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- ABSTRACT

This report presents an overview of the principles of sutface~wave..

‘devices important in signal -processing applications.  The fundamental properties

of surface-waves are reviewed and currently practical components for use in radar

systems, spread-spectrum communications systems, and bandpass filtering are

described.: The main emphasis is on dispersive and non-dispersive delay lines, . |

devices. for generating and detecting variouis' wavéforms, and mefhods_For_genera-‘-
ting and detecting fixed and prograﬁmhob‘ebiphas’e codes. The discussion of new

devices includes multistrip couplers; oscillators, long delay lines, surface-wave - -

convolvers and amplifiers, reflective array structures, and devices using overlay .

" films. _' The properties of substrate materials and current fabrication methods of

importance in' device design are covered in considerable detail.  Performance
specifications of current operational components are included throughout the |

report,

It is concluded that surface-wave devices have already found many
applications because of their size, cost-effectiveness, and reliability; larger
scale applic.'afion's will come as systems engineers become sufficiently familiar with

these devices and their potential to incorporate them .into operational designs.
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1. INTRODUCTION

The intent of this report is to provide the radar and c;immuni;:qtioﬁ
system designer with.an qverview oF-fhé Fundam‘en”»i'al ».bo‘pbe'mfingifne;Hdn’fﬁms- of
surFace—wlave Vdevices, their realizable pperafin’g c‘:haracferjisi':i'cs'dh.d‘ their 'imifd- ,
tions. It appears tl‘ndf surface-wave device; wili play a smal | l.ou't important role in»I
various bal;f;c, of a variety of commuljica’rion :sysferr.ls,. but that these d_evicés will.

usually be integrated into subsystems rather than purchased as a liné_bf discrete -

- components. Thus the non=specialist in surface-wave components is l:ik\ely to be

more involved in fHe understaﬁdiﬁg of ’rheh.'vprihciples than he w_o_uid be if he were
se|ecfing. pre—p‘qckaged standard components:  To this e.h'.d.fh"e' report ‘flr.ies; to dis-
cuss most oi’ fhé_aspc»a,csts‘of Surface—Waye teclhn_qlogvy which. :qr_e of current importance
or pgfem‘ia[ usefulness. = The discuséidn ls rather c‘urs‘o,r)ﬁih.rﬁvqny‘plqces,' oF._
necessity because of space reSfrigﬁm‘s‘:bu’r more imb,orfqnf.beéauge oF the, philo’sqphy

of attempting only to provide the systems engineer with a conceptual outline of the

significant ideas and order of magnitude  estimates of the currently available performance

parameters along with a réqsonqble_biBliog_raphy from which fhe dé_fcniled

characteristics can be sought.

The authors redif_zé fEcn‘ i’rvi.s. very unwise for éngfnéérst‘clor’lcé»rned with
cbrri.p'o:hén’r;s‘ to pr‘é.s‘ur:n'e that ev:ery new deglicie. has a s;ygtgm apﬁli't:a’rioﬁ'l an d- wé have
tried to qv.oidf'f‘his‘ ':'solufi_ro:ns -= seeking - ‘prc;.l:;l_clams.'{ syndromeandres’rrrc’r’rhe ‘
discussion to cbhcﬁep'té"ahd{campqnen’rs which have at least been ébnéidé"re':d for

system use..




Outline of Report

As noted befofe, this repof‘r is intended as an overview of the principle'sv
of surche—wq\/e devices and of the realizable qhqracfgriﬁﬁcé Qseful Fo’rAsys‘rem'
' qpplic‘aﬁoné{ While it is désvifqblé‘ for confinuity to read fh‘rtsugh"fhejgihqpfers :
sUccessive]y, the reudgr Will find that an ,qfte'rn'p} hqs. been made ‘rqvke‘éﬁ the
| chqpt‘e'rs somewhat independent so ‘rhdf h’é ‘neéd oh’_l)‘/ consult those sections of‘ :
in‘rergsf fé Eim.

Ref_,erences from whic‘h_ more de’fdils. concerning-pqrfic;ul_qr componen‘rzs .

can Be obfqined: qre:sminkyled Iiberglly through the text qn_gi in A‘ppend.il)'(v 1| a

short ggide to fhei‘l‘iterqwre is‘proVic_i'ed_whivch indi_,cqu; fh'e.'key"pqpers m the

d‘i‘fferenvqul.jeqs. The bibliogr:q'ph)(."isv gu'iAtg:egtensivé, buf it was decided to
,-r_esfr'ic:‘r it to papers and repérf,s of d‘i_recf‘releyqnc'e_ to n"Ile_e_l;i;Q.l in this report.

__’The’ cenfruleconcepté fpf d_evi_cev,qpplicqtibnls_ o_‘f' ;surfu_c;e waves are corn-
féihed in Chépfers i o‘md‘ HI  which .are con‘cer'ned wvi'tl"\'fhe principles of
propagation, genefqﬁon an_d detecﬁ‘qn'._ These_principles'are‘rhen applied to fhe.
- production of a range. of terminal c.:hall'qcfe'r‘i‘sﬁ‘cs. The cuvrrenfly,Opéro;fionql
devices are described in Chapters 1V to- VI which treat linear-phase bqnd-paés
“filters, large time-band wi-dfh progiléct cgh.irp filters of two types, and phdse~codé |
generators and .corréldfors for pUIse;compreésion radars -and s_plfe&d ~spectrum | ‘
communications. Chapter X outlines the important chqrqqferisﬁc_s of the qvqilqble
m‘af‘eﬁals for surfabe-wdve substrates and the fqb‘ricqtivon p.rocedures for devfces. ‘
The remqinin_é ch.q'pfers cover some {mporfqnf feqﬁJres available in surface-wave

technology which are of af least potential system usefulness.
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" To place surface-wave components in their current system context we

: fake the liberty in Appendix’~ lll of quofihg‘verbaﬁm the interim coh'clusioh's from

a |eporf made i - Februury 1974 by Group KAG 3 of The Technlcal Coopercmon

A Progrdm (TTCP) oF their study enhfled “The Apphcahon of Surfcce Acousﬂc Wave

Devices to Radar Signal ProceSsmg‘ Whlle radar c:pp‘-llcahons are emph_ds:zed,

“many of the comments could be cdrriedv over directly to other forms of

éomm.unicafion 'sysfems .
: The\:perfd‘rrhénjc':e specifications of many. devices qré, dis'perse_d;fhr‘ough -
the. text but for general ill{us"rrqﬁ\{e purposes a few excamples of operational com=

ponents have béeri-added in' Appendix 1. - L




“I1.- FUNDAMENTALS OF ACOUSTIC SURFACE WAVES

: The physlcul phenomenon'Wl"lieh is. fhe ce.h‘frel operd’rlng mechanism

common {0 all of the 5|gndl—processmg deVIces to be consldered in. lhls reporf is the

ublllfy of the. free surface of any SOllCl to suppor’r a mode of elc:snc (mechqnlcul) wave

propugu’ri'on c'ohﬁned to the region of ’rhe sol IVCl lmmedlo’rely' b'elow the free surfuce._

Thus we will be dedlmg with. propugunng rlpples on the solid surfdce as lndlcu‘red

’schemu’rlcdlly in Fig. 2.0,

.The-_prdpenlles___qf ;’rl"lese.,yvc:v‘es.w_ill bégﬁ,_c_""_ﬁder;?d_i":'z.sdr_“? .de‘ruil in various
sections, but lhe}llmileor:lqn-f:bcldvc:rd;"ri;erisﬁ'cs_,'cql‘l ldev:sdm.h‘dﬁ.z:edglde"re.f . First lhe‘.vsluye
curries vibru‘tl'on.dl energy p‘drullel __’ro ‘ll'\e surface und‘flqe“frec.]uen,c.y rqn'ge of lh’rereet
is in ‘rhe ‘mega- fo glgqherlz rcmge, fhus ll’AWlll be culled an. ucoumc surfuee—wdve -
.cmd wl'ule generullzuhons wlll _appear lon‘er, lfhe pc:r’rlculur ucoUshc surfcce—wuve of“w

most lmporfunce is ulso culled a Ruylelgh wave ( I Chdpf X) The velocn‘y of

propugqnon is in ‘rhe range from 1,000 to 6,000 m/sec ., and independent of -
| frequency, thus fhe wave- leng’rh is of fhe order of 30 microns u’r IOO MHz ( ) '

|f the SOllCl on whlch ’rhe wave is. propuguhng is plezoelectrlc ’rhen an elecmc fleld

propuguhngwn’rh ‘rhe wuve,ex_fends infto the spuce above fhe solld‘und the interaction -
of this field with metal electrodes on“the surface can be used to excite the wave, to
tap it, and m_odll’y it as it progresses. - For chosen solids the attenuation of the .

surface wave con _Be\‘negli_gible up fo frequencies of many hundred megahertz.

- * The acronym SAW (Surface Acquslic_ Wu've)_ hdsl‘beehfcoined for these wdve.sf'

but will not be used extensively here.
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Fig. 2.1 Prototype geometry for surface-wave device. -
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Because oF these properhes oF slow dlsperstonless velocnty, low propc-

gt:hon loss, ehergy lranspon‘ close to lhe 3urfcce and convement lnlerdchon wnfh '

: exlerndl circuits,. acous’nc surFace—waves Form lhe bcs!s of a Useful set of sngnal

processlné devices inclUdihg delay lines,_band-—pcss and qunsversal. ‘Filfer‘s,ﬁ ehlrp' .
F.ilfers, ehase-code generelors and eolrelal'efs, eéelllafors,: signal lrenfsferln"enrs, o
convolvers and sevelcl other pofenhclly |mporfcnt componenls (G 9) The 'elée- '
lrode and couplmg sfruclures whlch cre Fabrlcaled loy standard phololllhographlc
lechmques can be qmle compllcc’red to provnde system fransFer Funchons, leFlculr

lo recllze by other mecns, in devnces fhaf are mmlalure m size ancl compchble wnth

the pldr_\qr lechnoleg‘yvof,-olher integrated clrcuit compon_enfs._ S

2.1 Velocny cnd Dlsplacement

Before lookmg cn‘ ’rhe Roylelgh wave ‘in‘more qucmhfahve defoul let us -

note \6rher modes QF aeoustic wave Pr’op'cgahon whlch' helP ihe undersfondlng of sur-

face-waves but which to the device designer are usually an undesirable source: of

;purieu.si signals. In an t.l.rlbt.)ﬁnc’le'cl i"SOlEOpie solid threel-me‘ehdnkal plane wuves'can
propagefe in cmy di rechon, one polcrlzed clong the propagahon vector and cclled

a longltudmal bulk wave cnd lWO (here degenercte) polanzed perpendlculcr re the

propcgoltien vector crl_d ¢called shear or transverse bulk waves. ln a bounded solid

these modes ccnwlee reflected, 'mode'—coupleel or excited at the bourldirlg surfaces.

is less than that of the longitudinal wave vy and of

The shear wave velocity vy

course in cn'isotropic solid both are independent of direction.
Now; continuing with' isotropic solids, lhe velocrfy of propogcn‘lon v

of the acoushc surface-wave on a free plcne surface i is somewhcf less fhan the shear‘.




velocrfy as lndlca’red for. fhe complefe range of possnble rahos in Fig. 2.2 (G 3). Due to its

Iower velocnfy, the surche—wave propagating on an unper'rurbed free surface carmo'r phase
match and thus couél/e to a'bulk mode prppqgaflné at any angle ’roithe'gprfdce. “However -
- such-coupl‘in'g v\’/ivl | lbre;se“e’_ﬁ; ’re occur if the etrrfdce is per’rurl'oed.'
| The particle diSpla'cemenr':of a Rdyleigh w/'ave'hc’xs' two components, one parallel
to‘-?he propagafion:\recfor and orre'nermdf’td lr and to the ’surfcrc'e,.‘ VThe""tw'o eomponenrs.
“are in phqse cruadra’rure and ’rhelr separafe verleflons wnfh dep’rh are shownr in- Flg 2.3.
It is noted: that the ampllfude of ’rhe parflcle dlsplacemenf becomes negllglble for-depths
greater than a few wavelengths and recallmg that if the frequency is IOO MHz and the
velqcﬁy 3500 m/’s’ec fh|§ quelength is but 35 microns. o
= Thevferrrr of the di"splc.xeemerm‘. of rhe‘solid near .fh‘e surface is better shown in'
Figi2;4 whlch iliue.rrefes ’rhe insfcrh'fcrneeus :dis"f_orfien’ ef‘a slcer}dre grid in a‘crosésec.ﬂo‘nal ‘
,‘ or sagittal ’pldh‘e‘. "Tl;re~'rerrogrede .ellip’r’ical moﬁolrn‘ of eoinf orl the Sqrche is here
clearly 'evi‘/den’r.“; Theqmpllfude of»ﬂﬁe cjiépiqc‘emenfsf,'showln* is greqfl’y egdgg'era‘r.ed, in
' r}/pi;:ai sign.a‘l‘pre_c'e‘s,s;ingiidbpli'ebri‘ens‘ dlsplacemenrampl ivr':u"des; are lees fhanlo-ffor rbe'
miiiiwatf' 'sign'a_l ler/els use’d. There ie an dcousﬁcal analogue to the Peynﬁng vecfor"'of
eiecfromagne’rlc waves glvmg fhexpower flow across a-unit area perpendlcular to fhe |
dlrerh on of propqgahon (G 3, Chap’r 5) Flgure 2.5 shows‘fhe variation-with depth of . | :
such an acous’rlc Poynhng vector (66) and one again notes that ‘all of the energy ln the
surface~wave is carried close and parallel to the surface, the depth of penefrqfieﬁ being
only of the order of a wavelength
The diagrams for Figures 2.2 to 2.5 were drawn for an-isotropic solid as sub-

strate. In signal processing applications the frequencies involved are usually so high
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RELATIVE AMPLITUDE

Fig. 2.3  Amplitude of displacemenf cohponenfs as a function of depth.  Dis~
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placement components are in phase quadrature.
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fhef single cr)}sfais, w.hicle m:'efinh'ereni'ly e'nisei;ropie to ;o:r-n_e. degree, must b'e“Ujse’d to
minirﬁi_ze .the qH;enUah;on . _Ai'tenueﬁoh"is gen_eral’-l.)-/'. I.e\:/ver."i'n;a siri»é‘le, c,rysj'el fi)an-‘i'n e.
pely‘crysfallihe sam|ele §F the SGme ‘mafericsl., it iiwcreqses as .fh‘e si:iu’are o.f fh‘e'.Ffeq‘thC)./
cmd is much IeWer in some crysfals thah ofhers, Chapfer X. | Amsohopy mfrcduces mcmy‘
leFerences in defcﬂl to fhe prepagahon of suuche waves (G 2) some of which are con-
sidered later but here it is noted only that with a smgle crysfcnl subsfrai'e, the phase
velocity varies with the crystal cut represe_nfed by the free surface and with the di rectien
o{".fhe:.prepgg\”cqi'e_ﬁ vector 'Qﬁ;\fhat-seflfaee-,. The _(:Al.ivrecv:_fign offhe pi;epagqtioﬁ' _ve_efor ls
Fi;ced by the orie:nfqﬁon oF fHe seufce frensducef and ns elmosf invdriably cHeseﬁ along the
exi'remure of fhe phase- velocny versus angle curve on the chosen surche because for such
e so—ca”ed pere—mode axis the energy fransperf is ne.fhe sqn;e dlirechon as the p;opagaflon

Vect_or (93) . Comparlsons of vcmdUs chowés of crysfql'cqfs' qn_d propagcmon du'e_chons are

‘made and the effects of misalignment from a pure-mode ‘axis discussed in Chapter X, but in
dl the remaining material on devicesitis assumedthat propagation is along o pure-mode axis. -
2.2 Launching

While many techniques can be usedfor launchihg acoustic surface-waves, the only

one used operationally to .ddfe has involved piezeelecfrie :coeplir;g with metal eIecfrodes
Adeposii'ed on the surface,~('|.9). In-e piezoeleefric crystal, an eleefric field depehding
linearly on the ampllfude of the emphfude of the strain is creafed in any region ofdlsfomon.
It is obvious From Fig.2.4 that the passage of a surface wave produces at any instant of

time a complex but spatially periodic distribution of strain, the subsirate is compressed in

~some directions in some regions, sheared in others, etc. Now if the subsirate is a piezo-

electric crystal this instantaneous pattem of displacementwill produce a complex pattem of




electric lFie|c| or electric potential, .but.‘a‘ patferﬁ which is also pver,iodic‘ in the dire_'c.fi’on

of propagafioﬁ . Thls pefiod‘ic electric Ffélc_j pattem will propagate al ong with the
me;h.an'ic,al’disturbancé.'-‘For‘ a material of given elastic vc.:ons"ranf»s the brese’nce of piezo-
ele‘gtricﬁy feécfs slightly onto tP.\AeIWGve_ propagation chéf&cfgrfﬁiés dnd-.pf:odUce;f" a_slvi'ghf
increase of fhe’.sUrFatce-\A/qué' Yelqcify. This v_elo.;i'fy.ii.n:creasevor piezoele‘cv‘rri'c’ s'rifféning is
small but will be seen to be an impérfan'fr_ méasme of V'thé ‘U'sefﬁl'ri.ess of the ~su|§'strcte for
sulrface-wave devices (9).

The ‘su‘_rfc%lce;.wave on »f.he piezoeieéfrfc ;l‘Jb‘strafe.fhus pulls qloﬁg wi‘th‘:it:a p?rio;-
dic ele__;fric f‘iel‘df distribution, fP.\e. ‘[dttefr‘_pe“_netrafes into ’rhe free space :qbgve' the surface.
.[‘f the wave passes under a pair of parqllel é_i.nger—likeﬂ.elecfvr‘.o_d_es plated on.-to’ the surface
and pevarpendvi_c_ulrlar to the direction of the wave, a yo]fag,e pe(iédic -in"time_ will be induced
between the .ele;tro‘dgs.. The voltagqamplifuc_':lé‘,y?i]ly be a maximﬁmnif'f_he‘ electrodes are
spaced ont‘a,hdlfjwa‘y_elgr‘]gv’rh apart. _:T_hqs we have.q rpgch_anigm_Fo.r detecting the surface -
wave,, énd conversely, -if an altemating voltage is applied across the electrodes F.ryom én
external source we hqve_a means of generating surfa_cg-ques, The prototype geome’fry for
surface-wave devices w‘dsbs'hown in Fig.2.1.. ’App'lying aﬁ alternating volfqge to the input
electrodes or inferdig.ital transducer sets up ‘aISdeally periodic électrié field which piezo-
electrically gene'rafes the surface—v;cve cﬁd the Iatfelr proio,agates to a.similvarvfran’sducer
which couples electrical energy out of ’rHe w"ave . The number of‘ fingers in the transducers
may vary from two to th.ousands depye’nd.ing on the application and similarly the length,
spacing, shape, thickness and material of the fingers all dffec;r the coupling and car; be .

selected to suit the device characteristics required. The prototype interdigital transducers

are considered quantitatively in the next chapter, while .in later chapters more sophisticated

designs for specific system needs are discussed. .

~




1. TRANSDUCERS

The prototype élyeg_ﬂ‘ome_chcn?_cq‘l frcns.dué:l'e_r fér.sgrfcce '—ches consists of an
interdigital comb sfrUcfu.re A.of thin r‘ne‘i'cil- eieci'rodes.o‘.r"fh“e Forr:n“'\s.hown‘ih~-i:ig'..-3.l'q ‘
deposn‘ed onto the surfcce of a plezoelecfuc subs‘rrd’re (|04) lf.cn>elecvfi;ic<:| 'v‘o‘l.fdge
is applied between fhe fwo bus bars. thew msfcm‘qneous elec‘rrlc ﬁeld sketched in Flg 3.1b
wrll be established in the substrate, fhus qpplylng, by-meqns.of_ the piezoeleciric
coubling, a spatially pefiodi; stress of period 2L fo the surface region of the substrate.
Varying the qppliéd \}olfcge per’.'iodiccv:rll'y. fn time wifh dn-cngular frequency w, causes
| waves fo rqdmfe in both dnechons from eqch source reglon 2L IOng When fhe Fre-‘
quency | is F i 4/2L where v is fhe éaylélgh wave velocn‘y in fhe dlrecflon oF the
fransducer axns, fhen 2L . >\, dnd fhe ‘waves From eqch sourc'e reélon add in phase fo
credfe a surface-wave of w;dfh ’W propaganng fo fhe rlghf whlch mcreases in qmpll-
i‘ude‘ lmequy as |.£ prOpagafes From The fi rsf elecfrode én the Ieff to fhe |clsiL elecfrode
" on fh‘é rlghf,_ fhe r’_esulrtqnf_ wave. then Iecv‘é‘s fhe ffqnsducer _qnoi qonhnues as a free-

surface Rayleigh wave. - A similat wave is excited in the opposite direction. The

" behaviour at frequencies other thn»‘resondnce.fo = v/2L and the effects of varying W -

and L qlon.g the Ie‘ngfh.of._‘fh.e ‘rrar‘ﬁdlucer_will‘be .fhe. fherﬁé.§f f}ﬁ,s. and fhe,;subse‘quen.f
chapters. | |

- The.elecfr.ic field which is>p-rodl_j‘cved hear fhe transducer Finéers is ilidsfrcfed'
in Figu.re 3.2 for the case of equadl métcll-iiqfion to .im‘erelecfrode sp'qce( a. = L/2 in
Fig-3.la). The vertical and tangential ‘components of field have different spm‘lql dls—

tributions, both are large near the edges of -the fingers qnd at relatively shallow depths
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Fig. 3.1 (@  Geometry of an inferdigi'ml surface-wave transducer.

() Sketch of electric field in the sUbs_’frcte.'
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2 Fig.' 3.2 Electric field componen’rs,a’r,fh_e surfcce and L /4 below the surface

for one section of an interdigital transducer.



they become sinusoidal Vwi.fh space 'quclld_rofu're. Théé..é i%ield components cyo'uple’fo a
Rayleigh wave, 'HSeIF. hc'lv'ing: a complincofe.d mechanical I.Vdisplqcermen’r dis.fribu‘rivc_)n.,
fh‘roug'h the vor“ilous" Vpiveioeleqvtrié constants _in\./"ol:ve,da._ H_'isv fhus'vn.of obvious w_héf form
ofj model shduld/"belUsed for the effec’:'ﬁvé .s<'3'urc‘e. d.i<sf'_.r|‘buﬁvcv>n ;rteafed‘by the ini‘érdig‘ifal
ftahsducer., Vairi ous upproxi'mgtfop; and rr.‘no.dels.-’ar.é dvéf‘ldbl"é',. several of which Will be
discussed hére_; which opprox’imaf‘i‘ons and which'model are to be émplb}/ed i.h o -given
, sifuqf%on. depend on the dominant speCi‘ficafions of the device béing‘.des‘igned or
cmql)'Ized'énd on the number of secpnd{order‘eFFéEfﬁ wh.ich"if |s necessary to in;lude.
For exomplé, in sor‘ne' cases it is qdv&ﬁfageéus fo;ohside/r’ the source disf’ribufion as a
set of spoﬁol_delfd o‘r’i‘mpul'se fuhc_ﬁ“‘o‘_ns. Io;ofed at the fingenedge_s,,in Vof'hers'fo; con-
sider'fhe SOUreg 'Adiléfribufi.on'qslsihnp.spifdol with Hoff-periqd L, and m yet others.to
assume that the source distribution is uniforrﬁ over eéch ysqvc.:cessiv‘e -disfor;ce L.. The.
qufer,ossumpfion‘f(-nrms the basis of a very.usefgl equivoléhf ci.r_'quii'rw.h'ich will be.dis-

cussed next.

3l Equi\}lélen.f Cir’cﬁif‘.’ .
| | If the f.ro‘t;sd'ﬁc-er s.ecﬁ'o_n \ovf Fig.B.éo is modelléd l;y>‘f[.1e( sidéfelecfroded

bdr of 'Fig.'3.35. fhén the Mason equivv.oleﬁfAc.ich.‘i‘f of Fig.‘é._3c:a|loblies'(85, 8&, 87).

With o sing:le—'mo.de bar of lérge 'c:ro:sé —sectionthe ch_dfocferiéfi'c irﬁioedoht:e is

ch) = pv A where p is the density and A fhe:crésstecfiohdl cr‘éq,'.fl.ﬂe“ écousfic to

electric transformer has tums ratio o =W d/s with d and s qppropriafe‘piezo- ,

electric and compliance constants (85). The circuit can be converted to a completely

electrical one by introducing an electrical port equivalent to the dcoustic port with

= -.- s uy == - - -i‘ - --’-’-\ -
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Fig. 3.3 (@) Cross-section of an interdigital transducer.
b) ‘Side~electroded bar mode! of one section of transducer.
(c) Mason equivalent circuit for length L of transducer based on (b) .

Zo is mechanical impedance of bar, © is transit angle =7 w /v o
e 29L/2, W, is resonant frequency = wv /L, and C is

static capacity of section.
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e = F. /</; and i =pu, and an electrical equivalent characteristic impedance
Ro = ZO/'P However in adapting this model-to the surface-wave case it is not

evident which components of fhech’lylei‘gh-wcve ShoUld be identified with the force
and displacement of Fig.3.3c. Fortunately only ratics of éor'respéﬁdfng components
eriter most transducer design problems and thus the section can be modelled to a first

approximation by the circuit of Fig.3.4 with

- 2 A N
RO.Vn/chL_K-_-., -  (3.|)

The elecfromebhan'icqi coupling constant K2 is defined in 'Segfion' 10.1 and fypicql

values are given in Table 3.1.

| T'He.rh‘odel‘.bf a _é:omiol‘eféif'rans;c:hme“r Wi‘l4l”;cc‘>}nsiéf of mferconnechons ofﬁnony
of fhesemdlvndual sechon fnd&e'ls"w‘ifh ‘fHe.feq‘Uf‘\/d‘lér/':f;;:léoqs:fffc“ r;orfé of gu'c'(’cessiv”e’
'seé}iéhs 'cbnn'ec‘:féd‘ih 'chscAc;de': Tﬁé“el‘éq‘tﬁr‘fcdl ‘fermi.r'v:ql‘s for *he model of a transducer
such as in vFig.3.la are éon@g&féd in parallel with f_he polarity of successi\}é fransformers
chosen to cbrrespohd to the irelative pol(ﬁrify of the corresponding finger pairs. In a
general -’rrcmsducz’er it will be seen :f‘h‘qf W, q, (.:!;Id'.l. ccm Q;:lry from secvfion_ro section
and thus m fh‘e’.cascaded model the values of the relative transformer tums rcn‘io,'
static interelectrode cdpacity C, ‘transit angle 0 and characteristic resistance Ro
appropriqfe to each section are usea in the overall model.

