlon with Figs. I and 2 exert finite tract ions
huh h ave no spahia l c-xhenh ; lucy correspond exacn l y to s-functions of force-density. By
arraumging mhe single ttuode circuit discussed in Section II so thrat tire transmission lines
coincide w ih h the directuon of surface wave propagation , t he piezodnive ho coincide with
tire electrode edges, as shown in Fig. 3, we account for the principal features arising
front the physics of the structure. T u e eleclrode and gap region s h ave been provided
wit h separate transmission-line sections to account born the velocity amid acoustic im-
pedance differences in t he two regions. Arrows along hhe center of the figure are
symboluc of the forces produced by the piezottansformems; they alternate on cO Iner side
of a gap as indicated by t he Iransfornmer dots , and fro mtt gap mu gap by the changing
electrode polarities.

Intere lectrod e dielectric displacement curren t flows through the shunt capacitors
arranged in t he figure to span the gaps, while the piezoelectmic polarization current carried

,, , I
i. I I Z 1 I Z 1%5 i I KS p KS

$ + II

+ 4 ‘4
——  — - I • ——  p — p ~~~~~~~~I S

~fl 
-

PIEZO€LEC’h’NiC DIEI.ECTRIC TOTAL
POt.ARIZAT iOtp DISPLACEMENT ELECTRIC
CURRENT CURRENT CURRENT

F ug. 3. Anahu ig tnans nruiss i u ,nm-hine network for s u r tacs - wave ge rmcr at mu~m by i n terdi e u uah eh ectru r d es.
Ehe cun uc fi eld strength peaks am the elec trode edges , so the dr ive tna nsfo rn nenc are hoc aled there Nol
s humwn are mechanical diss’ on hinuiuy networks , a tsut hur ca led UI hhe electrode ed ges . Iham nmmumdet the
pnmmduchion uuf hiuhk modes ,

¼
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* 
by the wave motion ilows in the wires interconnecting t u e  trans hon mm uer pni mmuaries. Shown
in the figure is the electrical input circuit for the in-line case . which in cludes a negative
capacitor. Provisiorn is niade for t he inadequacy of tin s repre senta hiom n ( 53 — 5 5( , by in-
corporating time factor m, as introduced by Milsom um and Redwosmd ( 4 2 ? .  Alte niratuvel y.
one mnnay use a co nmmhx )site fo mmnn for t ine electrical input , using boh r cross’fieid and in-line
type s, wit ir piezsntrat isfomri miers in series and a capacitive lattice , as described in Sec nmomn
II.C. The conrpuhahional comp lexity associated with suehm a network will a lnrums l never
justify its use , so t imat Milsomni and Redwood’ s msmdit ’icat h mmn appears . form many siluahuot us ,
t ime best connipromise.

The Irantsm lmiss ioit line associat ed w ith eacir region Ira’s assiuciated wu h hu it ve chs m r mmmod e
functions Iha t describe hhe part icular nnrodal hype supported by tine pirvsica l structure
(28 ( . so that the various types of surface and interface waves can he unruude led by lime

same circuih configuratknn.
mi Fig. 3 we have placed at the electrode edges only the puezotransfort nrers. Am any

disconhinuihy, suchr as that at t he edges , bulk-mode conversio nm immust take place: a stri d er
analog network ta kes t h is fact into account by placing in series wit h time piezotrans-
fomnners an interface network consisting of mechanical transfomnuers attacim ed tu m trans-
nnission lines nomnra l to the interface , representing tire bulk wave nu i u m h i s mnns.

IV. CAVITY EXCITATION OF BULK MODES

Single-ended excitation of bulk waves by a nnicrowave cavity field nray be described
in circuit fomnn by a sinnmp le nriodification of our netw s_ mrks ; historuca l hack gromuird of thus
problem hras been giverr prevkrush y in Sechissn I D. (‘onsider tine expe nuu irenta l arran rge ’
meni of Figure 4. A piezoelectric crystal is used as a transducer ; it is hounded tin a ru m-
piezoelectric crystal in w hich it is desired to propagate acoustic’ waves . ~ s’ sh ow, in Fig.

5 , tIne analog iretwork represenhation. In tire nonpiezoelectric crysmal the t hmnee hypes mit

acoustic plane waves capable of propagating along the axIs (laheral b mundammes neglected ) .