The capacitance of one of the sections L. can’be calculated by a variety

of techniques providing the adjacent sections are not too different from the one under

consideration. If the metal fingers are long and very thin compared to their width,
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the capacitance per unit length of a section L is given by the empirical relation

(20)

C=(c,+1) [65 (2y? +1.08 () + 2.37 ] : N (3.2)

where "a" is the finger width, Fig.3.la and’ 6 is the eFfecﬁ\'/édiéleC'fric constant

- for the chosen sagittal plane, for pure-mode cases. € is of the form

6 = ,\/e” €33 ~ €3 ; .where the eii are dielectric constant tensor
elements.

The admittance matrix d'es:c:rip’riori Forifhé circuit of Fig 3.4 is (85)' )

e T R A A T
i;_;] : ' ~cot,® : ¢csc® @ - fcm__@/? : el
|'I = Go esc O~ cot 9‘_ ~ tan 9/2 HERE | ”ef‘i Rk (3.3)
i. ~tan 8/2. ~tan 9/2 2tan — + w C/G e.
AL R R S
where G = R
o

3.2 Uniform Transdi)cer

For the uniform transducer there are N identical sections each of the
same length 2L and width W connected as in Fig.3.la. - Thus the equivalent

circuit consists of 2N sections of the type shown in Fig.3.4 with the acoustic

ports in cascade and the electrical ports in parallel with the transformers of alternate

Y S Y S



- sections having opposite polaritiess = The resultant admittance matrix for the N -
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pair uniform fran_ﬁducer of Fig.3.5 becomes

~ s

n ~cot 2N O  osc2N O -t 0/2 4 "—E§
]=1G,| ©oc2N6 -cot2NO =-tn02 | |E | (3.4
e —tan /2 ~tan 6/2 . ANtm—+ 0C/G | |E

- = L. ‘ _ 2 T 9_1 L

wh_ere‘e_.CT = 2N C and 9;_,=.2.1'r L/ = Trw/w(-)'

If there are no reflections from discontinuities in the acoustic path to
fhe ﬁghf of left of fhé transducer, fHe'qu_ acoustic pbﬁs are terminated in their
chofd(:ferisﬁd impedance Ro so that the equ'ivcleni"ic_ir(:pi_f as viewed from the -

electrical port becomes that of  Fig.3.5b with -

2 0
2

GT (@) 2 Goil-.f_an smb N ©

| . o | © (3.5
5 @ = G tmn _‘g— [4 N +tan —g- sn2N©6 1



Fig. 3.5
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Foi frequencies near the fundamen fal feso’non»c'_e w = uio with
QO =T v /L the radiation cohdﬁéfcmce is |
- - . 2 ,As.in X, 2
Gy = 8NTG (%)
and - By w = 8N°ig Sn2 X.;Q X . (3.8)
| - ° 2 X" -
| (o=w) | S }
where - X :Nn,_(:)..____.‘ _ . o B
' ‘ : o g ‘ - .

i

With ‘fhé-.équivaler;.f c_ircuﬁhL of F|g35b the ‘pkoé.r disg_ipafed in the

radiation conductance GT “ represented the’ acoustic power radiated as a surface= . -

“wave from the transducer, one half of the power:_l_e‘qying from each end of the -

transducer-. Figure \3.6 shows the rqdi"d'fio:n corj'a.uc.fdnq_e and susceptance QSKO. N
funcffo'nl: of fhe‘ﬁorrﬁdiized ‘differéhﬁél frédUen.ﬁz“);"..>:-'ii\-!ci-fé: .‘H{‘df the r’adiafion'SUséepfance
here is zero;aAfArés_dnqnce. an{d'fh_df} fdvdbfain_fhc.a féfol i.npu'r.sps.cepfdn\ce,v " CT must
be added. o

Thus qsvwou_l\d. be expecfec} from_.fhg .frUnc_aféd, pér_ibdi__'cq”fyVqli‘evrn_qfi'ng‘
nature of the -sdu;ce.'diéf_ribufion répreseﬁféd by f.ﬁ‘e.un.iform.'rr;qnsducer, the power
radiated |s of b_qn:df-pqsé.form and the bandwidth is invér_sgly prbpo.r'ﬁ‘onalk;'_r‘o the | ‘.
Iengfh“ of the transdu_cer. | | |

Wh‘iilé. »shaping of the frctﬁsd_‘uf:ér band-pass c.hara:c‘:_fe"risfi_cs wﬂl be dichsse_d |
in detail .qugr, it cd'n be noted h_eré‘ that if the only mdfchiqg used is;. a series >fnducfor‘

to resonate the electrode éapaéify C. at Qo', the maximum overall bandwidth is.

T

obtained when the number of finger-pairsis given _approximq.rely by (86)
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© TABLE 3.1

 OPTIMUM TRANSDUCER DESIGN FOR VARIOUS SUBSTRATES -

: Cufcn‘d o 9 o S
Piezo~ . . Propagation - K /2 OO N L W

electric .- Direction: . . % . ot ° o

LiNbO, VZ 246 4 T8 0.4
129920 | | |
Zn0 - Xz 056 8 99 0.12

Bi,,GeO,y 0103, @01 105~ 6 1838 0.17

Quae YX o e s o.om

PZT 215 4 - 023

]

cds . oxz .. 031 12 . 54 0.09

LiTaO, . -2 0.82 70 3t 0.14

NGy el o - (3.7)

Having chqsen-fhe number of _ﬁnger pairs, the Iengfhv of the fingers W can bé_ chosen
fq match the soun'cé re§isfance at resonance. Table 3.1 (86) ;s,hows the qptimuh |
number of finger pairs and fheA frdnsducer widfh..in wavél.engths for.u 50-9hm source .
for several ‘diftfberenf subsfrates;. also shown is the half-pbwe? fra;:fional Béﬁdwidfh

which is approximately 1/ N."
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The preceding description..considers the principal performance characteris-

tics of the prototype uniform transducer-: Many variations of frqnsducer geometry to

produvcg;ofh'er thh (sin x) / x 'frci_e“que;l.cy' responses wili be anquzéd in later
seéfions qn“d in the cotljl.n_*’se of fﬂesé d.iscu.ssionsA several ls;eégnd_-_-‘ordér effects will-be
considered. fhe latter include fevi;'lecﬁo'n‘s, diFFrchoﬁ Iosges, _én'iso‘rro;tai.c eFFec_fs/,.
h‘drmionic and bulk-wave re’spénse etc. Itis Iddvo.ir;fage_ous to include at this pofhf an
infroaucfion to two types of reflection, reflection from the transducer as a whol‘e_vpr‘o’-
ducing echoes on the acoustic path,. qhdj reFlecfion' in‘rernqvl to the transducer by the
chqrqc"ferisfic_'impe'dcmc’g :c‘hcm'ge_ béfw_ee_n glec/’f:ro’c_ied and ur_p.r’m‘e‘f‘qulizéd regions.

: lF dh,acouéfiq wave is i:n_cide.n’f' from ‘rh_? leFf onto ’rh{e;_fransdu;er _rgpresen’red
by Fi973f50 .‘and"fhere is n'plrefl,_ecxti'on' Frém fhe qcousf;_i.c’,l‘c;)lgd__’r-o the right, _fhen___fhe
. 'aqouslf_jc ports qre.fgvspec:‘fi.\/el‘yl_‘ FedFrom and :te.rm,i'_riq_fc’egl in fh‘e_éhqracferis’ric‘impedances
Ro . In gene_.ra:l‘.,f.hg quver reFlecfed from _one.inqu port and.fhe_ powér. aei'iyered to
the o»t_hgr Mo ports gdﬁ_fbe_cqlcul;:fed Frér_n the ove}rallv qdrpi'rfgngé m‘qfrix of Eq.3;4
for any choice,;of. fe_lrmin_éﬁ'qns qnd e%&présséfi:qs a powa\r scgf{efing mqfri)? wifh

coefficients (87)

T e

where Pi is the power transmitted or reflected from port i and P . is power avail-
: , o , L _ av | ,
able from o matched generator at port | . By reciprocity pii: pii “and for the

symmetrical case of a uniform transducer Pony = Py7 and p23 :“-SPIB .
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- Thus in our example of an’ acoustic wave inci.de'nf-on._ port -1);_,?1‘ the -
electrical p‘or'i".i'silo'oded by an’ ddmiff.gnc‘e which resonates the electrode capacity at’

the synchronfsm Frequency.'wo,--»gi'.e, Y, =G, -} goé C fh’en”'dfﬁwo"

L L T
o o L g = b2 =2 3.9
11 (1 +:b)2 o ]2  (1 +:b)2_ o jTS- (]_‘”3)2 .

where b = Gy /8'N:2 G, . The maxAirrjAur‘n_ c'onversiAon fo electtical power then

- occurs for .

G T BNTG L i @)

and one half of fh‘é inéidehf'dvailqbié péwer is absorbed in the e"l‘ecfricol load, one -

-quarter is reflected at the acoustic input port and one quarter'is 'r_odiofed from the other

acoustic porf.t_ L
It is interesting to note also from qu 3.9 fhgf. for GL infinite (shorted
electric port) all of the incident power is transmitted through to the output acoustic

porf and that for GL zero, YL = -y CT , and all of the incident pbwer is

reflected at & = o,

3.3 Finger Reflections

Plating the surface of a piezoéle_cfric chc‘unges"fhe velocity of the Rayleigh =

wave in the plated region, in part due to the electric shorting of the surface and in

- part due to the mechanical loading. Thus in.one section of the transducer of

Fig.3.1a the characteristic impedance for the part under-the-finger is différenf from
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that in the spoce‘befWee'n . The mechanical disconfihuify can be minimized by using
a plating that is as thin as all'qwed by the requirémenfbf eie_éﬁ*i‘cal coﬁfinuify in the
fingers and by usihg a light metal _s'uc.:h GSAGIUminUm.‘. Nofe ‘f.hélugh that de'créasirig the
“electrode .fhicknes_“é; increases the r‘esi'sfdriice‘of the ffngéfs and he_n'ée 'rh’é ohmiic: losses
in the f’r'dhsducer.‘ The électrical di.’scon‘ri:niufy is rﬁbre ihherén"r Béééuse the rdffé of
‘rhe":.chdrac‘re'risfic fmpeédni:el Ro’. in frl'\e_me_f‘allkize.c‘! region to that of the Unme‘ré”ized
Ré) - is'approxima‘re‘ly. |

R

"o 14k%/2 |

where K2 ‘is;an;,elecfrdm,échdnicdl c-oupl,ing Facf'or chdr‘_gcferiﬂicf of fhé,p’iezoelec‘rriq
(Chapter. X):.whose VGIIIJGS,WV_f”” be-seen tor be 0.41 to 5% t;orrfhe.' |.oi.4e‘z‘oelécfrics ofin-
feresf."'Thi,s differencé in imp.edcmc'egf gdﬁ ,Ee impon;fc;rj,f ‘F'o'rfh.@h céublihg'ma’rerials .'
such. fns.‘rhe .Y-Z‘r- Li Nb03 wHich is-a very common.sUrfaég_—WGve substrate. .

- The-electric shorting o.F the finger region‘s has 'f'wo éffec’rs on the frequency
response of the frqnsducer, the acoustic mismqfche; at the finger edgeg proabce re=
flections whibh 'dlisforf';rhe éﬁdpe, of the ’.rransfe.r function or the driyfng poinfielec’rrical
impedqnce, _q_pd the shift of the "average!’ Yelocifyfof propdéaﬁon ilnvfhe transducer
region which results in. a _sliAQh‘f shift of the centre Frequén.qy of the transducer.. _:l_n
most abplicqfions the réfl?,‘_-‘,ﬁon& and fhe_ disforf'ion'of the \baing}:_l-pass’ characteristic are
the more undesirable of the .’rwo’effe_jcfs.'

| In order to reduce third harmonic excitation which |s zero for a / L =2

and to relax fabrication tolerances as much as possible, transducers of the form in
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Fig.3.1 are usually fabricated with electrode-to-space ratios of the order of unity.

With such ratios the acoustic reflections from all of i'“'he. successive discontinuities

“add in phase at resonance as illusirafed in Fig.3.7 (38), with the result that év"én -

small discontinuities produce large cumulative reflection effects. The acoustic dis-

conﬁnuifies can be.'included in the model oF a Fin‘g'er of fhe inferd'l’gifdl transducer by
breukmg the sechon of Flga3 4 into fhree pur’rs corf espondmg to the mefclhzed hulf—-

Flngers and the m’rervenlng unmefalllzed sechon to glve the model of Fig.3.8. The

»3=-porf cdmn‘fcnce mc:frlx of fhls CerUIf cun be defermmed exphcﬁ'ly (87)

If the reflections caused by _fhe__gddi_ﬁon of the individual reF_l‘e;Hvons‘oF

Fig.3.7 are important and if narrower. fingers can be fabricated in the application under

. cbnsidercfion, fhe reFI’ecﬁons 'cun be c'uused' to cuncel by splifﬁng eéch Firiger ihfo

fwo as. lllusfrcfed in F|g 3 9 so fhdf fhe total reﬂechon From euch pair of hngers is
ZeT0,.. F|g 3. 9b (Gé, p472) (G5 p.343) The same. model~shown in.v Fig 3. 8 'cd'n be

used For ecch Flnger oF fhe spht Flnger frunsducer oF Flg 3 9 buf in perFormlng the

“electrical connechons fhe polan ty oF fhe frcnsformers musf be chosen to.correspond to

the appropriate bus connecﬁonsof fhe Fmgers Note fhaf fhere isho field i in fhe
region befween the two puri's of a split Fmger and fhus fhe gross behuvmur oF fhe |

frunsducer is fhcf of one composed oF Flngers of WIdfh a Flg 3. 90, und relchvely

narrow gaps.
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Fig. 3.7 ‘Fir_sf:-o_"_rder:_ reflections from the edges of the transducer fingers.
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Fig. 3.9 (@) . Geometry of a split-electrode transducer.

" (b) Reflections from finger edges of a sp'lif-'elyéc'rrode'.fransduce’f. |




-

‘an electrical voltage is applied acousti¢ waves are radiated from each end; - for

35
3.4 Unidirectional Transducers
The transducers disgu._ss'ed so far have been bidi'recifi,onql.ﬂso‘thf vv\)he‘n‘ - .

symmefrigq;f in‘férdi_g_ifdl‘ frdnsdgcéréfhe‘s‘é two waves éréidéniic‘:al;. T‘HusAWhen:x two'
bi'd.irecfipr_i‘drll_frcnsduqeﬁrs are used as an .»in_pq‘f-ou_tpyt’pd\ir i;here ‘iAs a;b‘d‘sic‘ 6 db
iﬁsertilo_ri légs due fo.the b?'c‘lfArecHanli-ty. alone. ln many dpplfcqtions,"-espechlly"
wvhe.re.:fh_e signal processing is being done at i'nfermedi.afe\- frequencles, thi; insértion
loss ié__unde"sirdbl_.(_e but folgn;qblé;_. Howe\;er in ap'plic.djfions such ds'rece_ive“r'frohvf
en.ds ‘or ‘l.o‘rvgc.e »,dy_:n_qn.qic‘_r:qng-e__s.y_;»fe;'m_s *his .l‘oss:‘is ngt\.’tole‘rqb_le;_, ond ina fqr,_widgr ,
rang.g;of QPPVI iiggfvi_c‘-)rgs the vlgii'c‘ii‘re‘éfipnél_ify,.isAdetr»intq:en.fc.;:l_té_ P?fongn.éé,, f__o.g far
quger_ ‘??‘f?“f.thni'_fhe_ 6 db _\.A./"C)Uld‘ imply. |

R |} Wa's-rjc')te_d in Eq39 th'r__if.}a‘ .simple::frdnsdu(:e_"f were matched to produce
maximum electrical power f'ror‘rg;d,g‘.i'v‘er’],fri‘didenf"d'éouvéﬁc wave then, gn‘tne‘quarfe‘r?“of
this incident powerﬁb‘ecorﬁgs;d‘»,r_éfled‘ed ag_c;u,éfic.wa\ie.,ﬁ‘. qbnd,whenfre.-reﬂécted from

a matched input transducer gives rise to "triple transit echoes". The only way to.

perfectly match the acoustic port of a bidirectional transducer is to reduce the

electricdl‘ou‘tp'ﬁf to'zero.” Thus there s d 'double incentivé to search for unidirectional
transducers, thetinsertion loss'is reduced by 6 db and for a given insertion loss the
acoustic reflections can be. smaller, that is the unidirectional. transducer can bé_ '

matched atthe acoustic port.
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For narfow—b;nr;d devices it is.relafiye[y‘sirhple to ]c;rodulce'_ Qnidi_rg_acfionql
fr%:nsduc?—:-rs. For example; a ‘sec‘ond,v pa.ssAiVév‘rrahvsduc_t.ar:wif'h, li‘fs"sf.dﬁc‘ clarblébffah(‘:e
resondted out b}i an inductance dfyq frequency mc;i will"c/:'omp’lé’rely -re'Flecf; (Eq.3.9)
all the ac‘ousfic. energy incidehf_on it at frequency QO from the drf\/en frdnsdﬁder,

and if the centre lines of the two transducers are separated by an odd multiple of

>\O/4 the pafr of arrays constitute d.l'uniidirecfiéndl ffanéduce'r_ (86). But gecauée
the path length befween centre lines is necessarily many. wavelengths, l'rh’e .Fronf--'ro-
back raf;lvo of this composite unjdirecfioha! )'rr.ansdttjvcjglri :i;l_‘.‘very frequency dependéht.
Onev broadband mefhéd of producing unidi re{c'r’ionalA frahsducers, uses the
mUIfisfr_ip'c‘:OUpler,and is ’discu.ssed in Chapfer; IX. Another .me'rhAodvis ‘fo provide
mbr"e than the two half-wavelength spaced samples per wdveler'ig‘rH ‘oF:u‘ standard-

interdigital transducer. - In which casé the electric field pattern produced by the

driviﬁg voltage can be hc'ldefelffé_c'fively to progress dlcn.hg"fhe length of the
frdnsducers in i;a ‘r.rzla'nner‘ana_iOQOiJs to the frﬁnélaffné'rﬁdgnefic_ .Fielvd's; ina Iiﬁear
‘indth_cfion.'rﬁofor’. For example if the fhrée—ﬁngers-p)e‘Fwaveleng#H array. of
Fig.3.10a (27) "wére driveﬁ b”y a three=phase 'le'ragc_a at the three elecfri‘cal”inpuf
te’rmi'nc.Jls, the electric field pa'r'rern_Would brégress to ';hé,righf or to the left
depending on the ordering .oF- I'rlhe three phaﬁes énd wouldrrvl-r.)"r'be the s'fand}ng‘ field
pattemn of the normal transducer. Here fherbandwi dth of the -fran‘sducer' is comparable
to that of @ normal transducer of the same length. The increased number of fingers

per. wavelength increases the fabrication tolerances somewhat, but the more difficult |
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fabrication problem is mfroduced by the necessary crossovers requnred by the third
mpuf lead as shown in Flg 3. TOb The other serious dlfflculfy WI‘rh fhls con-
figuration hes in the provnsuon oF d mufchmg ne’rWOrk to produce the baldanced

three phase signal over a wide range of frequenci’es. Trcmsducers of this form -

giving more than 20 db directivity over a 20% bandwidth have been realized (27).

3.5 Harmonic Operatioﬁ

It is-apparent from Fig. 3.2 "which giyves the field distribution-near the
electrodes of an interdigital fransducer that there is a large spatial harmonic content

to fhis field (].9 99). . Thus the coupling from ,thel input eledfric-source to the 3

surface-wc:ve should be lcrge at frequencies hc:rmomcc:lly relafed to the fundamenfc:l .

By symmefry such couplmg W||| exnsf only for fhe odd harmonics, and analysis of
the field shows that the relative amplifudes of the ha’r‘mon'ic components for a given
qmplifude of driving voltage are as s'hownﬁ\ Fig. 3. ”.. t i‘s seen that for a
mefclli-zaﬁon ratio a/L .oF 0.5, fhaf is equal width sfrlps and spaces, the flﬂ'h
harmonic i is the I;)wesf on.e excllfe-d and fhe couplmg For it is about one fifth fhe
value For the Fundarﬁenfcl Exfre;rlely large or exfremely srﬁall values of

mefclhzahon ratio give third harmomc ampllfudes of fhe order oF one halF that

.ovql[able For‘ the fundamerital .

Harmonic operation of a transducer has the advantage of allowing much

larger finger widths .and thus reduces the fabrication tolerances. It should be
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nofed‘how'vever that this relaxed tolerance is really onl?/ valid for the fifth harmonic
operation not the third because in fhe 'Id’rfe.r case f_h‘e extreme méfclli‘zcﬁpn ratios
reimpose tolerarices comparable with Fun'ddhenf'dl 6perdﬁon‘. Wlth fifth harmonic -
operation the coupling.is low.,

It is quesfioncb"le wheﬂﬁer hcrmphic opéraﬁqn will see extensive use in
surfcce—'wcvé devices in the n'ecrv Eture because fundamental devices 'cqn' be
fabricated up to frequencies very close to where propagation losses provide the

frequency limitation. -

3.6 Finger Resistance

:In the prévious séc’riﬁons it h,dg been implied that H’lell;'DEfGl fingers. of
the transducer are perfectly conducting .. However the film thickness is limited by
the need to avoid -rﬁechchiccl ’di;confin,ui'rie's:v on the subsfréfe surface. Thus in
fact the fingea;s have a finite diSfrbeted resi_sfc‘née, vand,fhusrthe,finger and its
interelectrode gaps form along its length more of a distributed RC line than the
lumped capacity in the model of Fig. '3.3.'. The effect of this distributed
resistance is to reduce’the acoustic power radiated for a given total inpu.f electric
power. If the ratio of these powers is called ’rlje ‘trcnsd'ucer efficiency, then this
efficiency will drop with increasing sheet resistivity of the mefél'or increasing

7 ,

finger length in the manner sketched in Fig.3.12. It is seen that for wide aperture
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transducers the resistive losses can become important for sheet resistivities larger

than some tenths of an ohm per square.  This limitation must be kept in mind in
face of the desire to keep the films as thin as possible, because'if is-difficult -

to maintain bulk~-like cmduétivifieS’in very thin films.
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-1V, BAN DPASS Fl LTERS

It was seen .ln Sechon 3.1 ’rhof ihe reglon near -one flnger of an lm‘erdlgli'cd
fransducer could be modelled as a fhree—ponf nei*work, Flg 3. 4, in whnch the
pcnqmefers were expressed in terms of the various transducer dlmensions cmd fhe
properﬂes of fhe subsfrafe ‘ln Secff_on‘B.-Z,’ the _ferminal Jpro‘perﬂes_,of cr.uniform
transdycer of - N -"ﬁ'nger‘pairs, Eq,3;;4;,_ were‘defesnl{ihed by .'connecﬁnQV 2 N of
the idenﬁcal individual sections .in cascade. This .dmounfs fo the coﬁneéﬁeg of
alternate fingers to the two bus Bars of the transducer. *The amplitude of the wave
lqunched From a Unlform lnferdlgl‘falvfransducer neczr fhe Fundamenfal resonance s
proporflonal fo fhe freqUency term (Sm X)/ X. where X = Nww-o )/w dnd
@ = v_/ L, “'.39.:3"6'; 95(‘-’"}'-”9 i’he::l:lflpyt iieqefdn_ce;‘ls,fdr‘\ed out, andfl':)e beam
has a wvi‘dfh.'_equl_ﬂfo fi’)e overlqp»wle‘ngfh of the fingers “of. ’rhe coml:i. ‘If-.d second
mafched umform frcmsducer of fhe same fmger leng’rh is used fo recelve ’rhe wdve

Iqunched by i'he first, i'he overqll i'rcmsfer funchon is fhe producf of fhe fw0

individual responses and thus fhe combination of the .two transducers gives a band=-pass

transfer chqr’q‘cteri‘sﬂc,,_ fhe_'de_i‘qils.of this c_harqcf_erist_ig dépending on the values of

N and L of the two uniform combs.

~However it is evident that there are several intemal pdrameters which can
be varied in either or both of the'_frdrisducers. “ For example the resonant frequency 0,

can be made different for different regions of the comb by varying L from finger-pair

to finger-pair; similarly the ratio of finger width to interelectrode space can be

varied changing the capacitance and the characteristic im_pedqnce', Eq.3.1:



and the Fiﬁger ovérlcp l:éngfh can be varied from pair to pair vcrying'_fhe_widfh of the
dcoustic beam radiated from the différehf po'rfi‘onﬁ oF the .frqhstc’:er’w’H‘h’fheir different
resoﬁchf freokiu'e'nciés;j Aé.v;en the rei“d’rive‘ Qp‘ﬂase of the sig‘r';q_'l‘. rcdig‘fed fr'om‘ differénf
parts of;' a transducer can Be‘réversea i)y"ir.].ferchch.gin'gj._fhe_' Qrdér in \;\/Hichlfingé‘r‘,pcirs"
are cénne,cfea to the fwt; bl.‘lSAbGI‘Sa | Thus it is obvious f.hcxf.cx vast number of diffefenf

frequency response characteristics can be realized using the pardmeters available in

" a pair of non=uniform interdigital transducers.