RI’ t ut iuN t IuitCulD t CNiI tt

p iu i nu:uct t i c
- ~~~ . —~

“ CR IS tIL

~‘ 
‘
~,//‘/‘ 

/

n4

~~~~

N ~~~~

/// //~~//
Fig. 4 . Sehema~ c oh apparahus for bulk acous hic wave produ ci mon by ca v i t s  field , the p i e /s i c l e c t r i s

cr ysuat end face is placed in a region of high field strength: hhis drops off along Ihe lenghh s ub Ihe

urancducer. Bonded to hhe transducer is a second cnystal in which il ls desired no propagal e a e s , u ms um c

waves.
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T R A C t I O N  - P)( 1011 Ed ~:C M E C H A N I C A L  NON P IELO I L E C TRI C
FR E E C AI S I AL INIERF AC E CR Y S T A L

SUR FACE I IN EDIU N ONE ) M El WORK ( MEDIUM IWO )
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APPLIED C A V I T Y  F IELD
A l FREE SURFACE

t ’ i g . 5. Nenwork desc ni pti um n of ih u e situahiu m depicied in I igure 4. rhie abrupi discontinui my in pie / us-
rIcer n c  sss n sd i n t  smcs ’iunring ul th ue end fade is msrdeled by the ptaeemneni of piezour’a nsfon turc ’ rs there.
t hese are net ’s’rred his electr i c lucId sinengu hu inst ead umf pouenu a t. ‘ t h r e e  plane-wave ur ism uhes arc’ pruip.
agate d l ’ rutm t he end ace uutwzmrd lie securnul rysual. Au ihe interlace . wehded -co ntac m bimundarY
cut nd i ti uiri s are nepr esenm ed ( is it ue u l ir ee-d inmensi um na l uirec liani ca l in lenfa ce network shown, ‘this eumn-
v e n t s  beiweeni mIt e variables perm inenu hut mIme three chanaeherish ic modes in each nrediutn,

are mode led by hitree t ransmu nission linues h aving apprompriahe parameters. Time ju rn d mi oi rm si t
t he tw o m crystals is zuccou nmied for by a inuechranica l horundary network inherdunncdh ittg
time i lunee mmrorda l lines from ni eacir side ( 3 1 J ;  it consists of an interconnected asse ri rh l iii

ideal iransforiumers wihir turns ratioms given by t ire conmmponen hs of tire eigenvechumrs
pertinent mu lime th ree modes in each crystal. referred to ) a conrnimon , laboratory cox urdin raic
syste nn.

At the end lace of the transduce r crystal, t he mechanical traction-fre e c mnditi um n

• appears in h ire sc ime rrratic as sinort circuits; placed hr series wi h im t lrese are time pie/unirans.
forme ns , just as they appear in Fig. 1 at bumthn stirfaces for the plate. Now . irowever .
t hree changes are required: tIre inherconnedhions umf lime piezotranst’umnners between
humunda nics . and t h e  lumped capacitors are suppressed; also , t he piezolransformmrer rah u um s

- . are reherred to surfa ce electric ileld strength at the boundary rather tinan hu n applied
potentia l between surfaces. Timese alhera hi tmn s ft hlow from the nehworrk of Fig. I upon

K,
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lett inig t hue plate th u uck uiess grouw wit hunut honunid . anrd recogirui.uiig t h a  I h lie piei.uul mac n ion s
at t h e  second surface ire rep laced nmonw by a conlimluous dist ribuhiumi oh s ul u itces itt t h e
iranisducer cnysha l . Tluis cs si u ies absuul m r  hu e  cavi ly case because ol l u i t i g i t ig  c O c c i ’ s ,  since

hIre h eld is foul uIui fo nmu u w ith inn the cryshal , boil Irails u f f  ho a low value as ihe outside ouf
t h e  cavi ly is apprutac hied. Jacunhsemi ’s analysis arid exp enu unients h ave shiu.uwmi (37 (  th at Ike
s patial distributions of somurces prouduces an itsconssequet rtial ef fect connrpated to the si tog le
huuu iped ssiii rde ah lime disco nhinuihy prumduced by tine end h:uce . lhre su ni oil t lie cu u n u ni nr uous
‘sou uirce ’s is equal iii smneng hit to the h unnped source wlnichm would be prouduced al tIne secomn id
hs iumidary if ihe field was unih’ort mr , hut distribuhiour in space leads iii an imrcobnerence t inat
d c ’ s l i s i v ’ s  mIte ch ’fec iiveness of these ss uo urce s , amid ho t heir subsequent neglech.

h um Fig. 5 t u e  eqou ivalenu h circui t for excila l iunfi by a single field comm rponenl is given.
Wh lern the field uuiakes an arhihrary aingle with the cryslal end face, a comhiiiiaiuitn ouf
crumssed-bl eld annd im m-l imne excitation resulls; iii Ihe nnehwork Ike resu llann exc Iiat uu mn appears
as nh uree pie/c thrauns kmni nre rs in series wih in each nnodah transurnission line. one mransfornner
f m r eac h field cotm mtp utr e m nl . T h e effec tive piezoe lectr ic consnanhs contained in t h e  turnn s
rah iu,s are tine omnes nhna l arise fror m nn t Ine correspondiung t h ickness mmnode plate prutb leutu.
W he n t h e  end face mif ihe hi’ans ducen is fbI tree of munechnanica l ~radIusirn , a bouttdary
cutu plinig nuehwork has addihiornall y ton be placed thuene , instead of t Ire sh ort circuits , and
has t h e  d ied unf turthrer coup linng t h e  lransuiuission liuics momgemher . Th ese ntehw utrk re ’suli ’s
are described furtirer in (56( and accord cunniup lehel y wiihn line r nea lin memut omf cavity
e xcihal ion given by Lututh and Rich ter 157] -

V. PIEZOELECTROMAGNETIC V IBRATIONS OF
THIC KNESS-MODE PLATES

t n 10)40) . Kyans e ~5t~ treated the pcoblen~’s of wave propagation (is an irofims(’,e medium
w here buIlt tire acotishic and elect nornnagnetic eh iec ls are coup led h’s piezoelect n icit ’s . TIme
h ineunry Inc developed incorporates the full Maxwell’ s e quahiunns. aurd predicis five plane
waves , tirree of which become time acoustic urnoudes, inn h ue  absen tee sub pie ioe lech nmctty.
while the reirraining two beconre t he usual electror niagnemic wave ’s. Siur nilan anal yses were
carried out by Pailloux (59 1 in 19 58. and Alda . h1ru~ka, and Tich~ (60? in 1963.

Tiems len (61 1 investigated the ra diahion arid conint lnetnient sif elechnom mnl aguretic energy
acconnipanying t he oscillation of piezoe lechric crysta l plales u n  1970 . He foumnd thrat mn
t ime quasislatic approximation (speed of highh infiu nihe) Ilue crysial plane does not nadiahe
e lect ronragne hic energy. An exact solution for tire coup led ac sn ush ic amnd elec nnor nia~ ietuc
fields in rotated V-cut quartz plates was reported by Mindlin in 1973 62 ? - In nbre
fmr hlowing we will indicate m ow Mindhin ’s solutioir resolves Ihe cu mmrtrad ic i io i i i than arose umi
connection with t he cr rssed-fie ld excilation in Sechioin 11.13. and give tIre cstnnrp lehe ana lumg
networ k form a piezoe lectro mnnagnetic plate vibrator.

A. Mind lin’s Problem

Mindlin ctm nsidered the pure-shre ar mh mickness urnode of a rumta led V-cut quarh t plate

• hingether wit h its coup ling hun t he elechrorma~~ ch ic field via the piefunelec hnic e ffect. Witit
n ine plate uuno hiu mn driven by specified mecirairical Inac hions at Ibre surfaces. h is  nugtnrous
smn lutiotn predicts t hn~iI lire plate radiales e lcchr onnnagnetic energy, and hbna l lIne elec une
lleld lateral t i m hire boundary surfaces of the plane is a furnct iom n unf tire plahe t h u d s  ti es ’s
c ii umrd in ua le. Th u s situation cumrr espu mr rds t o m t u e  case of lateral, inn crossed-fi eld excuta h ion

~~~~~~
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* CNYSTAL PLATE

p

Z 0 ,K~

ACO USTiC I~OOE •

_  

~~~~~~ 
_

EL EC I RON A ia NE I uc
MOOt

LATERAL EX C I T A T I O N

Fig. 6. Ass, i ( s s~ ran s tt iu ss isu n-l i ne network corresponding to 1- i g. 2 w h e r e  now the qua s ismatuc con-
str aini us relaxed and Maxwe ll ’ s equatis ins are cut up toyed. TIre stat ic capacitor of t”ig. 2 represents
ihe lowest-order approximiiaiion to she quasielecinonuagnetie mode transm issis in line. Pieesicuiup ting
us represented by uhe boundary transl’onunners: itme plate is mechanically trach is in-f ree. and coated ~ m t hi
a pc rfec i unmagne hic esinducior 10 prevent radiation,

of lb icknress triodes wlnerc only one urrode is coup led by a piezoelectnic cornst ant . bul
wlmere t h e  laleral 4’ield is not conns mrained to be constanh across tine mhickness. Figure 2
shows time cruissed-field quasislahic mnetwonk in the absennce sif urrecimanical l ract isuns, as
undicahed by t he short circuits acrs rss tire nnnecinanica l points al CD and EF. Renaim nirng the
full Maxwell’ s equations leads to rep lacement of she capacisol by a transmission line,
as shown in Fig. 6. and to m :ltu electric field in time lateral direciion Ihat varies wi hi m t h e
n inickness curonrdinate.