The fr’ecj’uenéy i’egpbnﬁeof cxny'speAcl:i.fi;ed transducer can be deferr'njirie.d’ by
appropriate inlfercbn"nec'inn of the rh’o-del' séc’f_ion's of _féig";S A4 or3 .'8i"c%>propricxf'e'ly"
modified section by sécfioq to suit 'fhe pcxrc'x}meferns as fhey'_c:['idnge'frovm” Finge’r.—pcxi‘rg‘rd
Fiﬁger—pcir; -~ There exis’r'sv a computer program which:,v_vi'll- ccxl_cﬁlq?e most of .fhe. .
chqracferisficg of a'frcﬁsd;cer of quite a range of Usef'uvl_:g'e’omefries: (97) It provides
for example the. i_nse_r,ﬂoﬁ loss, group delay qr‘;dydriving point impedances of pairs of

transducers.as-a function of frequency. The_progrcm also calculates the effects of

~ electrical matching networks and the departure o'_F the phase vs..frequency curve from

a linear or qu_cxdrcx’rfc dependence. The 'impulse:-.response w?fh xthe matching network
cnd the cxmplifpde of a geherqféd or reflected acoustic wave are also available. 'I_'He
most conveniently épecified geometries c:re"_fho_se of the forms to be discﬁssed in this
chapfer.cxnd the succeeding fwé..

Thus' while the avnrql)‘/sis'ofnon—uniform frqnsducers is.'cpmpliccxféd in défdil,
it is relatively explicit and straight-forward.  However in systems applications the

designer tends to be faced initially not with the analysis problém but with the much
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more difficult problem of synf-he.s.izir‘\gav eomponenf to meet a given set of s;eecificai'ione
and tolerances. A uniqu'e> ';beef" nSe'rlhoa:for» the“s:y_n.fhes_is of surfeee—wave tr.dnsduc:ervs
has not yet become eEpareﬁr end»'di'ff.ei'renf“cxpproaehes a“re used for »diffe.re'nf _apelicefioﬁs,

and even for a'given application and specification there are often competing design pro-;

- cedures. Some general concepts regurdin'gs'yn‘rhes‘i_s for band-pass filters will be considered

in the next 's’ecﬁo‘h" while dispetsive filters will be treqijed in thupi'er*V- end in par"rivcular,

'non—disp'ersive combinations of dispersive elements are outlined in Section 5.3.

4.1 Synthesw COncepfs ‘
H is lmportan'r to recxllze fl rst thaf the smfcxce-wave frcmsducer is fundamenfclly

a transversal ful're_r as ill_usfrrated in Fig. 4.1 (63,'9,0). ln_ Fig.4.1a"a s’trqig_ht—c:‘rested:

surface-wave is incident onto the output transducer which has pairs of electrodes spaced

at varying dis’rances along fhe ‘lengfh of fhe fransducer The volfcge induced in fhe load
by a glven flnger pcur, that is fhe fransformer tums ratio - in Flga 3 4, w1|| be proporhonal

to fhe overlap Iengfh Smce fhe energy fqpped from 'rhe propagahng wave. at eqch finger

s small and mdependent of frequency over a wude bandwndth fhe oufput transducer is

cxncxlogous to_ the general 'rransverscxl filter _of Fig.4.1b. The delays T 7”2 v e TN

correspond to the dispersioniees propagation delay between taps and the weighﬂng factors

W.l A corresponc.{ o the overlap length of the finge;js of the tap (see Eq.4.6 below)

N
with the sign of the weighting factor ‘dependin‘g 'Q’n( the bus connections of the finger pair.

If the nth tap. is located at X 1 the total delay to it is x /v, -and the frequency response

* of the transducer is proportional to (95), (,(:_3‘4,' p.”5>=”

o N “im x /v _ :
H (0) = 2 Wn e n L - o (4])
. n=1 | - o

Varying the overlap length for the fingeis along a transducer is referred to as "apodizing" (96).
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Fig. 4.1 (@) Finger pairs of an interdigital transducer.

()  Transversal filter equivalent of the transducer in (@) .
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.Th.is _idenfificaﬁon wifh. fransver§a| filters is irpporfan‘f Eécause it a“oyvs
50 ;mu,ch of the previous work vox.i ahalég frdﬁsversal filters qﬁd cu‘f'ren‘:’r work on di\gvifdl
Fil’rer.s.fo be appl.i.e'd to the syﬁfhe;is of suvrfacé—wave'filters.. ,‘)\:/\ore-over We can ﬁofe, |
immediately fﬁof the laf'rér filters will lijve of the 'non~rﬁiﬁimum phase clcns‘s'"oF ‘bicm‘d-‘
pass Fllfers and \*hus the ampllfude.and phase responses can be specnfled more or Iess ‘
mdependenfly |

Most of the synthesis techniques for surfdce-—'wave Fi[f‘e‘rs dre based on the
time impuISe;resp‘o.nse' of_»_ the transducer. pair, thus.\)ve Ashou‘l:d e‘xam‘ibn'e some. of: ﬂ‘\e -_
fgatgrés of the fime r?59®%¢ of st_:jrfa;:e.—qu'veA transducers. For many _a‘ppl.icéfigﬁ:s it is
convenient in fhesynfhesw gnd sqme..fi;mj_es_is the realﬁizq‘fiqxij foAha._vg mﬂosf qf fhe_fr.e—
qgency—dependént_behayiour_i_ built into on_ly one of the .A’rrans:duc,ers énd._fo make the
;S.efc‘ond_a uﬁiform fraﬁs,du_cg_r \./Ay.ifhvfinger _Qve:rl ap qnd_bai?dwidth ‘| .a:rg‘eyr' than the maximum
‘Fi.z'tg»er._.overld_p and si»gnificéhf bandwidth respecti.vel'y of the first fransduc.:er. This is
the case wHich,w.iII be considered inificnlly here and ’rhe non-uniform transducer wfll

be taken for convemence as the mpu’r frcmsducer, Thus we hqve fhe sysfem block

~ diagram lllusfrafed in Flg 4 2 neglechng for the moment the ofher acoushc porf of

fhe fransducers cmd second—order effects. “The overqll fransFer Funchon will be (32) '

. :i‘V- . :
H(o) =2 H (o) e "”/VH (o)

1 (4.2)

'where here 'H2 (&) will be taken ds constant over the band of interest and the length

| between reference points in the two transducers introduces a dispersionless delay or

a linear phase shift with frequency. Thus the overall frequency response is that of the
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TRANSDUCER ' , - TRANSDUCER
Fig. 4.2 Block diagram of surface-wave filter.
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input transducer. {m_d is given by Eq. 4.1 or Fig.4.1 .usir;g. the comb as a dri\‘/in(g'_
rather than.a teceiving i"'"fansducierf', However for bdr_id—poss filfér'dppldefion:s the .

4

su'cic_essive fingers are all spcacé,d':by a distdnce of the samie order and thus the length

glving T, of Fig. 4.1 is the section width L of Fig.3.4.

The steady-state frequency response of our system and its response to an

impulse in time form a Fourier transform pair

H(o) = [ h(ne i®rar @)
hi(h) = —%;,f Hiw) e!®Pau o 4
;wHeréH (w)ls taken .t.‘ohb‘e‘ H.( w:). :

1

Now when a voltage impulse is applied to the transducer, elsctric fields

of .the form shown in' Figv3.2 are'set up'in the vicinity of each finger at this instant

of time, and as a result, a surface disturbance is launched toward the receiving trans-

.ducer from each fingér region and thus in the space between the transducers there will

exist after the‘\iolfcgeimpulseid wave packet which is of a length in space equal to the
length of the non~uniform input franédu;er,qnd which is composed of one pulse per
'ﬁn_ge(r pair as illustrated in Fig. 4.3q (32). .Th.e transverse wi'dfh of each pulse in

space is equal to the overlap length of the coArre_spon‘d,ing fingers and if the ratio a /L

is the same for each finger pair the amplitude of each pulse in the wave packet will be

the same except for a slowly varying correction factor to be discussed below. When

this wave packet passes under the uniform output transducer it produces a train of
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.Fig..‘ 4.3 Excitation of a surface wave by an electrical impulse with transducer =

.

of varying overlap. Vo () is the overall impulse response of the

device.
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pelses each of period spac\-in'g. ahd drﬁplifude—s‘qudred corr'e»sponolih‘vg to the Finger'
period, posn‘non cmd o;/erlap respechvely of 'rhe Fmger pair whlch produced it, as |
indicated by the oufpuf waveform in rlg 4. 3 |

| ln Flg 4 3 fhe lndlwdual surf'ace—wave pulses have been sketched as
mdw:dual half perlods of o snoe wave cenfred. lmhally between two Fmgers It is
seen from Flgl 3.4 that fhe drlvmg fleld dlsfrlbuhon is vefy non-umform and fhe :
resulhng surfuce dlsfurbance can be ulso expec'red to be of com‘plex form ( 19)
however, f'or most: apphcahons itis really only 'rhe Fundumen‘ral component of fhls :

pulse and n‘s lmmednate nelgthUrs whlch is slgnlf'lcanf and thus usmg a smusoldal .

pulse is a reaso‘n‘ableand useful upproXImahon . This approx_imuhon'and several

others which have be’en»_p.sed. (s,_’uc‘h“.as reofqngplar or fri.q:ngul.ar;: p‘els.,es cenfred onor :
"b‘e‘fween fhe »f'i_nger:s_, the sinpso:id centred on a finge:r.,.or‘q oair_"of 'delfva’v"fe_rj‘cfi_’ons of
fh‘? same sign .a'; 'rh_e two edges of' eoch."Fingef)‘all g_ive'jiresulfs whi.c‘_h\preolicf wel | the
fundamenful behavnour buf are not as valld for fhe hormoolc reeponses, that s, the
higher-order pass bands( 18 163, 96). | |

The ba’sis.of a‘synfheSIs fechmque.is_éug:gesfe‘d by "rh.e Fourier fr_cmsform of
Eq.4.4 ond the waveforms of Fig .4.3. Froma gfveﬁ :Frequency;response-~the "corres—
ponding impulse reskaonse is caleulated, Usualilyi,b‘yj'. Fast Fourief Transforrﬁ feohniques,
the impulse respon.‘se is approximated, Ay.vi'rhin foleranees’_.fo be discussed lafer,_ by a
series of pulses of :f_h_e represenfuﬁonqll shapeohosen . Then a pair ‘of fingers can be
introduced _into..fhie' non"”"”""" 'rrans-c{ucer‘ at ‘a relative position in Vspoce.eorresponding

to the relative position in time of the representational pulse and of overlap length
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and interelectrode spacing to produce the -dmioli’rude of that pulse. This is the
fundamental concept in the synthesis of surfac_e'—wa\'/e filters but fnqny subsidiary

factors lead to different methods of applying it.

4,2 TrUncaﬁop

The most important second-order cons’i'dev.raﬁon common fo all the detailed
synthesis pro’cedure's arisés from the frur;c.a’rion'of the imp_ul_séres’pon'se.’ The impulse
response of a specified bandpass filfer_ex’rer_\ds <.Jve,r all time, bu-‘r the fransducei* which
is to provide this impulse response musf.be'»fini'fe,ir) length, thus the actual impulse
response tq'beﬁsynf‘hesized:muslf be soﬁle,fihfte—iength approximation to ’rhe-,s’pe_;iﬁed
response. This ’r,_ruﬁcqfi,on_ then raises the whole broqd problem met m the design of
analog filters, >digifa| filters and antennas, how to produce the Mhest fit to the
specified‘res_pdn}se. ;Ni'rh a I,imi,'red,number' of éleme.n’[.s.~_

- For ban&pasls.filfevrvs, fifffng the infinite ivmpul_se reéponsé as accurqfe_iy as
possible over a fi,n_ife length dpes r;of r;e'cessarily produce the besfopproximq’rion to
the specified ffequency ;esp'ons,e,.’, For ggqmplé con'sider an i;dealized rectangular
band-pass characteristic with the amplitude resp.cms.e lillu‘strva're’d in Fig.4.4 danda
linear phase c“;horqgf.'erivsﬁc::. The.' impulse ‘rle‘spo:n'se' has q. sin X/X form of eﬁvelope
ond interior oscillations qpproxirha'reiy-sinusoiddl at the centre frequency. The time
of occurrence of fhé,main lobe depends on. fhie"r.i.me' delay, thaf'is' the slope of the
linear phase curve. Now ivf this impu‘lse‘rgspons‘e is abrppfly truncated in time and
the Fourier trdﬁsform taken, the resulting frequency response will be degrddedyfrom

the original of Fig.4.4a by the introduction of ripples in the pass band, of a finite .
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pass characteristic and corresponding i.mvpul_se‘

{dealized rectangular. band-

Fig. 4.4

response h (1) .
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cut-off slope a.nd of side-lobes to the main response . - For example Fiéures 4.5q and
" 4.5b illustrate the band-pass characteristic which results from"a symrﬁefrfcal
truncation of the impulse responéé c;F Fig.4.4a at the F.ou.rfh and the sixteenth zero
respectively of the envelépe (95).> Beca.use of; the Gibb'§ pheho}ne_n,oh,' only the -
periééicify, not the amplitude of the pass-band and stop-band ripples, is infl venced
by the truncation leng;'rh' . | | |

Such difference§ between the specified Freq‘u'enéy re;pénse and that
_ corresponding to a ’rrun_catédlversiph of the desired impulse respoﬁse_ leads toa .‘
requireménf for -i.fera’fe.d désign prc;cedutesrifor .f'be ;ynfrhesis ’o_F generoi filter character—
istics (64) .“Thaf is, an 'ini'ricl choice of 'rruncafi‘gn'vfuncﬂon., probobi}/ more g}aduGl
in amplitude than fhg ‘abl.fupf"rrunca"riory Fu'ncfi_on cvonsi_‘delfe"d abO\(je,. is applied to fEe

desired impulse response and the resulting frequency response is recalculated and

compared with the original, indicated modifications are included in the truncation
function and the process is repeated. At some stage of this iteration process the
transducer geometry appropriate to 'fher truncated impulse responsé is included in the

loop and it is the predicted transducer response calculated from as complete a model

as necessary which is then used at each iteration for comparison with the specified

responsé. Such an iteration with so many possible variables is obviously very cumber- -

some -and the possible generality is quickly reduced by the device designer to suit the
form of transfer characteristic required, the tolerances specified, available fabrication
facilities and his own choice of design trade-offs. For example, in some applications

it may be desirable to keep the finger spacing and width constant while varying the -
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éverlap, in other appli;:afion_s the errlap is hgld constant and fhg finger spacing is
varied, While in yet others fhe éverlap and spacing can bve kept fixed ahd‘ fhe inter-
elec’r_rode_spac.ing_ varied qnd in yet others the n'uml:;ér of fixed'gebﬁiefry Fi'nger.ioairs
per unit lengfh is fhe'deﬁ,n_i‘ng' quantity. - - |

“In ‘cm‘yofc these synthesis procedu'rés-, greatf use cdn be made of the reia’red
fgchniques'From digifq>l Fi‘lfef and antenna design For example, inlsfead"c‘.)f vf.rL:JncaHng
abruptly the impulse response of Fig. 4.4b ana producin.g the ripples in the band-.
lpas‘s.characferivsﬁc of Fig. '4.5', thlimpulse response could be mulﬁ‘p_lived by one of
the weighting functions used in_anfqnﬁna _qperfure_wéighfiﬁg, .spch as ’rh.e. common
HdmmiAng and Taylor‘. fpnvcf.ilo_ns.‘ 'Figgre 46b sh;)ws i'vhg_béna-jp_ass 'ch'aracv’reArisffc. which
results when the vsamye lev_ngfhvofl ivmpu‘lse is used as in Fig. 4.5a but, with the amplitude
mulfipiiea by "rzhe _Ka_ifs‘gt_weighfjng Fpnc’r‘i_c__)n .of. Fig . A.ba. Thls pqrﬁ'cul.ar‘ weighting
function is givén by .(_95)’ | | |

wit) = ltl <7

SR .IO.(wa_T.) ' U

. [w.a:’r (1- f2/"r-2) 172 ]

@)

]

wty = 0 - S S R

where Io is the modified zero-order Bessel function of the first kind. Table 4.1 in-
dicates the decrease in the pass%ban’c.f ripple and sidelobe level for more /‘"fape'ri.ng" of
the weighting function as measured by 'i'he"'péramez'fer' Qa in Eq.4.5. It should be
noted however that the tapered truncation decreases the slbpe of the skirts on the edges

of ‘rhe'pass-bbnd of the frequency characteristic the transition width is here defined

as the frequency interval in which the skirt falls from a value equal to that of the

- —.-i —-i - - e R . - -




ol Sl e - = = -v - =

OF

SIDELOBE AT

28 -615dB

bk

~; - -5 0
‘ _ (f“‘fo)_/a

Fig. 4.6 (@) WeigH’ring function of Eq. 4.5.

‘ (b) Bund-pass characteristic when impulse }esponse of Fig. 4.4 is

truncated by the weighting function of (@) (95) .
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lowest minimum of f‘he in~band ripple':"ro a value equal to that of fhe madximum ofyf_he_
hirghesi' sidelobe. | |

| Col'um‘ns, 2 and 4 of Table 4.]_' can be‘u‘s‘ed.‘rd‘ obtain an estimate qf' B
the impul.;;e ler;gfh gﬁnd heﬁcé fhé f#aﬁéddcer, length necessary for of‘he‘r forms of
weighting for specified transition widths and sidelobe level , | For example, a filrer
Eaving 54 db sidelobes and a transition width of 2 Mhz can be e><pécf_ed to requi:re
a time duration of a'pproxir;lafely 1.6 p sec’ and thus a transducer length of about
5mm on YZLi Nl:)O3 ..

. 'lf fs poss'i-,ble to carry 'ovér“ro‘s fhé S;Jrfacé—wdve filter synfh_e;svis, r.ﬁcny o.fher
results from fhev‘rheory of n_on-recur_sivé digi’rai filters. As a further example,
sy‘nfhe_siziné fhe fransversal ‘filfér ;F' Flg .. 4.1 to have "cnvequir‘ipple sy:mme.f.ric'al‘
pass—;bcnd chargclf‘erisﬂc whi!:e _using“equal 'riﬁne delays b'ef‘\)veen' taps éives vyéighfing
.Fchors which _clq_n_vbe fckejn as 'r:he' Qverl_ap lengfhs'. of eqLJ'ispaced"Fingersl in the |
surface-wave reqliz_éfion of the same chdrdcferisfic.t Tablg '4.2. _illush_‘cfes some
combinations of pass~band .ripplé and level of side lobes (o.ulrl ‘equal) for equiripple
designs and the number of fingers N necessary to’ obfqi_n_ é transition width which is
4% of the centre frequency .

’To summarize this section we .mig‘hf note that for syrﬁmefrical band-pass
filter characteristics of what might be called standard form, that is with specified
centre frequency, bc'ndwidfh, pass—l:‘)cmd ripple, ouf-of;bcnd sidelobes, and skirt
slope the synthesis approach is either to cbply weighting functions of known properties

to the rectangular band-pass impulse response or to use the iterative techniques of
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TRANSITION' WIDTH (TW) AND RIPPLE FOR A BESSEL' WEIGHTING

FUNCTION OF TIME DURATION 2 7 (95)"

Moo | Y TR oML

Parameter

L w T
a

¢ s

CFILTER RESPONSE -

TW x 7.

R T Ko RO

Peak=to=Peak
Ripple at .
‘Band Edge

(dB)

 Peak -

B Out of Band

“Sidelobe
(dB)

0.50 .

Cose |

0.80

1.32 .

1.64

2.00

2.23

1.4
o

0.52

0.076
0.0094

0.0040
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L
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TABLE ‘4’.2'
RIPPLE AND TRANSITION W.:.I’I.DTH FOR AN.'ECIQUIR‘I,PI;LE FILTER
WITH (2N +1) ELEMENTS _(95) |
Peak=-to-Peak } Sfopgand Parameter ' Approximate
Pc;;:;:{;d. | 1 Rzgg)le N x Transition Width ‘_ N.L’m['m(ré‘c\)f +E]le)men’rs
(d?’) - | Center Frgquency for (_TEW-_) _ 0'04.
o .
0.55 - 40 | 1.9 1 96
055 -50 2.0 D
0.55 - e o220 | 110
0.17 I 2‘:.’0 e
0.17 | - 50 | 2.2 | | 115
| 07 | -e s at 129
.0.055 B R o e
’Q.055 - 50 | | B2 F 127
0.655 - o i .   2.9 S | Y%

- -.- - =e - d‘n- -r R - -- - ey wm —.-' -
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dlgl’ral fll’rer de5|gn (64) for say. equmpple pass —bands to produce fhe frunca’red

| lmpulse response . For less standard fll’rer chardcferls’ncs, e.g. a ‘T.V. LF fllfer,

the impulse response to be s’_yh.fhe‘sizeq m_'usf.be ’rruhcated and weighted in a much more

ad hoc - fashion -with iterative attempis at the weighting impulse length and sample -

locdtions and with no guarantee of convergence nor éqsily specified optimum result (16) .

Since we aré dealing here with surface-wave device principles let us leave this

important problem of the selection of an optimum impulse response for o specified

filter characteristic which is a common problem with other forms of filter.synthesis and -

return to sqmé,of the specific prbbllems’ of the redlizqfiéh of the desired impulsé "

response by surface-wave transducers.-

4,3 Fi;gleriépacﬁi‘ng.and'We‘ighf_ing :

"Co'h't'inuirig to' dssume ’rhq‘f_'oné f‘irahsd'uc'e'r'is_B.rodai-bdhd:and Uniform and

that the desired irh'pulse response is built into the c-)th.éru," the fingers of the latter will

“be placed at posifions'in s'pdc‘e corresponding to fifne"s.'dif' whi‘ch":fhe impul"se"response

is local maximum or the mferelecfrode g.ap is locafed af posmons corres;;onoilng to
the zeros in Flg 4 4b If fhe respOnse crosses fhé axis as is Usually ’rhe case, inset

(i) of Fig. 4.4b‘,: then adiécénf fingers are éffuc_hed to opposite bus bars, whereas

at éhase reversal points -sgchvas shown in the inset (if) of Fig. 4.4b adjacerit fingers
ﬁre c:’ri;aci;ned to fh._e sdm‘e busbar Thefe is negligf_blen modif‘icdf.ion‘v] of. fhepven:all
response if the fingers are centred on the zeroes aﬁd.this is sometimes easier to program .

The "weight" to be produced by a given finger is the local amplitude of the

desired impulse résjoonse,, that is.the local value of the envelope function (e.g. Fig.4.4).
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Providing there are-ho qBr’up‘r dis’confihuities in the local pattem the confribufio'n of -
a single finger to the overall impulse response w; is proportional to three factors
that s _

3/2

w. = const W, S L. >~
i i T

(4.6)
where Wi. is-the overlap length with ddiaceht fingers, S, Isa factor dependent on
the metallization ratio and is giveh_‘approx'imd’rely-'By fhé"éqUai'e root of the term in
square brackets of Eq. 3.2 or more ‘diArecHy_by (G4, p.134)

s 087 #1690 /L= 091 (a/L)0 L 4)
where a, is the ffnger width and Li fhe interelectrode distance (Fig. 4.3). -Si

arises because of the change in fhe'figid distribution wifhmefc”izdf{pn ratio and the

L= 3/2

i deﬁenvdence arises ?from frequénc_y scaling rul.es (2_6)_. The ranige of finger
"wéighfs" qvqilqb‘l‘é ,fhlrough Si .valvo.ne (19>)” is IiAmvifed.-by ‘:fol‘érdncéé on.:gctt_p and
finger widths to a ratio of about 3 : 1 ; An& fh;.xsi for mo;f c.:p'p.lic'c:‘ﬁ'dns it :is. mos.fv con-
venient for Fabricq;zi'on ;‘.ol.erance:fé keeh the raﬁo:"‘c‘li/L}‘ = ‘1 /2 and fo/.reali'ze the
impulse response by variations in fihggr poéition'n’d'nd A'overlap length only. The slowly

3/2

- varying factor- L, “ /% need be included only if there is apprécidﬁle- change in finger
spacing along the length of the transducer Similarly it is sonqétimes mote practical

not f6 make fh¢ other uniform transducer so m’uch‘b‘roader fhan.fhe weighted éne.thaf ‘
it does not infiuenée fhé /characferisfic_of the latter but rather to include compensation

for its roll~off einAfr.eque'ncy in the initial frequency specification before the design

impulse response is fixed.
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It can be e(:15||y shown from Eq 4.1 fhcn‘ lf fhe ’rransducer tap welghhng ‘

* function Wi of Eq 4.6 is symme’rrlc or an’rlsymme\‘rlc aboui ‘the central ||ne of \‘he .