The two tr ansmission lines of Fig. 6 nepresen h Ihe norma l modes of tine coup led
‘s y s t e t i r ’  one quasiacouslic mrrode , wit h velocity of propagahion very close to tinat of the
line in Fig. 2 . and one quasielechronnna~ iehic nnode . wit ln celocihy very close to hIral s f
hi gin t in lIne crystal  in tine absence of Ihe piezoelectric e ffect. In Fig. 6 the mecitanical
psrmhs are shrt rrt circuited, and h u e  plate surt ’aces considered to be co na hed wit h a perfect
magnetic conductor (63( - having no innertia l or elastic properties. l’hiis provides internal
ret lect ui rn of Ihe wnupled nrodes of tire p late, and no madiatio rn of eleclromagne hic energy
lIm It Ike surruuunding space. The piezotransforn iers are placed at line discuin nir niulty pro-
duced by t ime h munding surfaces of the plahe in tIn s chraracteristic -nrode representation:
alternativel y, t ime transmission lines could be considered ho be comup led continuous ly alorng
Ilneir length it t a coup led-mumde representation (64 ? .

• More general boundary conditions are accommodated by attaching to tire two irans-
uruus ’ s lsuul  lines uuf Fig. 6. w hich represen h the system chraracher is h ic rnnodes . a boundary’
nehw um r k. Because only a single acoustic nio de and a single optica l nrode are being

~

. . ~~~~~~~~~~~~~~~~~~~~ ‘~:_ _i~~~~ ~~~~~~~~~~~~~~~~~~~
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~~~~~~AL PLATE

:i~
II
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~ Z I R u

ACOUSTIC MODE

:~ : 
Z 2

ELECTROMAGNETIC
MODE

LAT ERAL
EXCITATION 

- .

i- ic. 7 . Pi eissele ctn s irt i .mgu ret mc analog T u e l a i r k  w i t  lu pnussis iumui s it  general his iunuj urs esund ini uns , -St
eac h sunh’ace u ric port repre~en is niecluanucal ,suid s l i C e  IC Ii srsl. ueue I K hsru uidar ’s qua sri i es - I lie
itan s fsinmer lurns ratios are i hue csuut iponeti us of u hue elect s vee t s r  s of ihue plate iii des

ci in ‘sis lered nuiw , t Ine ne hw mm rk required is o ne  I hat describes a hwo-di nuiemnsiom nal nolahion ouf
c i o s u rd i t o : o lcs (6 5 (

Figure 7 nisudels lIne timbre general si tua hior n. Al one port on each side , say (‘D arid I’ I.
.ippe,i~ ’s t h e  ‘set  umf purely m echanical variables, lorcc anu d particle v e l i s c i t ’ s  - wh ile an nine
o t h e r  port sun each side. Gil arid Ii . t ire pt ir el ’s elec hrounnagnre hic variables appear . Tine
turns nal ios of tIne m nansf unnuu te rs are :og:i t o lire cu nrt rpot lenn is orf tIne eigcnvec tuir ’ I bna i are
;u ppnuipniate I s s  tIne dIt :ur ~ieis ’ r i ’ s t i c utrode te presenta l ioun. h4e cause s sl  the d o ’ s p : u t i ty  rut ’ hue
ve loci hies u I  t i te nwo ii iss d c ’s (rat ion of sirder 10 1) anrd tIne sunual lness s i t  t h e  p i c /utc i echn ic
cou pling in roost unr ameria ls . including q uia nt ’.. ihte turns ratiuns will he n early unity- (quasi .
acous mic uuuomde to m ech anical point: qiias ieledl notn nagr neh ic nrode lb uipm ical ps rnt I. on se t ’ s
suura ll I quasiacoustie nuiode 1st uiptica l port : quasie lec lro iiiuagne lid nnnumde t o m nunec hnanical
port I