. fra_nsdu.jcer,' thé frequency response hcs li‘n‘edr‘_ phcs‘eﬁ wi’rh‘fr'echené:y, '\‘hd_f is, it _is]

-dispersidhless (51). Morqugr ’rhe‘kphqse. Faé’ror at the ac:ous’r'ic output port of fh-e.
transducer cdrr‘e‘SpondS”rb the fim'evrequired to travel from 4fhe' ‘Cen‘fre line of the’
_’fransddb'er to this por’r'ah.d_‘i'hos; for ovérall .phas'e caléulations it can be assumed that |
the _sou»rcv:enbf fhe acoustic wave emaﬁa\‘ing from a. sy.mme"rrictlul >or.ani'.i—sy‘rnme“i'rica| :
fran'sduéer is ’r_h__e 9?"”@' _l‘ine.._ This ease.of ob‘faihi»ng.iine'ar Pqug'e |s foren‘on.e of ’r|;e

major advantages of surface-wave over conventional filter designs. On the other -

“hand shaped phase curves are often required and some non-symmetrical transducers

'wi,’r'h'dispgzrs_ion‘- are cméidsrgd in"Chcpf__elj Vo |

The.‘inpu\‘ impedance bf_a weighfed »\‘rdnsducer can be calculcfed'by inter-
conneci'lng mdlvxdual equwalem‘ CIchI’rs of the form of Fig. 3 4 <;>r Flg. 3 8, one
for each finger with parcmeférs sun‘cbly chésén for fhat finger section.. It isnot |
possible to obtain a .s:mple.expressmn of the Form of . Eq.3.5 or_ Eq.3.6 cnld |
accurate cclcu_léfions« Fo; weighted transducers require c.coﬁpufe‘rpr'ogrcrvn, (63, 81, 97).
However the inpuf impedance will consist of the sfdfi_c capacitance, which can be
deférmined by adding.the finger section capdci’ries_ gi\ien by Eq.3.2, in péra”el
with a radiation susceptance which can of’ren. be neglected,. and‘a radiation c-c‘mducfance
whose frequency dependence is.‘prOporffondl to the magnitude sqﬁared of the transducer
frequency resp_.onsé-, I'H () |2, ' Es‘r.i.mc)‘e‘s,of input admittance can be made from the

curves of Fig. 4.7 (26) which show the approximate input COnductdnce_ (G);an’d
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suscepfqnce (B) For essenhclly recfungulor band pass Fllfers on two leFerenf subsfrafes
as a function oF fhe Frcchoncl bandw:dfh for an: dssumed average bedm WIdfh oF 100\ .
These values can be scaled proporﬂonately for. beom WIdth ond IF the: transducer s

dISperswe the volues shown are to be mulhphed by the Hme—bqndwdfh product

'(see Chcpfer V)

- 4.4 Apodization Corrections |

There are two effects wh:ch orlse wnth fhe Fmger—lengfh welghhng or
cpedlzlné whlch de not» occur wnth constcmf Iength Fmgers The first oF 'rhese eFFecfs
can be wsuallzed wn’rh fhe help of Flg 4 3 The parf oF the wave From the Iong sef
of Fmgers whlch is exmfecl near fhe longlfudmal centre line oF the transducer passes
undef ‘more Fmgers :fha-n fhe ‘porf"of"the same .weve e#cnfecil ﬁedr th_e f.nger eXfAremlhes
becausje“'sen.qe e:f-fhe bfhe‘r ﬁnéers in the 'fr'aﬁsmiesien pcth’ ere Vsh'o.ri_'er. _ Sin.ce Athe
phase velocify. .in fhe-‘ mefqili'zed ;egion of a ‘piezoelectric is lower than i.n a non-
metallized region,. fhe a.verage phcse velocnfy of fhe pcrf of fhe wave. excited at the

exfremmes of the: long Fmgers in Flg 4 3 is lower than fhcn‘ of fhe cem‘ral part of

the wave, serious phase dlstor’rlon WI” occur ocr.oss-fhe wc:veFromL arriving at the-

recelvmg transducer, especnc”y if the non—-uﬁn‘orm transducer is Iong and has. e wide
rcmge’otc Finger-leng‘ths T|1|s phase dlsforhon could be included i m the. welghfmg buf
only‘vﬁth great 'diffieul'ry- becouse the weight of any one finger pair clepends) on the
average mefallizafion of .the bfhers. However fn fabricefioﬁ fhiseff‘ecf can Ee
remov'ecl very Simpl); by usin.g: dummy fingers (21), -(\G‘é, p.419) as illustrated in o

Fig. 4.8.. Since-each of the dummy fingers introduced is connected to the same. bus
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/ DUMMY FINGER
~
APODIZATION
FUNCTION
-
-
: \ OVERLAP (W)
Fig. 4.8 Use of dummy electrodes to compenéofe for F;'hose errors in apodized

transducers. l
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bqr.ds its immed?ote' 'rﬁe:"ighbours' no hew e_lecfric Fields“a‘re set up by if-'dn.d thqs;'rh‘e‘: v
weigh't oF/ed‘c.h' finger"pei r femqihs f-He sqme.; bd‘r now anypdrf bf a v‘\/qvepn_’epddcfing
Under the frcmsducer sees the same qverage mefalllzahon | | |
x The second effect qssoclafed wnh varmhon of Finger overlap Iengfh can
arise at the oufpuf fransducer. Af fi rs‘r s&ghf from - Eq 4 2 it mlghf qppear fhat a
given frunsfer Funchon could be peallzed by dwldmg it m'ro d producf of ’rwo cmd
reallzmg the two mdlvnduc:! funchons by fhe overlqp wetghhng of two fransducers
in ’rhe manner dlscussed to this point, Buf fhe latter approach hds assumed fhaf qll
eF the wave emlf’red by a flpger pcnrl of fhe fransmm‘mg fransducer passes undep all
of flde lengfrh ofiq!l of f_helfl_'ngers’ of fhe‘;re:celyhlng,‘rrqr_nsdpcer. However if bofh_‘
franeducer.s‘qre dpodized H;e pa'rf of fhe waQe emiffed by'thé exfren].i;fjese.i’ long o
Fmgers will pof see fhe short Fmgers of fhe recelvmg franstcer ThQs the evepqll
transfer Funchop of such epcur wull .nof in generql be thev producf of fhe .1nd|v1dua|
fransfer functions as synfhesrzed From fhe |mpUISe response lllusfrcn‘ed in Flg 4 3 63)
Pairs of frdnsducers in whnch bofh frcmsducers are qpodlzed can be cmalyzed by |
imqglnmg each. fransducer dnd fhe frdnsmission.pafh between fo be divided into
narrow sfups pc:rallel fo the cenhql ax1s, wdhm each smp all the finger pairs of each
trcmsducer have umFOrm .overl ap equal fo the sfrlp Wldi‘h and fhus fhe com‘rlbuhon
to the impulse response produced by the strip cdn_ be ealcq;lqted cmd qdd._lflon of the
reepo_nses .of g_l‘_l.uof the sfripe gives‘: the total respenee df the trdnsducer pairs (96). This
additional eom_pliegfion in the >s'y‘n'fheeis-ils_.fneonvenien'f \and__if&jrhe necesedry filter

characteristic, e.g. a steep skirt requirement, cannot be met by one apodized
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transducer, several techniques can be uséd to circumv;en-’r"rhe:s’rri.p anallysis and retain
the overall F‘reqt;ency response as the pro‘duéf of the individual ones. For example.the
width weighted acoustic beam can be,g:onv.e;fed fo an’ dlrhplifuc.ie;weighfed b‘e"am of
unfform width by means of a.mul’ri—s’r‘ri"p coupler - (Chapter I)I()?- b’éfween the ’rkrczn'sdocers
(G6, p.172). Or 'r.noho’rOnic va'r,icsf.iéﬁ of Jr'h.e ﬁngér spacing d.ldné’ the ’rransduei/er |
léng‘rh can‘be 'LJséd wxfh two i_denfvi’cy:csl transducers 5o ‘rhaf_'fhe wa\;e emif‘fed.b‘y fingér’s
of a éeﬁain qufial.ffequehcy is received in large pc;'r)‘ b}/ f‘he‘ fingérs of the same -
spacing cmd. lenfg’fh ln ,fhezreqeiving. fransdt;lcer.." As will bé» séen; be’loy;/\ the mdgn i‘fud.e
of the overall "f‘r}eé‘uency‘ ;equnse is the s}q_,qq_re.of"rbe. ipdiyidual frequency re,sPQ.nses'.
and. the oxkerqlkl'.phase.mq.,y, be Iinear or dispers;’ve",, Iinea'r‘if the second frrqnsdyclgr isa
translation of the first. _(Cbc:pfer_ V) | »

o Anofhér mefhgd of.’rap_' weigbf_ing_is i|.lq$fraf¢a.;fn' Flg49 ((34,_ p:.]4‘1)
where it will be noted th’qf the gegn_elraféd wdve is e_ssen'ﬁ_cslly uniform ove‘r‘.f_he full
apérfure \('vidfh. This mefhod -is,diffic/ulf to use alone i%ot -gpmpIiCG’fed;imelge responses
but can 'be used in conjunction w.i’rl_\n‘d\_/e’r‘l_c‘:p.weigh'ﬁng éf "rhe individuui generating
region to produce more‘_o"r-less uniform beam ov’e‘r‘fhe.csperf’n‘Jre and to a\lxc.a_id, the very
short fingers which lead ’ré extreme diffrdcﬁon effects m normal ‘c:po'd»izing‘ i;or some
irﬁpul._se responses. -

There are other methods for varying the frequency response of a pair of

fransducéfs while maintaining constant beam width. Wifh'drcswc‘d weighting (G6, p.423)

has been Qsed in which the number of constant amplitude samples per unit time of the

impulse response is varied in a manner analogous to pulse-number modulation. Yet

!

Y T |
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Fig. 4.9 ;F.in'gef 6yefldp weighting by.series connection of electrodes ( capacitive |

‘ “.c_obplfng) .
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another constant-beam-width method wh'ieh hqsv' some odvenfoges when the location and
depth of nulls in a response are i‘mpork’:n‘f'is fhe phqée weighting technique illustrated
in Fig. 4.10.- Since.:’(he overall transducer is symnjeffie it ‘islnon.-dispelyrsive
(Section 4.3) and will A'o[.)pecr to the reeei:‘\./ing frcnsdpce‘r as a source loeefed'on the
¢entral line marked 0 This ‘pAdrficulcrfA‘rrcnstcer. can ’rh_u?: be"regor.ded as two
separate sources I'ocdf.ed on th‘eceﬁ’rrcl‘ lihe,‘ohe with a Frequency' resporse choroéfer-—
istic of the ceht-rcl seveh:'fingeré cﬁd the ofherlwi’rh. a frequency response of the oufer
fhree-ﬁnger_frqnsduceré. | :HO\:Neve:r', in od‘ding-.fhe sources ‘fo.ge‘fhe'r‘,. the relative
pho;e of the two-sources_‘ mX/v ir‘r1>usf be foken into GCC»Ol.Jlfli'__in. f.he.‘vecfor qddi’ri.on . |
Th'e resulfonf F;equency reépens'e of such'a symmefrivc fronsducer.cen'be esymme’rric
about 1he' ceefre Frequency For exomple in Fig. 4 10 if bofh fronsdecers hove the
seme centre Frequency cnd of fhls cenfre Freq‘uency X corresponds to say.
(n ++) 2w, fhe resul’ranf Wl” be larger of Frequencles below ’rEe central frequency
than obeve. . It does not appear fhcfyfhe're is d sfrqighffomord me_fhod of;usivng this -
frequency_—-domcin,anaiysis in a direcf sy’nfheslis .’rechnique’. : Thof is, While .i'ferofion
is used to improve fh‘e mmal deSIgn in the time- domqm synfhests fechmques prewously
discussed the initial conflgurahon was recsoncbly well. deFmed here the initial
conﬁgura'rlpn ;chmcefo_r an lfercflm,pro,cedure is much more orbifr_qry. Thus phase
weighting hqs"_'rhe_ advantage ef‘dispersic__)nless responee and constant finger overlap,
‘bu’rl‘how wfde its use becoi'pes in surface-wave- filtérs will depend on _fh‘e 'reFine'menf

of the associated synthesis procedures.’

[
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 Fig. 4.10°  Phase-weighting for non-dispersive band-pass ‘filf_er's.

71




72

Finally, it should be nofeld'he,_i"e again that in d'll“ the 'frdnsducefé welighted

to produceAspecified filter characteristics triple transit echoes betweeh‘ the two trans=-

ducers ' (Section 3.4) cdn deteriorate the frequency response from its design value,
_especially on ‘hi'gh coupling substrates.  Such echoes can be greqtly‘réduééd by using
fh.'e split -Fingers of Fi’g.';3 ._'9_ for edch of the fingéps of each transducer and will only

negligibly affect the filfer design for the fundqmenfc:l_ frequency band because in, such

a.design the exact :shcupe of the field distribution in the finger region only affects the .

scale factor of the overall response ..
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V. LINEAR FM (CHIRP) FILTERS
'Thére_is one particular typvevof bdnd-poés filter chdrccferfsﬁc"whibh is,

easily realized with surface-waves and which is of importance in radar applications. |

“The characteristic in ‘question has a time résponsé whiéh’l‘ié_ a constant amplitude RF

pulse WhOSe‘:ithéh.f."CjihéOUs F'reqpen‘ciy ;:lurihg'fhé ‘pul‘.se vcfiéé lmecrly w'i’i*.H'fi:m»e,»‘or'_A
Whose f:nsfdr{fc‘neous'ﬁhcéé‘ :\/criés-qi;adrdfi;q“)f wifh» finde.;" : |

| In many rcddrl-s‘yéfems, :fhé»pedk .Arqaia‘fé&pm./ér énd ’rhu;. ‘fHe n&éximﬁm range
is limited by fh>e 'frqnsmifferii “ Long pulses qre- réquir§d~fd*give _cdequcféx echo energy,
but long piJIses ihc:ye inhe_reﬁfly poor 'r':cm’ge; résoll‘l“ﬁ__dr:\_\'unlésg;c;nje _‘fornni'of .c.o‘dl'ed

detection is used.. One standard technique is to chirp" the outgoing pulse, that is

- to vary the Freq’uuen_:cy radiated in o lih_eur_ Fushfon ‘6Aver the pulse duration. If the

returned échq,,i_s) éténye'r,t;s‘d into a s;urf';xg:lg—_f/:yc‘:\{gby 'j_c: brl_qu:f:\:grlmdjfrcnsdu_c‘éxr and F,;‘cussed
under c:_,sev_c‘orn'd .i'rqr.\sduc_gri whose lengfh:co;reséénds fo._ti%l%e p:ulsé len‘éfh c:n.d whésé

finger sp.cci'n_g v{qr.ieﬁ liné;_fly Wifh dis’rc:h?:‘e c:‘_lo-ng'. fhé fr.'c:n_sduicer‘_in a ‘time_—réversed
fashion. From the insfqn;‘cneéu_s frequé;\g)% ;,(Voricxfig:.npf_ the lfrdjnsmi‘H.*ed'pul/se, then the
i‘runsduce_rférmswfhe rﬁq‘tc-:h_ed'ﬁlfer of f-_he fr:ur;sm-h.‘fed pu[se_ q:r;dtcn équuf qorfelution-
voltage ‘pqu.lse é‘ppecrs c;:ross the frcm_s.diu,'c_:‘e:v' when ﬂ'.a;é Tré?e'lling- [;ulse is precisely under
it. The narrow .OUféUf .puls‘e '[.)r'od.pcedbyjmutched'Filfevring ‘qllows“hiéh.r\onge resolution,
that is, the uioi_lify_ to diéfingui;h be’m{eenv two ‘rurg“ef‘s cl,qseiy spaced in range is
enhanc'«ed‘wifhpm decrec-sing.fhe deie}cting‘rqrimge oF‘fhe“'systén{.. 'fhve,»surfoce-'wave
chirp filter will be diééqssed in }nbre detail below but first é relcfe_d signdl-précessing

application of great potential importance for the same form of phifp filter should be noted.
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Let us consider the 'op.era’rion of a system 'ouiﬂin'éd‘ in "rh'é block diagfam of
Fig.5.1a where the linear l.:M cor.n_prev.ssor has o time deld’)./ vs ‘fr_géqu'e'ncy character-
istic as i:ll‘us’rrafed in Fig. 5.1b.,.qn.d "'rheAlocalv oscillator is scanned Iinéarly froma
frequency fd to a lower frec:]th_encyvfflo For illustrative ébrpo;és assume ’rvhdz’rAfwo |
pulses of length equal. to the total time déldy. of the compressor Bqt' of diffe_ren’rv fre-
quenciés fir and | Fé drrive,simglfaheéu'siy at the input A,, fhen at f'H'erloufpu’r of the
rrvl'odula’r"m there will be. two simul/fr‘aneous__pulses, _éne scanned from f] + fa ‘to f] +,Fb
and ’rhé other from: F2 + Fa to :'F'2 + fb. '.Th“e cpmpressed. pungs; Fromx’e.ach-of fhese
si'r.r_,vul,mnem’:s_ input pulsefs'.will appgq;.a'f the output dt a di_ffe're_nt ’r_ihe (Gé, p._494)‘.-
»TP.u,us for each _'{:'..requéncy_ component in fhe"_ivn“puf'”singn.dl sampjgﬂ’rhe'rg‘uis an output pulse
of. prqpor"rional‘ qmpli’rude .qnd aisplaggd in time. c‘lccordling fvvo ’rha’r""inpu"r Fr.e':quency.
For examp|e.ifj the inpulfl signal is 6.§amp|e of sorﬁ’e vidég_signal; the elr_lvel'opé. ovf the
corﬁpressed_éu!s_e is the amplitude of the frequency ségcfrum..‘ 'I;he,'.oul’rp_uf can .ﬂbe _
" retumned to base .band‘ by a sgcon:d linelar frgquency mo%:k‘qlafion;f‘rom_ fb to fc Use
of two paralle__l sysfe‘ms wffh oiuadrc’ru‘re lpP-\ase on,’rhé scanned local oscillator are .
l;eqﬁired fo'piroduce bo’rh';rhe real énd imag_inary_parfs n/ecessan/fy for say a Fourier
transform of a-scﬁméle of aﬁ arbitrary. i.npu’r signal . Ex;rension of the concept Fig. 5.1
to systems applications is beyond the scope of this 'rglp_o.r_f‘_; but if,ma'y bé remdrked that
because of ’rhe convenience 'illlusf'rqf_e.d belqw with which su'r_fac::e-;wave FM pulse
compressors can be realized, such spectral analys is abplica’ripns could well become the
most important commercial dorndin for surFace—wave devices (2‘2» ( G4, p.‘-|“67 and

278).
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5.1  Chirp Filter Desig'n. '

“We will now f'c':onsid:er some design aspects 6f the: surface-wave realization -
' of the linear~chirp filters.  The impuléé response of a transducer can be written as
L oAmee® BT )

h(t) = A(t)e L : . (5.1)
where A (i) oand ¢ (1) are real functions of time and for the band-pass types of |
response of concern here ‘A () can be taken as a s‘lowly varying amplitude or
envelope function on the complex exponential which in turn has-a slowly varying
phase'. “In Fig.4.4 for exdmple‘ A (1) was of sin X/ X form and 4 () was a

linear Fo t, that is the instantaneous Frequenc':'yﬁ :

—
o
N

~~

do ()

o1
f C 2w Tdv

t

was o consf_cmt.v. ) .‘
In c‘t“chi‘rp‘ filter the Basic éoql is to f;roducg an iméu.lse résponse in which

A (t) is constant over a pulsé Ie.ng'fh T ., qnd‘the Ainsfa‘rj’ranléo‘us‘_Freﬁu_en;y varies

Iinearfy with f_i‘rr.re, from Fo - LF/2 at :fhe begin'h‘inguof f.hg' qulse’fo -Fo + Af/2

at the end (or vice versa) that is

1T, <t<T/2
A =¢ - - - | (5.3)
0 ltl>T '
AF | o B
- _ T Af. 2
or O = 2 (FO t+ 7 T ] ) (5.5)
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to within a constant. In principle the same transducer configuration can be used with '

a short electrical pulse inpuf to produce the expanded: linear FM pulse as is used to

~ compress the linear FM pulse b‘dck' fo an output pulse of short duration. However

. as will be noted'in an example b’elow, ‘system needs may make certain modifications

desirdble.
Two profotype conflgurchons for hnear FM chlrp flh‘ers are lllusfrdfed in

Fig. 5.2 (G4, p. 767) lf in Flg 5.2q fhe leﬂ“b-hcind ‘rransducer is Uelform and has
a bcndWIdi'h wude compdred to the chlrp bdndWIdth AF fhen all frequencnes‘i .-
effeg’rlvely rcdlc_fe- from its cen‘rre «llne (Sechon 4 3) 50 i‘hcn‘ lf the flnger spdcmg of
the long rlghf hcnd trdnsducer verles from L = v/2 (f +. Af/?. ~at one end to

i = v/2 o AF/Z) c\f‘fhe efher i‘heceﬁfj;ggrchon .|As‘-1fncf:ched 'to_‘qn Mupt VchirF.).
The h\ighe‘r frequencies~cre | "resonant" .df the left ]’imn‘d end of second transducer and
are extracted there while lower frequen::.les proceed Furfher i‘hrough the frcmsducer
before becommg‘resonc-m‘ w)n‘h fhe loca.l flﬁger spccmg, Thus when an- Up—chlrped
linear M pulse is cpphed to fhe ln.pu‘rAfransducer the low Frequency pcrf of fhe
signal whych is emitted ﬂrsf cdn have the "sdme_‘ nme..deld)-{‘ to the oufpef crr‘cult as the
high Ffequency c'orhponenfs wh‘ic-h d.re"'emirted Iefer bur rr.dvel a shorfeﬁ distance along
the sUb'strefe.-"‘ _Thu's the 'ou_fpu.f‘ vovl tage ‘pulse‘-recé??eé an 'iﬁfeg'refed (correlated)
contribution from all parts of the input eulse‘buf- is ‘mU‘cl.1 shorter than the l_cHer‘. '
Figure 5.2b .shows o second configuration for the same rype. of pulse compression but

here both transducers are diépersive_“ one being the mirror image of the other
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Fig. 5.2 ~ Pulse compressors using one or two dispersive transducers .
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|ﬁ a dee|gn comext fhe centre Freqeency F | fhe bandWIdth AF and the
exponded ;;ulse |ength T are usually determmed by sysvtem constrdints. iThe surFace-—
wave Fllfer is to approxlmcn‘e the phase characfer:shc of Eq 5 5 as well as p055|b|e
over the hme lnferval -1/2 = f < T/2 | It was seen Ih Sechon 4.1 fhaf the .
Fmgers of an lnferdlgn‘al rransducer whould be placed at ‘fhe zero crossnnés oF fhe

desnred |mpulse response (87 96), 50 fhat here rhe Flngers are to be locafed at

X =vit where '
n , n S
o (t) = nm n=0, t1, ... (5.6)
and Using. . quafion .5.5_ U
B 5 ﬁ-]%(1+n AF/TF ]/2 S e
om0 AT RIIVRUETNRTL

Th‘e Timits on n. erje: "T:(Fo_‘+ AF/ 4 ‘on the hlgh Frequency snde dnd T ( - AF/ 4)

.on the low gi\ﬁhg a total number of fingers

2N = 2F T . B S L | (5.8) .

For 'se\./erd.l donside;;afiens such aAs"fhe specifiea.fion of mqfching networks it is Eelpfu|
to have an estimate of f.he number of fingers in _fhe' transdeeer which are effective at .
any one Frequency, fhef is how many Finge;s woule a similar> uniform transducer need
to have in order to predece' at a given frequency the same- CW. response as the chirped
transducer (88). The estimate can be rﬁqde by noting that Fer a specified frequency

in the pass-band a certain point in the transducer will have resonant spacing and
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" contribute in phase while some distance on either side the phase of fhe fihgeré will
have shifted by more than w /2. Using the m/ 2 phase as an estimate of the

~ effective number of angers' Ne at fhevfreq'ureh'cy f gives

N_ = 28J/T/BF . R 69

5.2 Filter Example
s instructive to c_onsider a specific example of s.urfdce;WGve_chirp
filter (G6, p.474). .Let”us assume :
f.o= 60MHz,  AFf = 20MHz, . T = 2psec.
The desired instantaneous frequency and phasé,
B . 2
f = 60+10t Mhz, : © —_2ﬂ(60f+5f')
'vryéspéc":fvivél‘y with 't - in microseconds are shown by the solid curves in Fig.5.3, and
the time pc')si’rions.‘offﬁe fingers
b= 601 + 4/ T+n /380 1 p sec
are illustrated by the inset diagram. The required number of fingers, Eq. 5.8, is-
240 “with =110< nh < 120. At the centre frequency the effective number of -
fingers is 38, and.the Finger spacing in time is 1/ (2x 60 MHz) = 7.14n sec.

at-the high frequency end and 10 n sec at the low frequency end. The actual finger

positions X, = vt depend on the surface-wave velocity for the chosen substrate.

If the fingers in- this example all have the same ratio of metallization to

finger spacing then the overlap length must be multiplied by o factor ( f/ fo) B 3/2,'
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Eq.4.6, to maintain a constant ‘résponse with changing ,spcc?né .. __-Mbreoyer, in.
order' to have d constant overall response during"fhéﬁulse it |s 't‘1e-ce‘ssar‘y’ to compensate
for any roll .o'.FF in fhelFrequency_'reépohs"e b_ﬂﬁe uhifbrrﬁ f'rqhvs'dt:J’c'e'_r over the frequency
b"on'd. Af.-/ T}.'Ten’rc.ap ;F a .sin X/ X. reépénéé J'For a fhreeéfingéf-pdir (sAix’Fi‘r;gler)
um’r'orm frcmsducer is plo’rfed in Flg 5.3b asa ’r'uncflon of fhe hme in the pulse at
.whlch the leFerenf Frequencxes occur.v Also shbwn in Fqg.‘5'.3b is a curve corres-
ponding to ( £/ Fo) /2, thus to produce uniform‘requn“s‘e Qve‘r the pulse lrengfh’fhe
‘fronsdu’cer _Fing'ef I'eng’rhs: should be weiéhfed or apo‘éﬁzed accdrding ‘fo 'rhe reci'procol |
oF fhe producf oF 'rhese fw0 curves.., Thus fhe requxred overlap Ieng'rh as a Funchon
of finger lengfh in 'rhe lnferval - T/2 st < T/2 is os shown in Fig. 5. 3cl

Abrupf 'rermmchon oF the fransducer at . l t l = T/2 would result in the
phase and. amphfude vs time curves,l fha'r is fhe |mpu|se responsé, having rlpples'
cn.clogous to ’rhe frequency response npples produced by,'rhe 'rruncchon of the non-
dispersive transduce;s' of Sécfion 4.2.. Here-the resulhng ripples are usually reFerred
to as Fresnel rlpples because QF fhe snmll&rlfy to ’rhe Spahal Fresnel diffraction from a

limited rodla’rlng aperwre. These rlppl_es lnvfhe_-phase characteristic can be reduced

by tapering the apodizing function gradually to zero outside of the fundamental length.

A cosine 'raper’cldclivn:g 20_% to the /’rrd_n_sducer _Iengﬂ.iv is shown in- Fig.5.3d. Thus
the transducer, pair, one Broad band,dh’d one d-i:séersi_\)e with this apodization function,
produce an overal| impblse response which is a linearly chirped fm pulse of constant
amplitude over the central 2y sec.. The main departures from ideal response result

from triple transit echoes, interelectrode coupling in the dispersive transducer, and
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bulk-‘-wcve generdﬁon : fhese'can be reduced by-the use’ of splif elé(:frodes,- mulfi—sfrip '

couplers and bulk—mode suppressors, but most easily by weok couplmg fo the. substrcte

‘ lF the dddmondl insertion loss can be tolerated. Depqri'u_res fr_om"qucdrqho ph'cse, °f;

perhdp_s J—r 10° and ﬁm_e—bcndwid_fh produ'_cts' T AF of obout 2000 can be achieved
with such dispersive transducers by careful design (88). -

"+ For the compression filter in a radar system; the time side-lobe level which

would be.produced in fhe compressed pulse by fhe’consfchtomplitude weighting of .

Flg 5 3 would be foo greof.v Thus in the compressor it is common i;o use some‘
oddmonol welghhng over the fransducer lengfh fhcf is ouer the bcndw1dfh |h .fhe |
Frequency domaln, whlch greofhy reduces %he time. Slde Iobes, at the expehse‘of shght
pulse broqdenmg, Sechon 4.2, Flgure 5. 3c.:‘ shows a Hohnmmg weléhhng funcflon
chosen fro r?duce ‘th‘e-theorehool h_me _slde“-lobe_}s_ he_low 40 db, cnd Fig. 5. 3e gives
the apodiz'ing.fun.cﬁon, for the c_om‘pressi‘on_,fiilt.erin_ol__uding fhisnwelghf.mgl, the taper
to reduce the Freshel. rippl‘es, o}hd:fhe oompenscti_on For_.rhe rol.l~off of _fhe uniform

transducer and for the frequencysscdling..

5.3 Pairs of bispeu'siué Transducers

X The overcll bcndwndfh of a frcnsducer pair such as th 5. 20 in whlch all
the dlspersxon is in one transducer is llmlted by rhe bomdwndth of ’rhe uniform trans- l
ducer.” For W|de—bcnd cpphcchons.thls_ is a serlous restraint -becduse the number of

fingers in the uniform transducer must be five to ten to have reasonable insertion loss -

‘and tolerable spurious bulk-mode generation. This restraint can be removed by using

two linearly dispersi\}e transducers as illustrated in Fig.5.2b (11).  Since from
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Egs. 5.8 and 5.9 only a Frdction'v']/‘mv of the fingere ere'eff'ecfive'cf;a gfven
Frequency, the pafh Ieng’rh 'rraversed and hence the hme delay of ‘rhe dsfferen’r in-
s'rqn'_raneoUs frequency componenfs again v’crles;lmemjly wufh fr‘_equency. If 'rhe
vdmplffude'weiéhﬁng of fhe‘r’ésp'or-mse is shared equally between the ffcnseucers then
the frequency 'sealiﬁg Fa_c’fe'r_e:f- Fig. 5.3’b ‘will'be (f/ Fo:)s-' in eeeh dpodizdtion
Mﬁle any Fres‘hel or Hamm:ing weighting ef 'Fig‘. 5.3c will be the equdre of the "

functions shown. It is very important to note that the overall response of two

a'podized transducers is-no'r in«general fh'e."'s'thare of, the individudl--apodizing function

as noted i in Sechon 4.4, buf is so here because fhe effechve fmgers at o glven fre-
quency ','see" only the correspondmg effective Fmgers of . i'he other fransducer ‘and
both fhave ’fhe-sdme ov'erlap |engfh‘.

At is also. lmporfcnf fo note . fhcf fhe concept of one group of fingers in a-

dlsperswe frcnsducer lnfercchng only with-a correspondlng group of a second identical

transducer can be used as the bcms For the. desugn ‘oF wide-band non-dispersive band-
pass filters (11), For example, lf m _Fig.~5.2b’ ’ef\elof the Iin‘ecrly; dispersive trans-
ducers was a translation of fhe. of.her'ra';her than’ the mirror im'cge csAshOWn, the path
length from effective entry to effecffve- exit would be the sgrﬁe' for each frequency
and thus the overall»frequ_ency' response would be non-dispersive . The width of the
pass-leand is Af‘ ‘and there are .'eff;ec_fi\‘/ely many sepcn;afe transducers of different

frequencies all ‘operating in parallel . The bandwidth is limited by maximum apodiza_

tion rates, iransducer length, second-order effec‘rs and mcnufccfurmg tolerances rather

than by transducer bandwidth of fhe symmefrlccl transducers of Chcp?er v whlch
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radiate eFFeefively from their centre lines.” The sfeepness oF pass-ba’nd skirts, the pass-

band and out-of- band ripple depend to a Iarge exterit on ’rhe desngner s lngenUIty

_becc:use synthems fechmques for fhese nonudlsperswe combmahons of daspersnve

elemenfs are not yet well estabhshed

Mc_iny of the second-order effects .in_ t‘h.‘e dou'bll.y_ .diseersive fronsdueer pdirs .
of Fig.5.2b res'dH from signail ‘componen’rs eF a given -Freduencyv pdssing under Fingers.
Wffh-wnich they a‘renot resonant bufwith which they may interact constructively to ..
prodUCelarge refiec_tions.‘or- large :bulf{-wdve ‘g’eherdtion e'sp'evci.dll»y-serious-in wide-
band conflgurahons where the bandw;dfh covers> more than an- octave of Frequency
(G4, p..'|67)\. As prevnously nofed some oF ’rhese second order eFFects can be’ re-

duced fhrough redUced plezoelecmc coupllng, bulk-—wave suppressmn, mulhs’rrlp

»couplers and spl,lf fingers. In addition, here where only one group of fingers inter-

3

acts with the corresporiding group in- the other transducer,. further reduction. of second-

order effe_c_:’rs results fro_m inc“ning vthe ttqnstce'rs as indicated in Fig. 5.4. ln,.fhe

“case of the broad-band non- dlspersave ﬁlfer fhe two ’rransducers could be |ncl|ned

but parallel
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Fig.. 5.4 Inclined doubly dispersive chirp compressor .
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iI. PHASE-CODED DEVI_C"ES“‘:_“

It has 'lo..een. _oofed d";;ccd);j'thdf in radar opplico_fions wheré _'f-he péoi(‘puvlée
power at the fro‘r.lsm‘iﬁc.i" i"s“limired,‘%@b&;@é‘d cig‘n'ol _-’ro.-inoisé:;'-o'ﬁo at the -feceiyer can
be obtained by’ osiné‘o Ion.ge-fv pulse, ‘and that l;qngé-rc"solluﬁoo can be maintained
simulfoneou;ly ‘fhroug‘h‘ fH‘é use: of“c‘.odin’g w‘H.hin the |ong b_ulcc .Ql.’ld‘ a rﬁofchcd filter
and pulse.compre:ssor in fhe .r.ecciver. The last sécfion indicated .fhm‘_ ooe form of
coding,_. the linear frequehcy;modUIchd polse; could b‘e.v.‘Bof_hv créofe’d ondcompr'essed'
by convenienf passiye sdr.facf-wc:ve-dev;'ccs.. ?Anofher'form of c_odiné which can be
used for p'ulse compréssion is fhev'ph.ose-code-d pulse‘.' -He.re (fhe o.ufgoing consfcm‘,- '
dmplitude RF pulse has its phose chonged stepwxse durmg the pulse whlle at the
recclver a compressnon devuce adds the com‘rtbuhons from oH pcxrfs of the pulse durmg

some short interval and produces-as much cancellation as possible at othe'r_ times.

6.1 Barker Codes .

Compressors for. blphose codes are portlcularl’;/ eosuly realized Usmg surFace—
wave devices. = A commonly used set oF codes which produce relohvely low, constant -
cifnpilifude‘/, time Side~|ob'es on o’narrow compi’essed pulse’orc fhé'Borker codes. For

lllustrcmon purposes |ei' us consider a recelved pulse which has been phuse shlfted accord-

ing to the five-bit Borker code 101]1 This pulse can be fransformed to o,sur‘foce-—wove

by a brood bind tronstcer and rhus at some insfant of time the dnsplocemenf omphtude
would be as shown in Fig.6.1b for the particular cdse of fwo ‘RF  cycles per bif (35).

Now if this wave passes under a transducer with periodic finger spacing corresponding
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to ’rhe half wave lengfh of this surfoce wave bul phose-coded ro rhe hme reversed code

lllOl as shown in Flg 6 la, then when the wave is precnsely wnthm ‘rhe fransducer
the vollages generm‘ed by every. flnger pcnr will ddd ’rogether in phdse. The phuse
reversals in the code are upproxsmcn‘ed here by connectmg qd|ucenl~'-ﬂngershro the

same bus, in oflqe‘r types the reldi‘lve‘ position of a meonderin;cj ground businferledved

. belWeen the ﬂngers defermmes fhe phdse of fhe leFerenl' regions (G9) lhe number :

of cycles per bit and hence fhe nuriber of Flngers in each perlodlc region of the
transducer ls. 'Fi-xed by 'lhe sysfem‘, that is fhe code_lenglll, llreoperd’rlng Frequency._k“
(RF) and ’rhe\_pulse:len_.glh.ii . | | B

The elec’rricol ou‘rpurL fro‘rn fhe frdnsducer osd Funcfion‘of-flme _.is'llluslro’red
in Fig. 6. lc where ’rhe cenfrdl compressed pulse occurs at nme. t ='f when. the
surfoce-wove Iles complefely under ’rhe«frdnsduce'r. . There is elec’rrlc oufpul for all
oF the flme lhat uny purf of the wave is under fhe frdnsducer; that is For twice the ‘
expdnded pulse Iengfh The form of the equal crmplr’rude S|de lobes is eusnly v.erlﬁed
by concepludlly slldmg ’rhe wdve of Flg 6 lb one bn‘ at a time pds’r the l'l‘ClnSClUCEl

If the code hds M bll‘s, the compressed pulse hus a Full duration l/ M times fhe

expdnded pulse lengrh whlle the side lobes are. l/M of fhe peuk amplitude of the

envelope as InCllCCll'ECl For M 5 in_Fig. 6 lc. r

Obylously .longer_ codes formed b)(.lnoredslng the number ol’ pulsesproduce
narrower cornp'ressed pulsesand'impr‘ove_ :fhe mqi”n—lobevtos.ide—lol)e ratio,” The maxi-
mum number of bits depends on the accuracy and 'simplicity with vl/hich the orlgindl

pulse can be generated and on the second-order effects in the compressing transducer.
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There is no point in increasing’ the number of bits beyond fhe value at Yvhich second~
| orvder'leffe‘cfs such as the friple«-‘frahsif ech';)es and acoustic regenetation discussed
below detefmihe. the si de:-lcbé levels and f‘h,e compressed pulse width. |

As was the case with the chirp, the e>:<p_ar:1.:ded coded pulse for 'd>|;i“‘ving f/‘he
h‘ansmi;‘fer can if d‘e;sire‘dr be generated by a device ofA the same general configufaﬁ_on
as the c':om‘press'or. That is, the impulse _'res'p@nse of the transducer in Fig.6.1a is
the -acquéfic Wovaforﬁn of Fig.6. 15. Thus if an electrical pulse narrower than one
half cycle of the fuﬁd&mehfcl- frequency is"qpplied to the transducer, simulating an
impulse, fhé g;ene;afed ;1:c,§u§fic wave of Fig. 6.lb‘,yvi|| be ’radiqfed“in,me direction
and the -complergen’rarily ';od§d~puls¢ in fhg_ofh;r, and eifher of these pulses can be
exfrdc’re& by an_appropriate brbad-bandfransduéei‘-; S.ince the émoUrﬂ of 'el‘ecfrical
energy which can'_be,inse.n‘gd fﬁfo fhe"cé)dgd 'fr_ansducer.. during a single .‘impulse is
very.limifed, usuallslr .d‘ue f§ Enterelecfr.odeubr‘eakdown; fhe.“codc.:;d signal amplitude
wil‘l be small, and such !OQ !e;/els can be q disadvqn}‘age for’rhls form of code gener-
~ ation, but this di'sac‘lvan"fage may well be oufwe_ighfe& by thé freq;Jency.qnd temperature
change compensation affoArde:d by‘fh._eAuse of similér _c’cnde_generafor and pu‘l_se
compressor (G4, p.2_70).4 |

The effect of a change in the frequency of the coded pulsg. is sketched in
Fig. 6.2 Wheré the solid curve is the amplitude of -the main. lobe of thécqmpressed
pulse for.a 6 cycles |5er bif, 13 ~ bit Barker code (35) . The relative bdnd&ifh
be,fw‘een nulls fs approxirﬁafgly equal to the reciprocal of‘fhe number of fingers, here

1./ 156. |t is seen that a one percent frequency:shift causes a drastic reduction in

"




' Y
l. |
r
| -10} .
o ————— COMPRESSED
. . : PULSE ] :
C — — — SIDE LOBE
o . ~
o
: =)
=
i 5
e
l <
A -20
I L - l :
| 102
I FREQUENCY ~ ¥
' - Fig. 6.2 Degradation of amélitude of correlation peak and increase of side-
' : lobes due to frequency shift i-n a 13-5“ Barker code, 6 cycles per
l. ' bit (35) . " |




92

the compresséd pulse amplitude, :bqf bérhaps more imp'orfanf-“‘rhe side-lobe level a_lgo
rises rapidly becaase the phase s;hiFf;v, Frdmlregiqn to fegién are no longer the. 0 of T
required for perfect ;orrelaﬁén (10). Th_is.q'u'es'ﬁcn‘ of frequency sensitivity.is not.
+ confined to the surface-wave type of compressof bu”f‘_.is.fhe cld;sic ambiguify‘ function
pfoblem in pulse-compres“sion‘ radars s;ubiecf to doppler shift of the required frequency
due to fargef ve'l.o'ci,fy,'cnd the general problem will not be further discussed.
However similrdr effects would be producea by any shift in the central response fre~
quency of the )f_rdvnsdu.c_er{ :ifse‘llf and these are pf.airec_i' concern here. ’!f is. §_h’o_wn ln
C_Hapvfé‘r,).( fhdyifﬂfh_cle. phqse "vv;elc.x:ify; of s.LJL‘rF;:ci:e-‘-_w‘gves c:an be temperature depend;enf,
for example fhé fime'—o_le:l;dy, c:_.hanlge of Y,Z'", L| Nb 035_ 1594 ppm/.ol(.: 5o that a
10° C temperature change woyld produce a shifi of about ‘O..]% in the dgnfral
frequency which w-i_l'l produ?:g a significant ir.jcrecsg_‘in .sivde—lobe Iével . Thus A’ro
erﬁure fhaf any _effec’:_f'iv'e_v_freéuehcy shifts are jrﬁr.oo‘lyced by other parts of the sys'te'n-1,
fh_e‘ surFace,‘j-wcv_e dé_signer may o'-pt for femberatbre .co_rnhiQI loF’ the ;c_om|’:_>‘ressor or for the
use of low femperqtpre-'.ci:oeff}ig:ign'f subsfrate-mcteriqls ; .‘b’uf iF,i‘h_e system will allow
it, fhé beét fe?:hniquer is to use similar fransducérs' in simi‘cr’en_’viro_nments or preferably
on the same substrate for code ge'_nerafion’ and for pulse compreﬁsion, thus éroducing
first~order cancellation of f'e‘mperéfure effecfg. _ |
‘The \'metcl_lizcﬁon to form.the transducer electrodes pvrod_uces reflecfion of
the acoustic wave at each finger edge as discussed in Section 3.3 and here again if
the edges are spaced at M4 as in Fig. 6.1 the reflections add in phase and beéome

appreciable. Usually such reflections cause a detérioration in surface-wave device
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pérforfn_cmce‘prédbm_incnﬂ_y‘becapse of the resulting triple transit echoes. In .pl}ll'sef

compression applications such echoes can Fréquenfly'be removed by'fime‘gqfihgv of

the output waveform. . HoweVer the reflected waves under the frqnsducef_ifself at

" any instant ‘do not correlate with the f‘rcméducer and ténd to increase the time side~

lobe amplitudes, .especi‘cl\lyfhe trailing side=lobes, at the expénsé of the central
compressed pulse (36). Again the effects of electrode reflections can be gredtly .
reduced by using split electrodes as in Fig. 3.9 with the increased tolerance re- -

quirement in fabrication, or by using a material with a low electromechanical -

- coupling coefficient with its attendant indreqse in insertion loss.

~ Another reason FOr'-iusing‘mcife\ri‘c:ls_oF lower c;c:)ppl.i:ng:}c.oefﬁciént oyr:.F‘o_r ‘

“only loosely coupling the frcnédpce'f ’.rto"_fh\e_' load is fh_e following: if qppr.,e'.cigbl,e._“ :

energy_is;exfrcgfe& from the leading bits of the wave of Fig. 6.1b as it passes under

the first regions of the transducer, part of the energy will be. reradiated from the

transducer as a whole and the remqinAingww‘cve will be decr_éqse,\d.in amplitude with

respect to the later bits, bc-)fh effects prod_u'c‘e»_inc‘reqsed side~lobes relc:_fi‘\'/e to the
main pulse. . | N

: Tbere is an qadifionqi degree of flexibility in the §Urfcce;wcve compressor
which can bé_pf_us_é fo-fhe:.de\/:icize designer. In Flg 6_.‘1V§V‘_fhé number of Fiﬁ.ger's in
each consfqnféphqse> régiqn'Aoflfhe transducer was _equql"to the number cSF _.cyc\:leS'.per_
bit in fhé codéd wavefofm. Thi; restriction yi.s not necessary as the c‘orrelqﬁ\o‘n can
be produced wi.th _shorfé,r svamp_les_v of écéh bif. For exqmplevif fhe:_'fhird and Fqurfh,

seventh and eighfh etc. finger were omitted from.the transducer of Fig. 6.1b, the
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clémpreése'd pulse would sfil[ h_avé ﬂl\_c‘a, Vforr_r'»,’ of Fig;,é,.ic (GlO) A‘.Si.m.ilvcrlyy.if fh'e’re_
we.re six cycle_§ per bit, it would be sufficient fo_Have one pfoperly phased pait of ‘
fingers for each .bi:f qucé_d by six.quéle_ngfhs. : Thus.whi>lé the number of ;:ycles-,pgf
bit may be fi'xe"c.i by systems requirements, _/ddiusfméhy’r of the hu:rﬁber of fingers ;“)'ér‘b'i'f
allows some c'bvmpromises.be’r\&een 'b'andwi.dfh, insé';fioﬁ loss and réflecfiohs;. -
| I_néidenml_ly |f the nUmybetr of firlmgef pdf’rs‘ Iper bit |s fess than i'he.'hu'mben.' of éyéle's per
bit and the transducer is used as the code generator the driving electrical "impulse"
will have to'gmfaih_fhe app'(opr.i_dfe pumber of cycles .f;) fill the bif_in‘fe_rvql in- the:
wave on the ‘_sUb.sfrdfe.

The discuvs__sio_n here h_gs been ,_il_lus_frdted by Bdrker co,des'y.v'hich are
attractive for pulse compression because of the relatively |.ow,' equél-qmpli’rude,
si dé-—lobes'., llHOWevelr,. dpparenfly fhe‘re_"e‘;ds‘rs only a limited number o:f such codes
(maximum 13:bits) and for Iarger’pulse-comp:ressibh ratios it ls neéessary togoto |
other fbr’rﬁs of sequences whilch have similar prvc.‘)peri'ries‘bU‘r-rnof éuch simple compressed
waveforms as fhé.Barker, Fig.6.1c (10, ]5).; Howe,ver,-_ any biphase coded ;equence
can be implemented by the surféce—wévé ’r_romsducellr usfng the phase reversal'fechn.ique‘s
of fhis: section, a. squevmenf which leads us fo_anofher communications dpplicqﬁon as_.

discussed in the next section.

6.2 Spread Specfrbm'

There is a type of pulse communication system of limited but important
application. In it the individual data bit is encoded into a very broad band pulse

stream, the encoding is chosen so that the transmitted signal resembles random noise.
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For example if a data bit "1 is fronsrn_itte"d as o'b_inory—;‘johlos'e coded sequence,‘ say.

"a 127 - chip pseudo—nmse sequence, then Fhls Fronsmlﬁ‘ed signal hos a wnde Flat

Frequency spectrum over d bondwrdth of” fhe order oF twme Fhe chlp rote, fhe rote oF F

whlch fhe carrier phose is sw:tched, obout rhe carrier Frequency (G4, p- 309 ond

- 319). The data bit "0" : could be tronsrnIHed by the complementary code.  Thus .

~‘on the transmission link the signal resembles noise over a bandwidth very wide

relotive Fo‘r-he_.dotd rate. At the rece_ive_r‘hovvever, ViF;Fh_e fronsmfrted code:is,l<nown,.
a 127-chip correlofor-oF the type sHoWn in Fig.,orl a w:ill'rep_"roduce o-compressed
pu:lse For‘.é‘och Frcnsmlﬂ'ed sequence'.s o o | o |

| | 'Fhe obvr ous dlsodvonfoge oF such a spreod—soecfrum communrcohon sysfem
is fhe extremely wxde bondW|th requlred However ‘fhe procesmno gorn can be

lorge 50 Fhor mqny su<:h chonnels operohng over Fhe some Frequency bond wrrh

drFFerenf codes produce relohvely smoll lnferFerence, or one spreod—specfrum chonnel

mlghi‘ be odded fo the composrte slgnol oF some other mulhchonnel link where it would

but sl_lghﬂy lncreoserthe‘,nmse- level of oll the. other convenhonolly modulm‘ed

channels. 1 Such spleod—specfrum s:gndls are very di FFlcult to jam becouse they are
relatively |nsensmve to norrow~Foond signals.  Also Fhey oFFer a. degree of pnvocy
ogoinst unouthoriied use becQUSe_oF Fneneed For the receiver o know the Fronsmirfed
code to receive the mves>5crge ond.q' degree of low detecrobiliry becouse the signal is
oFfen belovv_reoeiver_ noiSe' lever. 'Fo’r very secure operation, long and changeable
codes are r_equire'd and. experimental surface-wave devi,c'esFor,Fhe loFFer_ _cose ore‘

considered later.
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The geﬁerafion of the \;raﬁgmitfed code Fo,ll‘ovy‘s;vfhe p;_ih.cip;lyés;'divscu‘sSe.c:l in
connecfidn with the phase-coded pulse compressors fo’r radar (5,30) . For example
if the fra’ﬁsdurcer of Flg 6.1>q‘ w‘eyre pthe "cod'e'd ﬁcqo}diag to é long pseudo?no‘fse
sequence instead of the short Bdrk'er code illustrated there, ‘an qpplied'imbulse shorter
.’rhan.a_»cyc':.le of the ceh’r’:revfrequenc_:y wQ'Uld_prbduce én de_Usfic wave m sne direction
phase-coded cc'cordingv ‘fd-ﬂne pseu’dej-npis'e sec{ueﬁ;é, pe’rhdp‘s two c*cle; per constant

phase region or chip of a 127 = chip code. A wave having the cofnplerhenfary code

is radiated in the opposite direction and thus if two‘b,road-band transducers are placed -

equal distances from. each end of fheAcodgd fr'cmsducer‘,‘ then for each impulse a
burst of the p,sgdc;lq—nqi‘s'e,svéqqence ahd_ ifs complemen_f,.‘qr_e available s‘im_ulf'aneou_sly
at the transducer opi'pui."sb.,:. One céde can be frah_smi’rfed for ’rhé data bit "1" and
- the other for ."0" ., and if the ilmqulse (epéﬁ’r.iion period isgxacfly._e‘qqql.‘ to the
sequence length an‘d_ ."rhe_ dcn‘a swui'chmg .iS_"_s.im‘“qArIY syn'c:hrénize_d,f_hefq .will‘ be no
appreciable p.eri'odic comporllen.\."in }he flrops';m‘i’r‘red. signﬁl and its ..specfr,qm will |
resemble that of blioad-bqna noise. |

The recefvec:i signal can be converted ’ro qﬁ aqqpsfic. wave by a.broad-band
’rransducér and passed gnder ’a transducer th‘ase coded. for the pseudo-noise sequence
used, and each H'Vme' a_';iafa bif nn s i'ranlsmilﬂed q~_;qmpressed pulse is produced at
the codedrf'ransducer. The same received signal prdpagatea in the opposite direction
uvnder a sihilar fr'ansducer will pfoduce a compressed purlsellfor each complem_enfor;/'
seq;Jence, thdt is for each dm‘c; bit "0" Envelope detection an/_d‘ suio_%racﬁon of the

two transducer outputs reproduces the original data train (G4,:p.309). Techniques
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exist which allow a single surface~wave device to be ‘L:Jse'd»fo‘pro‘duce distinguishable
correlation peaks for the "1" and "0" data bits.

It is important to realize that with .fhé surche—wdve correlator in the .-

receiver, a compressed output pulse results from the received coded pulse regatdless

of the timing of the latter. This feature is not possessed by many other forms of
correlators which involve switching, and is an asset in acqbisifion Hme and syn- - .

chrbnizqtion for spread spectrum systems. .

Smce fhe de5| rcble codes for sprec:d specfrum appllcahons are Iong, the

‘ correspondlng frqnsducers are iong, and |F |ow mserhon Ioss is |mpor’rcnf fhe mdlvnduql

fingers must have high ele_cfriccrl cbuplin‘g to the substrate with the result that coliheqr

‘fransducing regions of afhe“ form of Flg 6.1 can lead to large second-order effects

f._iue to s.ignq.ls generated in one region passing un_:o.ler'. o:'fher's. :'$UCh probiemg Wpuld be
gre.qfly simplified if eqchf_gqnstqn‘f.phqse. ljeéion .were‘&d_isplécec‘l. qugrq”y‘ from its pre=
decessors qs-.;s_howr'»a. ln Flg 6.3, | qllzsfe_d from a cbmmon-elect‘ricdl input cmdv‘qll feeding
in tum a wide output. ’rrcmsdu’cer.. Edch block représenfs the nurﬁber of fingers
approprlqte to the glven number of cycles per chlp cmd Wlfhv bus connecfllons to glve
the appropriate: phqse. | A more prac:hcql arrangement 1o, produce e,ssenhqllx fh_e» same

parallel ,fr_qck ar_rangeme_nt but with track overlap is shown by the broken lines of

‘ F'ig‘. 6.3. Here again complemenfqry codes are genérqted in opposﬂe directions.