Mimi dl mm ‘s s s ived tine prsih lenuu ms Irene I hue per led iii a~ r ch ic csr unduc I sir us absen n I rsi tt i

hue plate boundaries :utud unnec hua un ica l t r:ic~ I ll’s are app lied lui tIne stint :uce ’s I l o i s  is

described by i ’og . 7 by it hadhming sss l t .oge sources tom ilue mu nec i nam u ical puirl’s Cl) and I I aund
) ra t l s t t ’ I s ’ s I ss t l  lines ho time optical ports GIl and Ii: mhuese lin es I e pr e ’ s ru l t  thue e l ect  mut—

ntiag nnenic na duat imu n i etr ii u ted by I hue miscilla h u g  p lale. W lreun the nnechiant ical m ractiurmu
5’ ,It lI’sbi . t h e  huto undary nehw unk tuu:uy he simp lified, as s iiown in Figure ~~. h ere hire h an’s-
t t i l ’ s ’ s i s u t i  l o t t e ’ s  c \ t e u l s l l l r g  ‘noun t he plate t un utolel Ire radiated opmical mt ru mde , I ‘ ss ’ s i t  stan daud
networ k pt sced lures ( Is  ‘se Cl i i  sun and I r:m n’sve I se re su inam ice [28 1 ). leads Iii I lie eq ua is s t o ’ s

it t he res u imua ruces s it  mime s h ruchure  m a s ir :i ig lut f uurwand t m ra n nuner.

• We (nave c mnm nce t th ra ted  umn I hue case wh ere a single acon us lic nnirde i ’s pue~ uue ks. t n uca ih y
cuii i pt”d lo u ,m c l t i g le ui phu ca l mn iuude .\x Kva ne I shuowed , all I RC nu des h ave geloer . u  Ii ’s

ui he c i mmisidered. l’ hie unrdrivcni sl ide ’ s in stur c:ise are s en ’ s suuun p lv re p re s em ir ed. ‘I Ii-
sed sIld t i p ltca l  utiu tde in the ~r’s’ ’ s t .u l trench ’s ’ loins tIne ( r e _ -spac e mu phuca l t t . l t I ’ s I l t i s s i s s t l  line
iut l  C_i ll ‘si de Ii’s a dine d feedt luruio ugl u , w ho le th is ’ I s5is :ueuu usl ic unusudes a te  iii Ienc s innec te d
t i s ee l l t r ’r um n e:us .hi sIde is a w i — s h l t r l r ’ r l s o s s t l a l  m oeiws i rk  oil ’ t h e  t ori oils ’ s- t o inn I ig 7 : it tire

~~ ..i . ~~- - -.  ~~~~~
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FREE BOUNDARY CRYSTA L BOUNDARY FREE
SPACE NETWORK PLATE NETWORK SPACE
- V
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~~~~ Yp , K~ 
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I ’ 21 
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Y 1 • K 1 

~~i$2l ‘I

it . h’ ec u ruuuuuagne tuc-uui e~ luau cal coupling in a nil lamed 5 -cut q uatti. pl.ule wi I Ii I sad Ii- ( lee
luounda rues . St ii hun rIme I5s I.iI sune q u.usias iuust mc ansI sIne 5 usus mu u puu s —,.m I Inside miii i t .sea IC . I Iuci are
piec ume lect n C  a Iii ~‘uu upled an rhie humunda rues ho a single usp u ca l uu ru id e I luau I5” pus - u  Ic’s in free spice

horundarues have not tt iechatuic-a l trachioris. hir e acoustic inisudu r s are cuuuu up leiely urics iup led.
as sln uwn on Fig. I, w it h mliii innductors rep laced by shuorl c ircuils.

In lIne nrm ois t gemneral case - ilue five dim arae hen isti c modes uf tIre plate ate  coup led
huu gdhirir al hire honundary by ihie pietoe lectne effect , aund by innec huat nica l i ract i i s t ls :  tit us
us re preseniled in mre nwu m rk lasiniorn by a tive-dirt iensional roma nioun unf coui ndiu iahes (6 5 ] .
W hen  t loe omrc chuanica l hsu utmdary tra dh is umm s are absent , tIme coupling nemws nrk hon a single
surbac e uu f tine plate reduces ho that given in Figuire 9. h i s  t h e  left . tw u m lin es , re hire.
seu ntu n ig t ime oo phica l utiodes in free space . couple am i lue surt ’ace ho a ll t ’ is ’c quasuacoustic .

p
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quiasis’hs’c t I m iutuagu ie u s ’ miii md c ’s , auud lb s’ac im uniher. ‘lime c m itiphiiig is due I aigel~ ti m pie/mu—

* 
electr icity: if nlns vanishes . t h ree of mime hive hu m us ra l iom s s imo each c ure als u m vanu sh i. ‘l’hie
mh irce ac s musli c ulumm d er ~ :ire th en uuic - uiup hm.’d t ’rum mnu t h e  houiidarv . while t h e  tOs s iup hi cah
numo des no t h e  crystal  Ieu u ua ini cumup led by a iwst .d in rr e mnsuui um a l i ra n ishu m nmuueu c i tcuu u w i t h  rah uu is
invum lvimug periiui hi  ivi lie ’s u m nhy.