" Phase-code genercn‘ors qnd correlcn‘ors of the inclined type are qvqllqble
with reproducible and sysfem-useqble chqrqcferlshcs in fhe 200 Mhz |qnge with 127
chlps, 5 cycles per. chip (37), while experimental units up to- 511 chlps have been

fabricated.
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6.3 Programmable thase-coded Deviees
It is obvious that the Fi:xedicodes' dis‘cuss_ed dbove are not’ lerjg enough“, for

security in-the case of -in_fe_l ligent idn.irrrings‘whe'r'e .d 'idmmer cfr_empf‘s.fe cancel the
precessing éain qd\rdnfdge by.gen'erdfiné iamminAg signqis wrth ehqrdcrerisi‘ies sfmﬂurl
to the wanr'ed .eignul . 'Bur even i‘n'fhe luh‘er, .surFqce—wq\re.device‘s oFr‘er dfrrucfive
possibilities when used in con iuhcfi\on' with some Forr“n‘ orc electronic switching. ~For.
example a surfuqe-—wave. linear FM cempressien filter (Fig..5.3)‘ copld be: used as
the matched Flh‘er ina Frequency hopped chlrp sysrem (G6, p.494) or ‘a surfuce—
wave eorrvolver as dlscussed in Chapfer Xlll could be used to provrde an ever- .
chcngmg refere‘nce wdr/er‘orrrr. ‘Buf here .L‘mder phase~eod|ng, fhe pregrdmrpdble )
phcse-coded delay l|nes should be dlscussed ln Figure 6.la it was seen fhcn‘ fhe

phcse of a glven section of a fransducer depended On‘fhe rerahve cenneehorrsl oF
the fmgers to the fwo btrs bars i in dlfferem‘ revglons.. varously lf in glven regron
rhe connec‘red‘ends oF fhe ﬂngers could b‘e drseonnecfed at fhe bus burs und fhe Free

ends connecred to rhe nerghbourmg bus fhe phcse oF fhe reglon would be reversed

The-Form of programmdble‘fupped delcy lme or code génerm‘or is shewn in
Fig. 6.4. Agonn fhe elecfrlcql srgnul is applled to or exfracfed from the i'w0 bus bars |
but here the bus to which each Frnger is connecfed is sef by the polarn‘y of fhe bias
voltage applied to _rhcn‘ finger thus in operation the phdse, and conceptually the elec-
trical wveig‘hﬂn"g, of each finger cdn be eledfrorﬁcclva-Swifched. Such an arrangement
gives an immense versatility to the choice of phase codes available. The clndnéing
. of finger weighﬁ_n_g by changing electrically the effective resistance befw_ee_n'y the

fingers separately and the bus bars has not been exploited as yet, though MOSFET
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geometry haé been used on silicon .subsﬂq’r.es to provide v.oh_‘age_\;con_frnoll_led piezo-
'resi.sfiv-e taps (12). | | )

The: on~off chdracfér of diodes‘dﬁveh from_cu_f-;qff to cﬁndUci{i.on‘a.s_ is .
requiréd Fér phase. codingtvs“/dr‘ks well with fransducers of:the' form shonn in Fig.-. 6.4 |
using discrete diodes (31, 69, 9]) Hdwevér fhe use of disérete diodes wire
bondéd to the fingers and sepdrafe sw1’rch|ng sources IS not very pI'CleflCdl and the
device destgner must turn fo mi’e_grafed techniques. |

. Themosf -prqmising;:, r;1§t.h_od fo_r infiegrqting s>urvf0¢e‘~wdyvei ffdhsdpcer and

semiconductor devices seems to lie with aluminum nitride films on sapphire substrates.

‘The AIN ,Films are piezoelecfric_ and these Films on sapphire form dh dcousfic med'ium

of reasonable propagahon chdrdc‘rerlshcs (Sechon 10. 5), and most lmporfant,
snllcon ﬁlms ccm be grown on fhe same subsfrate (G5, p_.27‘4)1._ ..T:hqs fhejrgnsduee‘rs
can be deposffed_ on fhe're.giq’q.slgf .f.he] surface covered by dn AIN film w‘h‘il‘e the.
di}ode»s aﬁd fransistérs‘dre fdbricéféd in fh.e‘-qdiqc.enf'silic.:on films. Experimental
versions of SUCB programmdble infeérafed surfa;:e—wave delay lines have been

demonsfrcfed W|fh 64 faps buf defmled performance characfenshcs are notf’ avallable

(G4, p. 92), (Gé p. 333)
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il . REFLECTIVE ARRAYS

crhéré ls .anqrh.cr deceptively simple ccncepf which has vl.ae_eh carried _oAver-
from bulk-‘wvdve- fo surface-wave dispersiué= dela#/ lincs and w'hichl cffers'. drsr_incr: advan-
rages overv Werghred franstcers For large hme—bandwldrh deVlces .TheICOncép'r..?s
to use rhe resonant reflechon from a periodic perrurbarron fo define the’ lengrh of the
rrdnsrrrlssmn‘ path, thus com‘rol,llng the varrahon of fime dcldy_ \rs/rrh frequency.

“The perrurbahons of rhe surface can be produced in several ‘ways such as
overlaid d'eposrred strips (See Sechon 3.3} but ’rhe merhod whlch produces the small-‘
est second~order ‘effec“rs u_ses‘shqlrlovr_grooves crch‘ed, »drrecrl)’/ |nro_rhet subs_rrafe surface .
T-he-.prorotypé \r;'eOmerry of a refleci‘ivcfurray: corrrpregsor: (RAC) is Vs_h_o‘wni,in,.:-‘F_'ig.-.-7. ]'

(106), (G4, P 181), (G6 p 490) Hereirhe input qnd‘ourpur».rransducersure assumed.

 for the. momen’r ro be very broad band | The spacmg of rhe erched grooves varies
lmearly wn‘h dlsfance along rhc substrate wn‘h the result that the dlfferenr frequency
c0mponenrs suffer the .double reflecrron\dr drffereur rcglons of.rhe reflecror and thus
the path lengrh frcnsversed by‘a srgnal cornponenr rs a llrrear funcnorr of its frequency
Before commenrmg on fhe cdvanrages of this. merhod. oi; puls;e comr:)recS|on let us fi rér

examine some of the de_srgn parameters.

7.1 Design Considerations
For a single step of height h on a substrate the amplitude refléction co-

efficient r of a normally incident surface=wave is proportional to the step height for

~ steps which are very small with respect to the wavelength. For YZ Li Nb 03
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and rhls vclue can be used for the reflechon From rhe cngled Up-sreps cnd dOWn-sreps
oF the reflechve array (G5 p 263) 1t is desrroble that rhe hme- roken for d Fre-— |
quency componenf to rrcverse its path be dependenr only on its point. of leFlechon

dlong the subs’rrcfe cnd not on the nUmber oF orher grooves it has rrdversed fhar is. rhe

grooved pon‘h should be effechvely non—dlsper_srv_e. It is Found fhcr for YZ Li Nb 0

the dlsperS|on, chonge in velocrfy oF propqgcmon wrfh Frequency, is negllglbly smoll
rovrdmg rhe groove depth remcms less thn 10 2)\
. In rhe-dls'cus_mon-on dlspersrv_e'mferdlgltcl rrdnsdﬁcérs i‘r’_;WGs found (Eq59)

that at any given frequency a cerr'qin effective number of fingers ’SNere‘}rqdfdfing;.'

'Sir*nildrlyvhere,‘«i.Foréd l.in'eor FN\ 'spaeing .rhe,‘effecriVe number of-grooves"‘is (G4, p.183)

AR Rz N 2

e,

agcun uslng a. band of grooves w1thln whlch the phase shlff is less than rr/2 (see Eq. 5 9

as a criterion for effechveness The Frequency response of fhe RAC is rhus given

© to a very good apprOXim’oHonA‘by

! H ()1 = g(f.).‘ [Ner(F):]Q : . L (73)

where g isq geometric factor dependent on the effective width of rhe“bedm\ for one

frequency componenr as it traverses between the grooved tracks ( Ne’)\) relative to

the beam width W on rhe tracks; g = W For- W e< 1 and in the other

N A Ne A
llmlf g = | 'FOI’ N*‘:X > > 1.
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-One hovel-:er"\d impor’ranf c‘h‘ara:e’refi'S’r'ic of fheeé deuble‘ f'rdck‘r'\ejfle'c’rive-
c:rmy deVIces is ’rha’r the dlfferenf frequenc’y componen’rs are spcmdlly separcl’-red
during part of fhelr ’rravel Thus frequency Welgh’rmg could be mfroduced along the .
centre line between the ’rracks Thls me’rhod hcts not been used For ampllfude welghf—

ing but has been used Fer 'ph‘ase correction .of Fabri'cqfed-deviae;; by plating a varying

- width strip in the central region stch that the delays in the transverse direction are

p’eﬁurbed, due to the d’ecreased phase ve‘oci’ry, By'iusf enoughtfo compensate for the
previously: measured phase error at. each frequency (Gé, p. 490) |
Ampllfude welghﬂng is usually accompllshed by varylng en‘her fhe depfh
of fhe InleIdUCll grooves or 'rhe groove Iengfh across ’rhe acous’nc becrm, or by varylng
bofh Fer relatively gradual welghlhng‘ of:amplvlfude with Frequen‘cy, as met ln.‘pulse
comp‘ressor,si,,yqrying ’r}\e g‘ro'o\ve depth‘ is fhe most sui’rable technique.. | While. it migh’r
be advanfag‘/eoule from’ the pb_i‘nfiof ,\_/iew.- of ‘insertion loss to have relc:fi_veiy. ,,deep_' ;
grooves, the practic,dln limit is t-he 10_2 A men fiened above,. otherwise the grooved
tracks beeome a dispersiv.e .me_d.ium.l _T.hus: during fabrication the groove depth "can
be varied in the directi on of uropagqtion, by co,nhjeliing the e’rchvi‘ng'; time, from
effectively zer_q dep’rh to the above limit. The v.des.ired overall weighting jfunc’vrions
depend on the auplieaﬁen- and for pulse cempressien might include the Hamming
weighfiug for side—!obes .illusfrafedl in Fig.5.3c. Fer reflective orreys, just as for

dispersive transducers, Fig.5.3b, there are i,nherenf frequency Mdependencies which

* should be compensated in the groove weighting. Here if the tracks are wide in terms

of the wavelength there is an _f4 factor in Eq. 7.3 which must be included in the

T S S S
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desi‘gn clbng Wii’h cempehscﬁon for the roll-off of the input end oth‘uf_i‘rensduc':ers;h

g (G4, p. 183)

On an lsofrOpic subsfrcie the ongle of fhe grooves wnfh respecf fo fhe

track dire;’:hdn_could‘be 45° .A The subsf'rdfes For_ hlghfrequ‘ency devuces_a‘re single
~ crystals and thus not elastically isotropic. If the velocity of pro@dgdﬁoh. is not the’
same in the track direction as perpendicular to it, the angle of ’rhegrooves.must be

' ddips’red from '450‘ to ‘p'ro_GUce‘f\‘he total ~180° - reflection"(iOé) . This edh'dﬁfi.cn re=

anres a very precuse knowledge of the surfcxce -wave velocmes fo ensure fhcf fhe
mpuf and output acoustic beams are parallel and clso precxse crysfollographlc
orieni-ation to ensure deyice reproducibility with a given photo mask (GS,- p',323) .

- The freedom"Ffom spuriods sign‘dl"in’rerferenoe of fhereflecfiv‘e array. bbmes

.dominanfly Frdm Hs geomefr'y‘ The very resonanf reflechon whlch causes 0. much

~ difficulty wufh sfcndard fransduoer pairs, here forms fhe operafmg mechamsm of the

desired signal ifself. vRec_qH‘ihg‘_ i'_hqf fhe grooves are bui‘ perturbations, it is seen that
to-get from. inp,uf traneeluc_er_ fq_obtpuf fmns»du.cer,to.’rher_:f.hqnz by‘e|ec::‘fri'cg|. Fee_d through,
the.signal energy must saﬁgfy ‘Brcggvre\ﬂeefi_on »condif_ic.ns twice in such a mdnnei' as to
have a total reflection ongle of . ]8-06,. Second-order eafhs meefing these conditions
are very impr_obqb}e., ‘Moreover, .on an. cpise_fzr'epi-c ‘sﬁbsf‘rdt_e\whe;e the 'greovle angles
are set. fo}mqfcli'\ Vqug’g conditions- for the relfi_._q‘ef fhe.fwo [vae.rpendi.celar‘&sU.ltfcce;-wave | |
veloeifies, a bulk wave Wiil have a different ratio of velocities and thus w'ﬂ_l not be
able _fovﬁnd a path at any freq'pen‘cry which satisfies its Bragg conditions twice and re-
tums parallel to the second T;ack. Finclly,‘fhe refleefi;/e‘arrays do not seffer from

the reradiation phenomenon of dis_persive inferdigital transducers.

\
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‘The déluy time of o surche-WoVe depends on the femperdfpre for most sub-
strates (65). In »Iin'edr' FM d;f’sp‘ersvive lines as under discussion here, sﬁch changes
in rfempe,rqfuvre change the slope of the time-delay vs 'F.requén'cyv ;:'u_rve becduse the
path length varies linearly with frequency. - Such slope chqﬁges are not important if
similqr.devices at the scumé fempéréture are used for both pul.se equhsion and ’compres-
sibn.. However if the expanded chirp is elecfronlcally genercfed the substrate:
femperq’rure coefﬁcnent of the coméressor must be small or ’rhe femperqfure con’rrolled
to rﬁain’rain ‘quvl0pe matched to fhe gxpdndpr._'

Since. ‘rhg operative me;hanism‘pf the reflecfivg’érrdy‘d{evicgs'_i’s.q‘v .
mechqnical' pgrfyrbafiqn_, ‘the jpa:rt QF fhg: subsfra'fef 'cqnfgini’.n_g' If'he gréoves need hot be
éiézoelecfric and thus 'this part of the jsubstrd.f‘c.a'mq.feriql can be selected for properties
other than electrome'chcmic.al cqupif_né 'coeffi‘c-ien_f,' for e*qméle itlmqy be .chosen for
small cdefficient'of time deldy'wi’rh femperqfuré Evén: if the reflective region is
non-plezoelecfrlc the frcunsduc’rlon reglon musf be. ” Efﬁcienf'surché—wave generation
has been qchleved bofh in bondlng Li Nb 0 f‘o the ends of the ﬁon-piezoelecfric
part of the subsfrafe, pollshlng fhe common surface and depos;fmg the interdigital
transducers on the Li Nb 0 region (G4 P. 11),. (G5; p.365 and 367), and in
depositing’ plezoelectrlc overlqys onto the. subsfra’re onto or under the transducer

(28) see'Se_acHon 10.5.
7.2 Examples
Four examples of realized reflective-array compressors are shown in

Table 7.1 (G4, p.185). The first two compressors are up~chirps while the latter
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* REFLECTIVE ARRAY COMPRESSORS (G.4, p:185) -

Time

 lBandwidth
ot

Bandwidth |

CAf
MHz -

- Dispersion

Msec

Centre

" Frequency

M Hz

(degrees)

CRMS
" Phase

Ettor.

- Mc"!‘fched

C W
Insertion
Loss

- dB) .

S

120

20

60

60

© 1000

0.87

1.5

3.5

7.4

26

38
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two are dov‘vn'chi‘rps. TF‘\’e most 'sfffkirig Fe’a’/rures of fh‘ése devices are the extremely
small-l depel;’rvuvrés of the phase ’vs vFreque.r_\c,y curve from ﬁue:quadrdfié shape_ over the
thousands of wavelenéfhs involved. In ’rhé last device, careful é'onfrol of fabrication
gave an R MS phase error of £ 180' v'/hich' V\;aélcompens:cufgd aFtérWardS By'a plated
varialénle width metal sf.rip.valong the device centre lin.e to the error éhqw_n . Other
similar de'v"i.ces héve’ha’d VRVM S érrdrs les.; than % 30 (Gé, p.492) . One ’in'dica’rion

" of the low'/ level .'oF spurious sig’ndis is that the side<lobe leveis of the first three devices
were vvery close to fhe ’rheore’rlcal 35 dB approprnaie to fhe Welghflng Func’rlon, and
even fhe devuce wn‘h AF T oF over 5000 hod experlmenfcl mde-lobes oF abouf 25 dB.
One §er|ou§ dlscdvqn_f‘qge of _fhe:_r'cdaflec,'tl.vev arrays s ’rlb‘e Iarge ‘_mseffllon 'lo.f;s sh_o'wn. in
Table 7.1 . -

Figure 7‘.12“(,(34,,;;)“.3189) ihdicéfes the expected limits of sQrfcce4que.' re-
fl'ecfive—ar_r;_ay.c’or‘npre;‘sgr(s. __,‘_The dispen;sion llmlf i; set by fhe '_c.tyq.ilable“size ,’vo_f homo-
geneous _subsfrqf‘e‘;-whilie ’rhe maximum‘:bcvl_nc.iwidfhais set by both “r.\_eA'wivdfh tolerance in
the etching and groove posifion‘a_écqréqy. Secqnd;ordgr' eFFe;fsisUC‘h as diffrac’rion /

and inhomogeheities in velocity indicate the time-bandwidth limitation of 10-4: .

7.3 Reflective Array Filters

There are other forms of the reflective arrays which‘:while they have not
been exfensivély exploi ’r:ed as );e’r, are of pofeﬁfiaf L_Jsefulﬁess.I Cénsicier for exﬁnﬁple
’rhe geometry of ’F'ig .7.3 whlch is the reflecfiQe afrcy equivalé:n’r.vof the hon-disp’ersive
band-pass filter of Secfion 5.3. Here e.ach frequency component "rraverse’s the same -

path length in going from input to output transducer and thus the overall transfer
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Fig. 7.2 - Expected performc:hce limits of reflective array c'ofnpressot‘sQ Circles

indicate operating devices.
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characteristic is non-dispersive. Tlhe"om'plftude'weighring of each frequency com-

ponent in the pass-band will depend on the reflection coefficients of the grooves

w_h’ich‘ore e.ffeéﬁ_v'e for that frequency The weighting cdn _bé done by varying ‘

either the length-or depth of the grooves or both. S'Uch‘.or_rciys__l- should be useful in

wide-band filters if the insertion loss can be tolerated.
1t should also be noted in Fig.7.3 that if the output transducer s on the

same track as the input, we have a band-stop conifiguraﬁ_on‘ complementary to that

obtained with the second-track as the output. - In particular'if the grooves are 'cul:mosr B

‘equally spdced-dnd if the opfpufﬁis taken on the same track and the »si'g"'nol on the

second track is absorbed; a notch-type rejection filter is produced.,

o\
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VIl OSCILLATORS
‘A.Th:e‘tlse‘ of'q'sqrfdcé—Wd\ke idelay I'ipeA qs'the'.f’requer’icy de’rern’lnining élemgm‘ ‘
in ‘aﬁ 6s_cil~|d’rc.>f "c;i‘:Fé'rs‘mcmy df’rrqc’.r'iveiFeqfufesWhYch are n'low _beéiﬁnin‘é ’rc:>"be'ex— E
ploited (14), (G4, pv.63). If constructed on a l.ov;/_-—"rém'perafqré cgefﬁciéni‘»cﬁf_ of
quartz the oscillator will hdve..'sfrdbilify comparable-‘_"r.o that of a con‘\./'en’ri'.oﬁdl ﬁuartz
ci’ysfal*{:onfrbiled oscillator bmL can operate ‘Wifh a FL.Jh.dd.r_ﬁenfél fréqbehcy orders of
magni'rude highér and can proviae a mQéh rﬁoré ru'ggéd‘uni‘f of smaller size which is
compahb!e wnh planar fechnology and mfegrated échve cnrcuns. Moréov"er such
an osclllai’or can be frequency modulated or at leas’r electronically funed and the ‘
output c,anbefdpped cpnv'en.l_venﬂ}_/ at aﬁy_ deslredspha_se_ ..! )
The: p.r:inq.iple‘ of fhe q;c:fll_dtor..is_ i>llus'_frdf'.ed |nF|g 8 g IF the tW.o-frcms-A-
Adl.uce:rs are symm__e__.fr__i:c .i‘hén eqc_:h effegffvgly_rq‘diqfe_s F?oml-\i}rs Qé@ttﬁ;:lihér ;S.ec’fign.4;-,3\:
’rhus‘wi_f_h a qucing 6F~; | bei‘We_en these centre lines, cmd an cmiplifi,er gaih sufficient
to overcome.the lnsérhon |oss, fhe oscnllahon condmon is scxhsfled at edch of ’rhe
Frequenmes spaced at - v/l Fig. 8. Tb The absolufe valués’of fhesé Frequenties
will depend on- the phqse shlff represenfed by Ago in fhe eleciromc part of fhe Feed-

back loop.ﬁ Now.\th'e nulls of a uniform fransducer of ]'engfh’ I' are ls‘paced cf» v/ 1!

(Eq. 3 6) in frequency THu's if I"=1 and the incremental phasé is set'so that one

of the Frequencles scmsfymg the oscn”ahon c0nd|hon say F “is at the centre fre-

quency.of the long oufpuf'fr_ansdpcer then ‘_gl__l‘fhe other _Frequencjes sqfisfyihg the

phase condition for oscillation are at the nulls of the transducer response and thus



+

o 116
\AMP
- | sd
l
INPUT | | OUTPUT .
TRANS- | - ] ' TRANSDUCER , I
‘| buceR | o - (a)
: -
I: l ‘ e
-t ' ' s

weur  ouTPUT

'TRANSDUCER\//“T~\f}RANSDUCER
. |

/

v

. FREQUENCIES SATISFYING
PHASE CONDITION

N\

; T U
| N | Pl
| I 1A R
| N | P (b)
| l ' Al ! i
| 3 / , | l/
oWy FREQ.
Fig 8.1 (@) -« Surface-wave oscillator 'con_fi)gu,raf.ion ;

o) Freq_&)éncy response of the ouf_puf"rransducer. :

o e e == - - - - -l o= ""\'-!\'-— = =




- = s e -i. - -5 -l- -‘—:_ =

117

| cannot have suffucrenr Ioop gcun for oscr||cmon. The‘brcader bcrnd' input transducer

mlghf dlso be Used to. furfher reduce the possrblllfy of oscrHchon dr spurlous Fre—

quencies by |ud|c:|ous Ioccmon of its nulls on the-side- lobes of rhe longer ‘rrdnsducer.

There are of course nrcny chorces ofh.er} rhcm umform For fhe ccnflgururlon oF fhe pair -
of-symr_nerriccl transducers wh‘ic_hwrll hqve on.e cen f_rdl lobe in the o_verall. response
and nells equdlly Spcced'ar v/ .. |
Providing the ‘gqin is no'r‘i too high, fhe-c3ci_llafcr frequencyjcan’be shifred
approximately & v/4 I‘ by varicfi'on':of--fhe.elecrronic phcse shift .by-ungle.s .i.'rr/2 .
Such changes vouy the Ioop gam beCClUSe of fhe shape of fhe fransducer response, but R
|F changes in loop gcln ure lmporfanf they can be reduced by mcrklng fhe fop of fhe
hqnsducer pass-bcnd flcffer fhrough apodlzaflon; ) | |

On an ST quarrz subsfrare, fhe subsfrcfe W|fh rhe lowesf femperafure co=

' eFﬁcrenf of delay currenfly crvcnlqble, the Frequency shlfr of a surFace-wave osmllafor

is (G4, p.63)

L a0t a0 e

o

over a wide range of temperatures, where . f is the design centre frequency af the

design ‘temperature, AT =0. Thus“‘fne-fem>pera‘fzere\"srcbilfry' is comparable to that

of o quartz crystal oscillator, and as in-the latter case, temperature control is needed

_if stabilities of the order of one part.per million are. required.'

~ As with most other surface~wave devices, surface-wave oscillators are most

conveniently used in the frequency range 30 Mhz re; 2 GHz, limited at the lower
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e‘nvdlb)./ 'subs‘f'raf.e' size and é@f fheupper end by 'fabr?c'afuic‘)rlx‘ ‘fc‘.alén‘*dr‘\c‘é';s for fundamental
o>g:>e‘rafi.c;h:§nd by lb;s;és fo-f P.\qrmc“)n:i'c:operaﬂvonr. |

Fu”y Tn’fe‘grafej'd s0 vr.facé-w.ave césc;fl'lq%ors have néf yef.‘aépedred buf they
colunAbe anficip‘afe'd' shbrtly; If .if were not iéor::fh:e'lﬁrgé ferﬁpera’rbr‘e:coefﬁg‘ien’r in-
volved, it \;\/oﬁl'd dppear ’rHaf Al N layers on sabphiré v-vould, be o@ffrqcfi\‘/e sbbsf;afes
for such integration of fh‘e'ac’ri.v'e and p'dSs.ivé' cdiﬁpofnenfé of the oscill’o}t_of.

Becausé of the reldi‘i:v'e'y .Iong Hrvne dg!a)’/-befween %he frande‘Jcers., the
surfcce—wq'v‘e osei_”a.’rpr, éqpn‘o/f,b,e moduqued v.e,ry fdf,f, maximym leodulaﬁng“.;fre,-e iy
quency is éf the Aorde_‘r_‘of ,VJ/ 10 I A_-('Gél,_p'.,344). Howevér, outputs of any desired:
phase, say ‘.’(wc'n_‘vquqdr.qu_r_e"Gompo'n_enf_s,j can be ’e>‘<t§qg fed lby aéprop_r’i@‘rfe'ly}space,d :

taps .on the dr‘:ousticﬂpq’r;h,e_i’rhe‘rj,be'rween the majn trdnsdu_gers or just beyond the in-

put or output. - Again various techniques can be used to minimize'spurious responses.
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IX. MULTISTRIP. COUPLERS
There is a surface-wave concept which is of broad potential utility in devices

but suffers gre:a'rly. in ité_‘ cu_rreM applicability to only high coupling substrates. In -

several previous sections the metal elecirodes of an interdigital transducer have been

cdnsi.dered as sumpl»ing..él.emenfs which sample a frqh§Verse seAc'Honn of the acoustic
wave passing _benédfh,' and by means of elécfricéi connections frdnsfer f"h_eSe sumfglés .
to cm‘elec‘friccai;signca‘l inn_'ca.ioad. | However, fhe‘sé individual ‘scampl\es could be
eiecfriéully corinec’red‘i'c';bfr.h.e_r:r:ddidtin_éj .F?ngérs. éﬁ‘_fhe_ piezqelec’rr.ic. substrate éh_d

thus extract-energy from-one acoustic beam and re-radiate it infc’; another. ..