W luemn lw m m d r ’ s  ‘s i :ih s aro’ pumi m ned , is iu I’ive .d iuu ienus imuu ia l t r a r nsh uunuu ua t i u mn i  u ie lw u t rks  :mnc
sunn r ply at u achu ed u omge i lien au corn respumund ung pumn Is . ju st as t h e  mr iec hua n i uca I I t i t e r  ( . 0  CC ’ r ich Os i i i  I
sit ’ f ig. 5 h a ’ s  been cunmfle dhed hu m tire t l i ne c— diuiu c t i s ium m m a l c :use . in uui m isi I iu ’ s l a I I c s’s nine
cu ~i i ou ’ s  will he 51 uuu phi h ’ied by- the absence u t  pie iumekc i rid , e last ic ,  :u mmd diek’cn n c  cutu ip lirug
termuns c Inaracherii.ing time Immahe nials used. In ammy and all cases., the ulece s ’ ss i ly mrtodu l ’ica t ui m ns
ann d siniup h it ’icam iinns it ia ’s he pert’umrun ne d wit h ne hs in ive ease. um nnce uunie is ta uuiih i i u r w i t h  limo ’
rietwuirk re presennial h u m s amid gain s itulnule cx ~dl ueu o c e Wi III circuit nuam uipular lO i s .

V I. CONCLUSION

We huave dIsc u ssed equivalent electrical m ne r wu u rks desc nihiuig. mun an am ia log basis. t h e
ope na hiu um n ist poe iuue lec i  rid ‘sI ruchunes nf fouur I vpe ’s. wit h pan uculan e u u up hua ’ s i ’ s  unun t h e
imiec luau n is mu u sit piezoelectnic hra nmsdu cm i uumu. ‘l’Ioe arra lu ig rnu,’twor k nepresc t mtami o u n us cu mrnelate
closely wi t h tIle correspsnnnding ph ysics inrvo lved. T he nmtost disn inetive feature umf tim e h e w
re presetulahiours is t Ime sp hitl imrg up oh hire pieiudnive transf i,mimner into pa ix annd ihieir
re munova l to mIme disciurn ti n ui ties of the st ruc ho nes.

i- sir t h e  ca~es III tine th nick uiess m odes of crystal  Inhales . wit h either cunup ling t u l  t lni
Maxwell fields sir in Ihie qlm :osl ’s l so t ic negirune . t Ine pie/sit ranst srnt t t ers are Is icated at tine plane
surt ’aces . whole inn tIne case o rf surt ’ace wave exci tat ion by inhendigima l h’immgers . ihe pie/un-
drive is locate d at the elec umunde ed ges . EXciha hii nn of hulk w:uve’s h’s a iui i cr ssw :uve c a s u t ’ s
field requires placeu mrent ot lime piezotran sts mrmurer s only at lIme end faes’ of time tra n sducer:
t he smnnall field gradie unl wi nhu irn lime tnaunsducer c r ys la l  produces a cs u m iturnuu i us d is t ui huhusmn
urf sourc es wIn ch is nneg higiblc couttipared ho ui mat am lIme end ‘ace ,

App hica iiu u m n of ana Isug netwourks t om Ilnese diverse sit uam m m i ’s t r i l l  ui up One 501111 lam l Ie ’ s iii
tine piezuelech nc  cxcii am io m n . annd shusiws him mw munatch ni u ig m lie nehw um nk iu the pbi’s ’ ’s I s ’s Ilti a
poin h-for.puituh basis peniuni ls exp hs i i l u ng a huihditug —hl um ck apprumac lu I sm di nc ouuI re pres ui rum a-
i iumns uu t mnove l piezuuacuiustic st nudu Lures and device ’s It alsum al humw ’ s :uco ’ui 1:11 e mtv e ’ st  igat ions
oh’ res psnnse in I Inc hi nrc du mnruain.
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