9.1 PrlnCIple oF Opercmon _ .

- In fhe brofoi’ype corrtfléur‘cafilo;'\, the fwo becams or frc;cks are sAlde by—stde
and i'hve.A mdlv:ducal Fm‘ge‘rs '0ver oneé .’rrcac'k c&‘l’nnue" over fhe>'oi'he|;"ds ;hbwn":n "Fig. 9.1
and thus fﬁé:'riv\)é se.’rs."‘car'e- elecf-l:'i‘c‘c'i“'y connecfed éfai'. fﬁeir'lclen’rlr,e; (57, 58, 59,60)
In the reégion under fhe sfrlps in the- pro'rofype we - hcave .ca géome’rry which'is symmefrlccal
abouf the centre-line befween the- two frcacks, thus ’rhe modes of propcagcmon can be
sepérufed into s‘ym’me'r'ric cand-ca‘nfiAsy;nmefr'i{: modés :

-~ If for purposes of discussion it is'us'sumed that the input wcave>on‘fracl< Tis

uhii.:orm acféss’_fhe: frécl<; only sAysh.am eig.én;m.od_es which _caré ‘calis‘oﬁUnifo'rm(qcross track 1
at the input m’eed 'be .c‘ohside-réd. - ancé )rl}:e-strips ctré assumed to have n.o fésis’rcmce, :
each must be eqmpofenhal along its length, fhere are thus two eigenmodes of propa-

gation. For the symmefrlccal mode the par'ncle dlsplucemenfs are in phcase on each
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© Fig. 2.1 Tquchousfic tracks coupled by a mqlfiéfrip coupler.
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track and the elecfrlc pofenhal of a sfr!p oSclllafes in synchromsm W|‘rh these dlspldce-—

v

ments, I fhe sfrlps were of zero Wldﬂ’l in fhe dlrechon of propqguflon their presence

- would i’lave_. no "effecf on th‘lswaye whs'ch_rsv uniform across the ‘i‘WO tracks and its

velocity w:oulld,bc:e tht §f a surf.acé-v\;}ave‘ir; fhe'samé dill"ec-ﬂon‘on ‘a free surface. -
HoWever»fhg fir;ité.Widi"h of each strip forces the pofénfi"ql ot each instant to be con-
stant in sbaf:e »éver éach ksi'rip widi'h.rc.:fher ‘i'hax; yary,ij‘ng e»x‘ac'f\lv.y si(r‘\usoidailly in spéce
as on a Free’surche, With the result i‘hcn‘b the ,velbéity ‘of this sy‘mhetrigdl mode is
sémewhqf less i‘_hgh;.fhe_if'reé;-surfdce;vef6cifyi,iJ._:: - |

) FQr‘:_the_.'qnfi§Ymm¢fri¢al _;nﬁéde tbe?“p\arti_ql__e‘ diéplgcémeﬁfs are 180o out, Qf .
p_hc.:sg on the fwo rrqck_sj:sgjhe‘_ p}:i‘ep(iji_ql o_f each _sfrié “r.ef_n‘qi;ns?.l alwaysat %ero: f!ﬁqugh
there are currents bdck _aﬁd,fprfh along :?‘h-e si‘*rips;_a;- fEE-WGVQ' progréssgsi_.v Af fhé_
si‘_rips. were as :.w.idg'qs "r:lfl.'e_ir; _pé.rivo_d,‘,_ins:>_mod§-wqu_ld‘hdyg}fh'-(_é ‘s‘qm"ef .ve.l‘o.:qif); ds that of.'
a surfacé;—-WQVé in~the SQrﬁe'diréci"i’on.or.x-‘d sHorfed Surche\.._ 'H0wev:ér‘fhe‘ Sfrip wi’dth
is less-than fhls maximum and the st;vrface pofem‘lal befween Si‘l‘lps need nof remain.
zeré, with the- resulf that i‘he‘ aﬁhsymr-nefncvmc;de. h;:s a velocn’ry son;tewhaf greicn‘er
than the shorted surface case.. | |

“Any input wave which is uniform’across track 1 ~and uniform across track 2

“at the input to 'fhei"coupl‘er can be decomposed into.a sum oF the two normal modes

above, and 'rhese modes propagate lndependenfly and Uncl’rered through fhe reglon of
the strips, and at the output can be. added on 1 track 1 and on frack 2 to prowde the
respective outputs. Since .\‘he phase velogifies of the two modes are differen"r, the

output amplitude on track 1 will differ from the input amplitude on the same. track,
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similarly for track 2. The-ph'qse difference between the antisymmetric and the
syAm’rnefric. modes ot the -oufpu’r wﬂl be (6, 7, 56)

| | e | o
— o ko200 o - o
o —-(kA'kS)L = - Kk, L o _ (9.1)

M 2 f "M

where kf is the wave number on a free surface and RK is a geometric factor for

finite strip widh sketched in Fig.9.2. So that if A, and A,

amplitudes of some component of the input wave on tracks 1. and 2 respectively

represent complex

while | B] and B2 represent the output amplitudes, it isxegsy.,tpis‘how, that the matrix

relation between them is. (G6, p.155)

apany o ~y

Ccos (9,/2)  -isin(e/2) ][ A,

‘where the absolute phase shifr appropriate to the average phase Vel,ocify of the modes
has been omitted.
is

2]=O-, and !F LM

- Now if fﬁéré is on input Qignoi ';Jn ’rrac'l:: 1 ‘o‘rv1l)'/;" A
chosen to I.O.roduce’k':‘phdse shift ¢L= m bgf\;veeh the symmgfric and arjlf'isyr'nmefric
.mociles, then B] = 0 and 5.32 P =1 'A].:I 50 that all of thejincid:enf energy onuf'rack

1 is{franSFerrejd to ‘f‘rack“2:. On‘ the other hcm'd', if again. ',AQ -‘70", but the ~con|er
length is»chosén For’c n/? ‘phAcAise difference between modes the outputs c:re.

B, = A]/,\/Z, and B2- = - i‘A]/'\/Zr neglecting the common phaseshift, and thus

we have a. 3 - dB power divider.
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These roles of track changer and of power divider form the basis of a range
of possible surface-wave components a few of which are 'mj'enfibr'iéd below, but first

let us consider the Equations 9.1 and 9.2 more qudnﬁfd}ivély_.,' .

9;’2’ Track Changér
The a)bs_c’is:sa‘in' Fig:9.2 is the reciproc_al‘ of fHé nt;lmbgr of strips per wave-

lel;lgfh and ‘f‘hus at .a give'n‘ frequency it is desirable F.ro.m d.Fabriéal’rion fqleraﬁce stand-
poi;‘.li' to have p‘/ Y és large as possible even .’qu.ugh fhe'_ rh'ereby redchd RK will
require more is’rri.ps.: .. Th"e‘? Op'il'im’l;t;'l ‘sf;ip'.widfh Ha ; i; one".holllf ﬂwe ber’ilo'd qs.incv!icat'evd
b’yfhe ;:U"rve.ls :i’of jfihr‘é‘é i:'!ilffer'e‘nf me’ro“fédﬁon raf.iﬁévs b Flg92 | ."F:or P /)\ .c'ljbse
:fo 05 V.(fwb Sarﬁbléé’ pAef..v.vdye_Iengf-H), ‘the bdckw’éra dee: dsso;:iafed with the sbalce
h.q‘,rmdffl"cs of the periodié sfrucft;re bécomes.imbor’ranf and fheré' isa "stop band"
within which(;’rh_“e_ s’rfﬁcfure@_oes not prop_qgafe, see Secfioh 7.1 (59( 60),/_/:‘The. j
sfruc’i’u‘re F;ropagé’re_; ag,ain fqr p/ A 'qbove-, ‘0.»53bq’r in fh‘iAs range ’rh}er'e is a large
coupl_ivng to bulk modes gnd H'ne.”ctvyuplvler is uﬁlikely fo be‘uéefpl." in systems..

. As an 'le}(omp'le con';%der c;'rvhulfi.s’r.ri‘b Vciouplér‘ on | YZ - Li-Nb 03 chosen to
K

have .y = 3/8 and a/p =-0.5. ~The..<value of R
that from Eq. 9.1 "the 'lengfh. for-a phase sh‘iff‘ @ = is

from Fig. 9.2 is 0.58 so

2

L

Me = M R K =A38A>\ S , (9.3)

~ that is 102 strips.. This number of strips is procficdl on Li-Nb ’03 eépecidlly be-.

cause a few broken or shorted fingers do not seriously degrade the performance. However,

the -number of strips required becomes excessively large for materials with ow coupling




constants, for example this same track changer on ‘ST quartz would require some

4000 strips.

Whgr; it is usele and usehqliale, ‘one of the ddvanféges‘ of a mﬁlt?sfrip coupler
is the 'relafi.yely'ljorc.)qd band width of the deVIce The abo.\/e"frack ychanger would
hayé the Freciuénc;/ response shown in Fié. 9.2b. H'ére fh.é' ;‘e;ponsg at .the'hiéh fre-
qqéncy end is 'SGf by 'fhé stop bana‘.. Tﬂe’ feéponse cdp.d be ’mdde ‘more;syiﬁh;efri(:al
about the centre ‘frequ'ency. IIFO .by choos‘ir‘n'g Y - >0. 25 (127 strips) Al}:ut fhe four
strips per wavelength might be di.ff_ic:ul\‘ to _fabric;.c_:fe'ai high frequencies. Thgene‘rgy.
which,isxnéf‘ kfrdﬁsfe;rred- 'ré fh‘e ‘éfhe_r. track :remair}s of. course on f}:mé iniﬁAcril; track.

A great vqr‘iiety. of ingen‘i.qu.st(véo.), (G4, p.4_8) uses _{"er_\rnL__Jlﬁstri‘pAc‘oupl‘ers\
‘hdv‘e been pr_gpo;g_d buf oﬁly one or fl\ANov which _;oUl_d be[ofirjnp‘o_rfqnce .‘fo; fhé, Fu,rreﬁf
Qenerqtion‘.\of sqrfdeé—wdvg devices w.i“_b‘e difsc;.;_sseld.hc‘—:;re.. i

o Bulk wd?es .gen.e;ra'reld’ by the mpuf .f_l_"ar'lsdu_yci;e‘r‘ and received at the second

transducer form one of the most significant sources of spu rious output signals in proto-

_type surface-wave devices, especially. when the number of finger:pairs per transducer

is small.. Now if the surface-wave signal is displaced sideways by a multistrip track

changer to an- adjacent track where it is received by the second transducer, the re-

ceived signal will be free of bulk-wave clutter because the-bulk waves are not coupled

by the coupler qna remain -on the original track (G6, p.172).

. The track changer. serves another useful purpose.in filters using dpodized

transducers.  If a track changer is used between input and output transducer then the

beam(fransferrea to the second track is of uniform width at all frequencies despite the
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input apodization (G6, p'.419), with the resul that both transducers can be apodized
and the overall resﬁonse.fs fhe’.simple p.roduc’r of the transfer functions of the two -
transducers separately. The latter is not true for an in=line dpodized pair because

the short fingers of the second do not "see" all of the acoustic energy' radiated by
the first. - Thus besides reducing bulk wave interference and reducing diffraction

effects from short finger overlaps, the rﬁul’ris’rrip track changer can offer an extra

convenience to filter design.

9.3 Power Divider

Le’r"us".r'lovwv"’rt'.lm flbva Few examp:les. of fk‘e’mul’.r'is’rrripf‘:/oup.l'ér ds‘_a./ 3~dB
p‘owér‘: divider. : Here the ﬁUrﬁBe'r of 'sfriio.s "per wb\;élca‘hgfh. 'VcAmdf‘:’r'he ’rc;’rqil numiber of
éfrips dré chdsen so ’rh':af fhéf)hé‘t;e' shift b‘é‘fwe'e'n‘ modes is ga= /2. \Fig'u”re 9.3
shows the c&ﬁblékzbbfﬁuf.o;ﬁipli"rudeé Fo.r signcfi‘ls A.] applled o por’r N on track 1,
D]" to pbr"rv 2 on track 1, and b2 to porf 4 "L'm‘ frack 2. The rjéspe.izlf.lifx),e outputs

from porfs" 1. and 3 will be (60)

| o | (9.4)
.E2 :v.<D2-|D]) JZ
Consider three separlq’re‘ origins for the signals D;] and Dé . if these

signals result from two identical reflectors of reflection coefficient r on the two

tracks at the same disfqnce‘From the coupler, and A]. is the _only"‘app“ed signal, then

D] = r A.]r/»\/2 and ‘D‘2 = -ir A]/,\/2 to within a common phase factor. Sub-
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~ TRACK |

-iD,  TRACK 2 |

' Fi.g. 9.3 Signal amplitudes ina 3dB coupl'ér’for incident signals A, , D,

1771

and ;D2 .
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stituting these values into Eq. 94 giv'e"s E] =0 and | E2 =1 A] |, thus the
ohly reflected wave aépedrs at port 3 on track 2. This concept can be used fo re~
duce triple transit echoes Bééause if the r'efiecf'ions.cgmeufrom a re;ﬁeiving transducer
on track 2 jd‘nd an identical dumrﬁy transducer dhd i‘oad on-track ],l_f.l'\e.reflecfions
appear only at port 3 and they éa‘n be absorbed. The loss in signal would be 3 dB
‘compar_ed to the same georr;efry w'i'fh a cpmple_fe’—frdnsfer track Chang'er.- |
The connections be_fwee'r’\ ’rhev strips fraversing f.rac':k’ 1 and those of ‘rrqck_
2" are pur'ély,eléc’:rrical',. thus to Firsf‘o’rder:‘fher‘e IS no ‘réqs;oh fé have the strips on
track- 2 eifher:»adiacenf or pardllel“’ro those on track 1 With this 'in‘_"mind, con~

sider the case of . Eq, 2.4 when D2 = A]f/,'\/2. and D, = ~j A]/,\/Z ‘which would

1
apply if the lower part of the transducer of Fig. 9.3 were folded back on itself as.

illustrated in  Fig. 9.4“f - ng’gr for a givéf\' ?npuf sigﬁal A,]U:" E-] == ‘i A] 'dr;d E2 =0
arid thus the c"cv)m'poa‘qen'fvis a broad-band reflector vyhgse rgflecfipn coefficient h'o;s
unity magnitude. - Sugh'd_qorﬁponenf c;n be ujsed'in resonators and with slight modi-
fication qs_d h.'d'ckv—_chdhginQ i*efleci*:or wl%iéh qll‘ov\v/s 'l’or:\g déiays on a given substrate
by réFlec"ﬁng-fhe signal back ﬁn_d_ forth along s‘u_c’cessivé pdr’all‘e'l p’a’rhsr(G‘.]O). [+
should be noted that the 'strip-by—sf’r.ip inféfconnéc’ribns such as indicqfed in Fig. 9.4
will néf radiate p:rovidéd ’rhe-veloén‘fy in all bfhef.-s'ubst'ra’re' directions is equal ‘to or
higher than in the frack ditection because there is nvo'j‘ohds'e mdfch even if there is
piezbelectric coupling. However the ’gﬁpacify ‘represente'd b;/ the interconnecting
pﬁrf of the sfrip, requfres_q signi.F.i.canf incréas‘e in the number of strips for a given
fractional energy. transfer. | .Thus such infe'rco.nnecﬂons'should' be kept as shé,rf as the

coupler geometry will allow.
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. Fig. 9.4 The 3 dB multistrip coupler as a reflector. - |

4
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As a final example of the multistrip coupler ‘qs"é power divider (6,0)}' con~-
sider pluciﬁé a symmetric.uniFoArn;l transducer ostét by A/ 4 from, or a u:;ifo_rm
’rransducér with an oad hdmber of fingers.placed'g.)n, the cen’rré-.iline between ports 2
and ‘4 of Fi’g. 9.4. NOQ Ef'A]ﬂ‘ is-z_e‘iro, f.he inpu‘r‘signqlswi‘H»be DI and D2 = D] 4
so that from Eq. 9.4,. E] '=‘ 2 D] and E2 = 0 and thus Wev_v'hdvg created o uni-
directional fronédu_?:er 'unlitwh.ose bdndwi_‘dfh_will be de"re“rmi'ned by the inferdig.i’ral

transducer itself.

o

-Multistrip céupiefs can be designedrfor unequal width tracks, for coupling
- between di fféren_f ’su',bstrdfes and for perfqri'ning several .‘fun'cv’r_ions analogous to those
available, in electromagnetic waveguide components but their importance in surface-

wave de\)ices for systems applications has not yet been definitely established.
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X. SUBSTRATE MATERIALS AND FABRICATION:

In the course of the discussions of various devices in the.earlier sections of

‘this report, it has become evident that the performance of surface-wave components

'cdn-ioe"criﬁ'cdlly"'.d'épenden'f;on specific combinations of the material parameters of the

substrate. - For example, all the deVices‘c.on.tdih‘WGQelengfh_—dependenf dimensions -

EEEN

and thus depend directly on the surface-wave velocity which in turn is détermined by

‘the elastic, piezoeleciric and dielectric constants of the substrate . Siv'mildr-ly'for the

structures using ‘i.nferdi.g:ifrcl"fr‘a\nsducéi's the insertion loss.and'bandwidth depend

“directly on the piezoelectric coupling factor which again depends on the material

- parameters, that is fh_e.eldsﬁAc, piezoelectric dnd dielectric ansi'c‘int_s._'_While the latter

fundamental constants are .jmporjanf, fhe -devibe_dgsigpeppsl;clI\y‘<is.rp'qrécon_cerned..
with the derived pgfqmeferg chH as p‘hase vel,bcl:ffy‘. c‘:h‘d’»cogpling co:n_stq‘n“f(zthus. tijis
selcﬁonA will concentrate more on the qvc‘uilvable va!ues}of}fhe_‘derived parameters.and
‘their_;var‘i‘af'ione from maf'eridl to maferiél, v;i_’rh angle of pr.opag-a’rion on.a given surface,
gnd w?fh s/ub;sfrﬁcufef‘terﬁpgrd’rulré. y | | |

Whgf s.urfac.; }wcvesyusiu.ally hcvvvev to offer tofhe signal ‘proc‘essir.\g system are
wide-band devi;gé Fabr\ic;ited wi»i'h pldnar: ;echh‘ol‘,ogy_:, ';I'h'u~s for systems ‘cpplicofio‘l.'n;
if."fs fhg»materi&l 'perforr_hqncge. m the Freé@ency range ab'o.ye some tens of ?negqhérfz- |
that is of in.f_er.esfi.‘ In this Frequgncy rqn»'g‘e:only single cry‘ﬁtals‘ hcveA s) fqr bieen able |
to meet the attenuation :res"fricﬁbns‘impbsed by ;uch specifiidotionsvdg dynamic range.
The _lAcle—lloss ;:ryﬂcjl which has beenédop’fedas a Fir’ét—chpicé mai'.e'rial against which

all others must be judged if piezoelectric coupling is important is Li Nb 03- and in




particular propagation along the Z direction on a Y = cut face of this crystal .
" The concentration on this material has been.‘in'nq smqfl measure a factor in the rapid

development of suifuce~wave device fechnology and the latter development has ‘in_

turn resulted in the exponential decrease in pvric‘e over the past few years of "surface~

wave qdulif);"' substrates of'fLr Nb O Th‘is fact is emphaﬁfzed here" bécause while
every Free pldne sohd surface can supporf a surfu(ce wave.,’ only a very few need be
conSIdered in this section on maferla!s because only a very Few (G4, p. 1) offer
i'bé cohjbinui’ion Of,:p.mp?rﬁes likely to be ,'fe,_qu'red muny.surfucejwuvleﬁ devices for

signal processing.

10.7 " Phase Vﬂe|o:"c‘vify and EleéfromechaﬁiCdl Coupling Constant’

The range of avcnlable surFace-wave phase velocnhes on crysi'ullme sub~
strates:is From abouf 1000 ‘to 7000 m/sec. - All other factors being equal, lower
phase veloci'i'ies aré'desirdb’le Fo’ruppl,icdi‘ions. requirir;é‘.long'deluys, bu"f-on _f'he other
hand higher phase velocities relax the manufucfuring tolerances For."d"gi.ven operating
frequency. YZ~ LiNb 03 with a free surché.hus' a F’)huse-v&.alocifyv-of"3488 -m/sec
while the values for some other common substrates are g.i\(en in row 3 of Table 10.1
79, 94).

In Surfu\ce"-wq've‘devices invqlving,pie.z‘oélecjfrilc.c.ouplihg'wii'h dep_osii'éd,
e|eci‘rodes,’i'he"second dominant maferi‘ul parameter is the pi_eioelecfric coupling con-
stant.  For éxample; it was shown in Eq.3.6 frhqf the input conductance _of a uniform
fransducer at its resonant frequency was equal to

2 | 2

_ 8 o ‘
Gyplu,) = = N u € K | . (10.1)




TABLE 10.1

SUMIAARY OF DESIGN DATA FOR MICROWAVE ACQUSTIC SURFACE WAVE DEVICES : BEAM STEERING CALCULATIONS

ASSUME . 200 pm TRANSDUCER. WIDTHS WHILE DIFFRACTION DATA 1S

FOR 40 ~ WAVELENGTH TRANSDUCER' AT 1 GHz

1 | raaterial Li Nb .03 : 'F;:N}; 93 "L Nb _03“ K] N‘b'IO:‘;" L Nb 0g B_?IZ?COZO,, Bi ]‘2Ge020 ‘Bi]‘ig;pczp _L:;Ta o3 Li Ta 93 Li Ta 04
_ 16 1/2° |41 1/2°1 . 1 -} - ‘ R 22°
Y Cut Double Rotated Z Cut X Cut . 1001 Cut 11V Cut |110 Cut [Z Cut Y Cut . Rotated
: ) . . | Rotated - Cuf . o ) ] ' Cut .
‘2 | Orientation Z Prop Cut X Prop | X Prep | Z Prop 110 Prop - § 110 Prop | 001 Prop | Y Prop Z Prop X Pr,o;{
3 | Surfece Wave Velocity,’ . T - - o E
v (m/fszc. )’ 3488 3503 4000 . 3793 e 3483 - 1681 - 1708 1624 3329 v 3230. 3302
4 | Estimate of Electromagnetic : I B o S ) . ) . . ) e
: to Acoustic Coupling, 0.0241 0.0268 - 10.0277 0.0026 - 0.0252 0.0068 " -{ 0.0082 |0.0037 0.0059 | 0.0033 - 0.00Z7
s/ o S : _
5 | Power Flow Angle © (deg) » : ’ . } -
(Electromechanical) 0 0 0 0: ";I -7Z§ Y  0 -0 0 0 0
6 | Temperature Coefficient of
Delay =27 (ppm) 94. %. 72. 77. 93. - - - - 6. 3s. &s.
LT eT . . ) . o
7 | S ATIN InAirat 1 GHz | . ‘ ; )
@8 /psec) 1.07 1.15 1.05 0.93 - 1.64 1.84 - 1.0 .14 -
8 | Air Loading ot 1 GHz : : co i s :
dB / pser) o 0.19 Q.Zl 0.3 - 0.24 - 0.19 0.19 - '0.23 0.20 -
9 | VAC ATTNat 1 GHz - _ A : ;
[y rec) 0.88 0.9 - |0.75 0.69 - 1.45 1.45 - 077 - | c.o4 - '
1C | 3 48 Air Prep Loss,Time ) . : . . ’
" lCelajot | GHz, A (usec) |28 - | 2.6 . |2.9 3.2 - 1.8 . 1.8 - 3.0 2.6 -
11 | Slege of Electromechanical E - 5 . . . ) S - S .
Pawer Flaw Curve, 30/ %8 ~-1.083 _ -1.087 ~0.445. +0.192 -0.610 -0.304 +0.3%6 f0.236 ] ~1.241 - =0.211 40764
12 | Sloge of Electromechanical ' ) o L ) - : -
Praer Flow Curve, 2w /5w | -0.117 +0.151 0 g - 0 0' 0 0 +0.556 -0.229 0.
13 | 3 dE Becm Steering Loss,Time |- L . . ) .
Deloy, B (usec) 7.4 7.0 18,9 46.0 15.8 65.7 53.7 | 87.6 .44 15.6 13.3 .
., | 14 } 3 dB Diffraction Loss,Time ° ’ - ) o o N ch
Delay at 1 GHz, C (psec) |29.1 29.3. 5.1 2.4 7.6 - 4.1 2.1 2.3 11.3 3.6 1.6 c




SUMMARY OF DESIGN DATA FOR MICROWAVE ACOUSTIC SURFACE WAVE DEVICES : BEAM STEERING CALCULATIONS

TABLE 10.1 (continued)

ASSUME" 200 pm TRANSDUCER *WIDTHS WHILE DIFFRACTION DATA. IS FOR 40 - WAVELENGTH TRANSDUCER AT 1 GHz

1 | meterial Quartz - Quortz * | GaAs Gahs ﬁoZ'NoNbSUH Zn0 Zn0 cds Cd S
Y cot ST ct [0 Cur J21 cut | vyo |z |vyow [zcw |Ycu
2 | Orientation X Prop X Prop ' |X Prop -] 111 Prop’ | Z Prep X Prop. Z Prop | X Prope | Z Prop
3 | Surfoce Weve Velacity, ) - - : )
v { m/fsec.) 3159 s - - 2822 - 2621 3177 2716 ) -1 2685 1729 L1716
4 | Estimote of Electromagnetic . N )
to Acoustic Coupling, 0.0009 0.00058 - 0.00008 -} 0.00012 0.0005 0.00707 0.00748 | 0.00237 | .0.00262
AvY /V . . ’ . . e
5 | Power Flow Angle. © (deg) . :
(Electromachonical) Y S0 0 (0 0 0 0 0 _0 .
& | Terpercsture Coefficient of )
Vo -24, " 0. - - - - - - -
Deley — — .
oy — 57 (pem )
7 | S ATTHN In Airet 1 GHz . ) ) -
@8/ sec) 2.6 3.09 4.22 3.62 ~3.7 - - - - -
8 | Air Losdingat 1 GHz ’ : . N
38 /4 sec) - 0.45 0.47 0.40 - 0.27 - - - - -
9 | VAC ATTNat | GHz : .
€5 /usec) . 2.15 2.62 3.82 3.35 - - - - -
10 | 3d3 Air Prep Loss, Time 4 o o
Celay ot | GHz, A (usec) | 1.2 0.97 0.71 0.53 ~0.8 - - - -
11 | Sloge of Electromechanical - : )
cwer Flow Corve, 30 /38 | +0.653 | +0.378 -0.53%7 |-2.58 +0.071 - - - -
12 | Siope of Electromechanical - )
- | Pawer Flow Curve, o 0/dyu 0 0 0 _0' e 0 - 0, -
13 | 3 d3 Eeom Steering Loss,Time o '.
Deloy, B (p zec) 16.3 23.1 22.2 5.0 149.0 - - - -
14 | 3 d38 Diffraction Loss,Time : .
Delay ot 1 GHz, C (p sec) 1.7 2.1 6.1 1.50 2.65 - - - -

—
W
RN
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and thus 'proporriondl to this elecfromechqmcql co‘uplmg constant K™ ‘Sl'mlldrl‘y in

Eq.3.7 it was seen that the r maximum bandwndfh For d series tuned frdnstCer is.

obfumed when fhe number oF Flnger pulrs is upprommufely T / 4 K2 and the Fruchonul'

bundWIdfh is [ 4K / a ]]/2 The Fccfor K2 entered these equo’rlons fhrough the

equn_vulen’r circuit model _buf-n‘ enters other p'ieioelecfrlc surFuce—dee couplm'g ‘

‘phenomena in a .sir‘nildr-direcf way. For bulk waves K2 is explic’:i’rhly def-ir{e.d in-

tetms of the eiuéfic, pieZOe'leefric' dnd aielecfric constanits 'oF the moterial‘und it is
Found 'rhc:'r 'rhe frucflonul chunge in phase velocu'ry oF a bulk wave when fhe pnezo— \

elec'rrlc eFFec’r is removed (shor'red) |s - K /2 Thus, by c:ncxlogy, 'rhe Fuc’ror K2

|s'defmed_ as 'rw_u.ce the Frcchonul ch_unge in the surfucefwove velocity v.:_prqduced

by, sho:r‘fihg ’_rhe_f(ree.surf_dqe with.a thin conducting film. This_qu_cm»ti_ty. o

2 5
KT o= - 2 (“vsh_Or'rA -

is calculable from the fundamental material constants and is easily measurable on

“given substrate.  Other slightly modified definitions are sometimes used, for example

9,75 s
K = - , éo es S Av - . e . ' | ) g (10.3)

with e given by Eq 3.2 provndes be’r'rer ugreemen’r WIfh experlmehf of expre5510ns

like Eq. 10.1 “butin generul ’rhe 5|mp||ﬂed expressnon of Eq 10 2 is udequufe |
For YZ Li Nb 03 , Av/v is 0241 whlle 'rhe values For other

materials are given in r_o;N 4 of .Tublé iO,l . The ’rdbuluted values are calculated

(9) from fundamental material constants and are quite sens‘ifive to small errors in the

-V :)_.f/v = -2 Av /v © 5 (10.2) .
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piezoélecfric constants. Méasuv’red valué’s_ of Ay /v /m,ighf.y be expected to deviate
some 10% from these calculated values (75),. Li Nb 03 provides the highest coup-

ling constant, or Av /v, .of any of the cUrreﬁH;y available low-loss crystals.

102 | Tembefa‘;ure Coefficient of De-'lay R

| One of the pfébleﬁs to be faced b)'/. .‘rhé S_UI}F&JCG"‘WG’VG Compone’nf ae.svigner
is the fen\qpemﬁ';re'sénsi‘rivi"ry c.auseﬂd by thermal equnéién of the critical dimensions
and by/ the ‘rémpémfuﬁre dépendencé of velécify‘:; F(:;r‘mosf applications fHe most use-
ful measure of this sensitivity is the Fi'rs_f-'ordér. temperafﬁré coefficient éf delayfgiven

by
(10.4)

\X/_hére '7- =:  /v Ais"rHé}'déld)vl' ‘rime"béfween two qun‘rs sépﬁra‘red by a distance I,
and T is f‘He_‘rempérderé".':' .H Qfll_'be"ndféd that both ffhérmcnal.effec.:‘r’s ‘a're iné‘lﬁced. y
in this coéfficiéhi‘r Becé::b.s’.é"rhé’FlirS’r"ferm is r‘écogn'ize'.d as the thermal e%pan’siéah.éo—
officient while fhe:‘se'c'ond lS the temperature coe‘ffici&(.a‘n.f'Qfli/élyc;cvi‘fy.

“;Valu‘es of the ‘v"‘rér.np&‘:ra’rurg:coefficienf of delay rang'é fr"oml - 24 to
¥ 96 ppm /°c fo’r fhé common surface-wa?e substrates. The imporfanée of this
pa‘ramefer in precision’ delay lines is obvidﬁs, bu’r it is also critical in many ofHef
compvém.anfs, for example this coefficient is d useful measure of the degradation of
peck ~to-sidelobe ratio in pulse compression or spread spectrum systems broduced by
temperature changes of the surface-wave c"or.felafo.r. “In‘an' FM chirp system the
change in slope of the time .delqy versus: Féequehcy curve, Fig'.5.2‘a‘ is proporﬁoﬁql to

this coefficient.
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In order to have zero temperature coefficient of delay, the thermal expcnéioh :

coefficient is requiré,d.torb'e equal to the velocity coefficient in the ’rempe‘rdfur_e_

range of infei'es}; “This compensation only occurs for "rdre"_q"omio_iﬁafi’ons‘ of crystal,
cut dnd propagation direction. .’A‘ST‘i cut, X = propagation on quartz has a zero

temperature coefficient of delciy at room femp.ercture and is thus a very cxHrcxche

~substrate when Inserhon Ioss or bandmdfh (Av/v is small ) cun be truded for

-fhermal stability. ther rofuted Y - cuts of quuri‘z can be chosen (74 76) to

hove zero femperufure coefflcleni‘ of delay above or. below room tempenature or-fo .
have o temperature c_:peffi_cierﬁ to\mqfc;h,__thuf of som‘e_oi‘_h'e,r part of_fhe sysfem.._.
- Values of: the ,femperafu‘re,cqefficient- of del ay For:d-range:of crystal cuts

thls coefficient is reluhVely

3

high and is one of the few characterlshcs in whlch YZ Li Nb 0 “{s inferior to -

ofher»low-—loss piezoelectrics. It has been “‘ngtedfpit‘evnoule that bonds of very close
to unity transmission-factor have been mcde‘bétv&e‘en Li-Nb 0 and quartz to form
a substrate. with a single free 'surfoqé. ‘Such a composlte structure wufh elecfrodes.
onh the Y‘Z_‘Li\ Nb'O ‘ ée‘éfiéhs witha i'em'pératur‘e coeffi'c’iéhf. oF: delay of

+ 94 ppm /. °c cmd the cenfrcl propagahon path on YX quartz with its temperufure
coefficient of - 24 ppm / °c muy be des:gned to prowde a delay lme with zero
femperature'_depend‘enc'e' of fbe overall delay along with the low insertion_ loss and .

broad bandwidfh.oftrgnsducers on Li Nb 03
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10.3 Acous‘ric‘Affenua‘rion

, | There is a funddmen’rcl loss m.e'chcnis"m for ,dil coh.e'renvf eicéti_c waves in N
solids whevre ah ‘in_elas;riclv scafferin@proces# éxfrccfs energ’yvfrom the coherent wave .
and gives if to the in;:oherenf lah‘ic;, waves, fhéréby the coherent wave is a‘rfenuafed
and the lost energy goes into heat in fhe"sélid. Surface-waves dlso suffer this
fundamental form of foss for which the attenuation constant is approximately pro;-

porfional to the square of the frequency and independent of tempeidture near room

temperature. At high frequencies this propagation loss along with the ohmic losses
in the transducer electrodes and any loss due to bidirectionality determine the mini-

mum. insertion loss of a surface-wdve device. The actual insertion loss depends of

course on the matching to the source and load at each frequency of interest.

" Th_e,’re_ is another source of loss which.can usually be,igh_cred,':-'_fhis'r.is the
attenuation oFlc; 59r,Face~que ‘byjlcoulol-h.qg to ultrasonic waves in the airin contact
with the surface. This air,i'claadi-ng,hcs an af’rénuq’rior] cénsfqn‘r proportional to the
frequency. |

The experimenfolly determined q’r-fenucx‘fion_qs a function §F frequency is -
’shown in Fig.10.1 for (q) YX. quarf:/;,‘ (b) (HO) : érOpagaﬁoh on a U.]O] plane
of BGO, and (c) YZ L'l’ Nb O3 . /These‘* cuives iead ‘réi, fhe,e’mpivri}call expressions for |

the attenuation o in dB/ u sec of (79)

(@ a = .2.15f2 + 0.45f
b o = '1,45f]‘9% 0.19 §
© a = 088f 7+ 0.19¢

where f isin GHz .
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It is seen that with 'fh‘e'se mqfé’r?als, 'pr’opagqfion lossés are’h_egligiblqevbelow
about 200 MHz uﬁleés éxfremely long propagation pq‘rhs -are'iAVOIVed. Table 10.1
lists in rows - 7, 8-(-'ond 9. H?e component and t.o"r'ql:.p'rc‘)pdgaﬂ'on :lossés in dB /i s€ac
at 1 GHz fc;r a ,rangé of useful ;ubsfrqfes;, écal'ing to other fréquenciés ’qs f2 fér
‘the fundamental or vacuum loss and ’as‘, f Fér frhe’air loading is usually adequate . |
Row 10 indicﬂa’res the propggd‘rior'l‘ loss in another rﬁdnner, showing the dela;/ time
which con b"e obquiAned on a givén.subs‘rrd‘re for a loss of 3 dB due to these

mechanisms.

10.4 Diffraction and Beaim Steering Losses

" As discuséed in ‘ASIeAci‘rAiori 11.1 there is a certain angular sp"r'eqainé{i of the |
beam radiated from a fransducer 'd‘L'J"e.f'o"fhe_ finite apérfuré of fhéifransab;e;. : Mos’r
* d:evicés:bperdfe' |n fhe'F”r'es.sne‘l -re'g‘ibn '\'N'heré this diffrdéfic’.)nysp‘redding_ is s‘m<:'1||,' never-
“rh'eless Bec.qbéel of if 'vsdfme.bf the acoustic energy radiated from thempu‘r transducer
is not in.‘rerc;,ép’re"d by the rec‘evivin‘g-’tfdnsdﬁcer and the resultant | oss of eﬁérgy due to
diffraction éon.‘rribq'fes to the deviée insertion loss.  Such Ioss.cah alwa?s be reduced
by increasqing fhe c;')e,rvfure size in wqyeléngfhs but increases 6re limited by i@pedénce
'kconsiderqfion's, apodiiafiohirdffos,ﬁ and erystal 'size." Sv_i‘ngrle'lcrysfal‘s are anisofropic
and as noted in Section 'HV.IV fhé r'ésulfing éhaﬁgé in veilolc':'i'f.y with 'direction can pro-
duce either a self—collifnafing or an i‘ncreaséd.spreadir.lg of the beam radiating from o
" given aperture. Thus the diffrddion loss for a given aperture will depena on the

anisotropy of the velocity about the pure-mode di rection selected.

~
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On an anisotropic substrate the power flow is,col\i_nectrv-wffh‘fhe. wave vector

. only along pure-mode axes. - There-are several parameters which can be used to

‘measure the cmisofropy. about o gfveo pufe-mode ‘ctxis, oné-‘ié’ —-g—-c-g- ﬂ"\évcha‘n.gé of fhe .
angle qo befween the power fiow dlrechon ond the wc:ve-veci-or dlrechon (row 5"
of Table 10 1) wﬂh chango in the ctngle 0 of rhe wov.e vec’ror from fhe pure mode
axis. The slope of fhe power flow curve - ag&/ 89 = -2 b in. Eq 11.2,

The case ago/a G =0- corresponds to lSOi‘t‘OpIC propogohon near fhe pure-—mode a

axis ond 2 / B G = ] correspondslfo lqrge-c‘tufocolllmohon‘(82,~'~83:),H that is

leng time deloys wufh smoll dnffrachon loss,. Eq. ” 3.

Row 14 of. Table 10. 1 glves 1he hme deloy for 3 dB: dlffrachon Ioss
behNeen two: ldenhcol fransducers 40 )\ WIde at: ] GHZ calculated USIng Eq 11.3,
(F =1 77) ond it is seen fha’r YZ Ll Nb O s exf.rem’_el.y‘ s:elf-o_olil_lmatmg and the
diffraction Ioss is some .f?‘,";f_!mQS lgs;rthan_ th\_‘_., oF "fh_-e' same op.ertur.e:"in wo\‘/.e:]‘en.grhs on
an ioorléopic .subs?fr,gfe. N On ST ond YX quarf;z t.h‘jer_é‘_ ié _m,on_'e_"_loeonéq‘__sopeodi_pg_ thon
on an ‘_isofropic s-ubsi'rqt'e‘. | | | | |

"Ar_]oi“her‘_.form of g‘eorv'-ne:f‘rilco‘l f|o§s .arises\io anisofropic'-cr)I/sfals becouso of |
the limited qﬁo_curqcy with whioh fhe gooﬁlefrfoq[ d_i.feofions con be ._ol.igneo[ ‘vvvji‘fh the

desired crys.tql__\qx'es. Thus while o givenj_cho:ice of propagation con ditions, say z

_ pr:.opogaf_ion‘on Y -cut Li Nb 03, may représenf opro—mode prqoqgofion'fheorefi-

cally, fhere, will' be errors in the Vaiign}me'nf of the .crysfcnl chve_:.qndfdf the transducers
with respect to the desired direction on that face. * On an isotropic substrate such

alignment is not important but if the crystal is anisotropic near the chosen pure-mode
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v -

- axis, such érrors in‘ ‘alig"'nmenf will cause Bé_am sfééhing, that is_}he 'powglr V\’/ill‘:,nofz, be
colinear wif:h' the axns of the fransduc;arg and part obehel geﬁ'er'a'f'éd beam will not be
infercepfed by fhe jrecei-‘ving. fransd’ucer._‘ : |

Row 12" of Table 10.j' ‘sh‘ow“s fhje change in p’oWer Flow angle per unit
change in cm;quAp; of fhé substrate normal away from the ;:résumed crystal surfacé}
while Row 13 éhoWs the maximum. timé délay WHich'cﬁn bé—: obtained for a 3”d’B‘_ .
beam-steering loss <“iuefto misalignments 6 = 0.1° and b= ()_..'2°iwh'en the trans=~
ducer widths are’ 200;..}_1&1 each . The _b‘elc('m ;feérihg ‘|95‘5?5-,‘qu€' g:.'elomiheh-i.cql _qndjfrhus
inc'ie.pendenf-. of Frequehc-y qnd_proporfioha] f,c; frc:(hsdu‘,c_:ér‘\'/’v‘ijdfh 'for.q given St;bsflfufe
" and aligﬁmenf‘érrors. :T‘he beqrr;sf‘feering Iésé ;:un be feduced by the specification

. of closer folerances on crystal alignment.

10.5 Summary of Material Properties
Since YZ Li Nb -03' ‘is by far the commonest substrate for surface-wave .
dev‘i‘cesv it is useful to cb'rhpdre other pdssiioiii_ﬁes with respe,cf' to that u'biquiféus cut.

Table 10.2 is "s‘imply'a normalized version of the most important parameters of

Table 10.1, the L| _Nb,.Oé column is fhe same Whéféa:s all -fhe'o.fher"crolumn's contain

the ratio of each material parameter to the corresponding YZ Li Nb 03 paramefer
and one can see at a glance the relative properties of any of the materials, the last

column is for an isotropic material having the same velocity as YZ Li Nb 03. For

instance, from row 4, the highest coupling material is seen to be X-propagation on

the 41.5° rotated .Z-cut of Li Nb 03 One important feature which is again

brought out by this hormalization is that although ST quartz has zero temperature
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%BLE 10.2

~ DATA FOR"MAT:ERIALS SELECTED FROM TABLE 10.1 RELATIVE TO VALUE FOR Y- CUT, Z~- PROP, Li Nb 03

. "GIVEN IN_FIRST. COLUMN: ROW NUMBERS ARE SAME AS TABLE 10.1

1. 'Mq?'ericl _ .Li Nb_’,_o_3 | LF Nb 03 | L' NF’ 03 i L' Nb 03 B‘]ZGEOZO _5?126,892"0 L‘ T?.'Q_;; ) .Li Ta Oé .-,. Quarf.z'- '» ) .Qucrt? Isotropic
. 16 1/2° {411 /2°0 - . o e
Y Cut | Double - Rotdated "X Cut" 1001 Cut' S 111 Cut - §Z Cut |Y Cut. ¥ Cut -} ST Cut
T . Rotated Cut : . ‘ - : R B ‘ o BE ‘
"2 | Orientation Z Prop. Cut - X Prop ¥ Z Prop -} 110 Prop {110 Prop . | Y Prop  |Z Prop X. Pll'op' X PfoP
3 | Surface Wave Velocity, - N o - . , . . .
V. (mfiec.) 3488 T} 1.004 1.147° 1 0.999" | 0.482 - 0.490 0.954 0.926 - | 0.906 0.905 - 1.
4 | Estimate of Electromagnetic 3 - _ S S o S )
to' Acoustic Coupling, - 0.0241 1.112 1,149 1.046 - | 0.282 - 0.340 0.245 - 0.137° | 0.037 0.024 -~ -
6 .Temperafbrg "Coefficient of . ‘ B ) A .. R P : Co
Delay 1 %l (ppm ) - 94 1.021 0.75° 0.989--- - - 0.734 - [ 0.372: -0.255 0 - -
10 | 3dB Air Prop Loss, Time o ‘ R P T L ,
1 Delay at 1 GHz, A (psec) 2.8 - 0.929 1.036 -~ - 0.643 0.643 - 1.07% 0.929 0.429 - 0.346 . -
113 }3 dB Beam Steering L‘os‘s, Time | - } o A L L S ' o o :
Delay, B (psec) : 7.4 0,946 - 2,554} 20135 g.e78° | 7.257 .. { 0.595 . 2.108 02,203 3.797 ©
14 |3 dB Diffraction Loss, Time . _— S R R S C | |
* | Delayat 1 GHz,; C'(psec) "§ 29.1 1.007 - 0_.175 -} 0.261 0.141 01;072 - 0.388 }. 0.124 "’0.0_58'1- ‘ 0.072 097
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coeffi_cienf’ ofvd'ellay,i its .diffrocﬁon-léss’ fime-de.ldy isii_nferior to dﬁ anisotropic
material as can be seen from row 14 . .BGO with phase \l/él.bcifies half those of

Li Nb O3 is ci-frac’rive"f‘or' long delay appiigations,’ and in :addﬂio‘n'fhe lt.)we‘r coupling .
constant and increased diffracti'on.!oss may be offset by Ai"He ldx folercmces on crystal

alignment (row 13) .

Layeréd Structures: '
It is often nece.ssary to deposit piezoeleci:ric films onto certain noﬁ-piezo—"

electric substrates in order fo exploit some SﬁeCiFic desirable property of the substrate .

For example fhe use of sapphire as a Asubs"fr"qf"e whic‘:h'i"s:c'ompdfib‘le WIfH silicon~on-

SdppHire technology thus making it possible to marry acoustic=surface-wave and C
i . ' : ’

silicon-on=sapphire. fech’nologiééi L

Zin"c’c.:;xyide has been successfully sputtered on oxidized silicon and on fuséd
qu"grfz (‘2‘8) and fhe best resulfs reported are shown in Fig . ]‘0.2 which gives calcu-
lated and me‘asuvr&ed,volues of coupling factor for fheﬂseﬁlmls as a fdncfion of film
thickness for thicknesses be‘fweer.r 2 cmd 45 B :Thel-c_cil_cuqu:ed Kz curve is f.or '
C ~ axis oriénfed singleﬂcrysfalv Zn 0 on fused quartz. T‘he highest measured K
value of 2.4 % forv,-0.35i wéve]engfh thickness Fi_lm’é is;or;ly 15% less than
theoretical . | |

Aluminum nitride films have been deposited on sapphire by chemical vapour
deposiﬁonv. Cu‘r'renf work (17), (G5, p.274) has used Al N Fi‘lms‘qbouf 1.6p
thick, thicker films tend to have an irregular surface whiéh ‘reqﬁilre mechanical

polishing before any transducers can be formed on the surface. The best values of
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FILM THICKNES /WAVELENGTH
ng. 10.2  Caleulated and measured coupling factor, K2,, for jZn»O layers

on fused quatrz and oxidized silicon as a function. of thickness / wave-

length ratio  (28) .
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K2' obtained q‘re 0.6 % for Ol X thick films. T‘hick‘e’r films‘.:vvill be r'équi.re‘:d to
get mdxirﬁum couplihé a’nd‘ hence ;/vfdesf bandwi'dfthaf miﬁ_fmum ihserfioﬁ loss. | These
thin films have been successfully used to consf?ucfsurfdce_é-;wd:vé'}orOQ_rdmﬁable matched
filters (G6, p;3(‘33") | in a side b)‘;side_cvc.)hfiguro;fion with silicén-on-'sapbhire switching

~ circuits on a common sapphire substrate.

Non=-piezoelectric Materials

It is ObViOl;lsl)’ neéesgary to know the acoﬁsfic properfies of materials used
as substrates in ly‘a‘yeréd Struc"rures 6r materials used in the bonded composite structures
described earlier. ~In Table 10.3 a small selection of"nor‘)-piéiééléc'f‘ric" materials’
has been dsser’ﬁbled and the surface-wave vél‘ocity for s’pec’:ifi;:’ ‘diré‘c‘:’ribns'givén .
Although Te 02-~is', strictly 'Spéaking‘; a ﬁiezdélecfric,' its c't_al]plir’ig.'c;ons"rdn’r is:s'o‘
small that it can be Considered‘-négligible ;. it has been included in Table 10.3
be'c;ouéle it has a zero temperature coefficient of del,q.y and has such a llc;w yeloc?ify

that it is potentially useful in composite structures.

10.6 Fabrication Techniques

In this and fhé‘remdining sections of this cbh‘opfé:r, the techn iques used in |
the fabbri'cAaﬁonA of sun;Fac,e‘.-_wavé devices .sUc.h as the inferdigifél :f!;anédéjcer‘are reviewed
and compared with fhé planar fabrica’rion ;r:eachnélog‘)/'uééd for ‘ihtegrafed ci.rcuif.s. The
specific aspecf; of the fechnologsl discu;éed_ include sé'mple prepara’rion; thin film
deposi"rion and mefalli.za.fion, .pa’rfem definition fecHniqués:including artwork and mask

generation, photolithography, electron beam and x~=ray processes and etching and
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TABLE 10.3

SUMMARY 'OF DATA FOR SURFACE -WAVES: ON.- SELECTED . NON-PIEZOELECTRIC . MAT'ER?ALS

'] Material Rutile | Rutile | - Sopphire |~ 'Silicon | T O, | YAG | -YAG | YiG |  VIG

2 Densi’r"y-f-’_i‘ A T S | ) K ,
1 ke/mD) | 4260 | 420 | s | 2332 | 599 | 4550 | 4550 | 5170 5170

3 'Orientation* " Y Cut ZfCﬁf - Z,COT S Z Cut- 47 58.2°° ~Z' Cut { 110 Cut 1 ZCut T10 Cut
ZProp X Prop Y Prop §- - XProp § - X Prop § X Propj 001 Prop ! X Prop § 001 Prop

4 Surfqée wave: . L : RO & | B
e _ »\/elociiy i 4194 4789, .. 5706 o 4921 1387 4599 ‘ 4603 3584 - .. 3579
o (m /se_‘c ) ) SRR S S ST e s . c - .

- *. Orientationis given in ferms of Crystal-axes, Miller indices or Euler angles.'

ol
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engraving methods.  Since interdigital transducers play a key role in devices special

attention is given to their fabrication. - -

Substrate Prepamﬂén

As discussed in the érevio'us sections devof.e:d to materials, S;JI‘F'CICEV"‘WQVE
subsf’rrdfes are Usﬁd“y s»iAngle éry‘s‘fc:ls of. Li Nb 03,"qurfz etc. . In contrast to micro-
eiecfronics; sUrFoce‘-wdve substrates requir’e precisé o‘r?enﬁﬁﬁon with re‘spéc’r to
crysfdllme axes in o;rder to opérqfe along pure-—mode axes and m;nlmlz;e undesnrable
béam sfeerlng effecfs, thus skilled and Ieng’rhy procedures a-re lnvolved in cu'r’rmg
and pollshmg the surches to very s’rrlngen’r ophcc:l quahfy spec:ﬁcaflons. Typically,
os"dl.sclussed_m Section 10.4, the crysfol cut and orientation has to be wn’rhm 0. 1°
of specificqﬂc;ﬁ(fo_l minimize_diffrqcf_iqn‘ and beam steering l_o;sses,'_i

ﬂ‘)e_ .?L'gbs»'rmfelsa aite hechanicqlly ‘pglishe_d to give a finished ;urfuce, quality
of one tenth o_Fippchl V;Icy‘el/e"ng‘rhs with neglig.ible" surface ,dqmoge. to reduce scatter-
ing losses. Note that the high degree'of precisi;)r; requ-ire.d with réspe,cf.»’ro crys’ra”ine
orientation coupled with non-s’randot“d sizes resulfs in a very hlgh cos’r for the sub-
~strates (G4 P 22) when compared to o hlgh degree oF standardlzc’rlon in the semi~

conductor industry.

10.7 Film Deposition and Metallization

Transducer fabrication requires the deposition of thin metallic films on the
substrate and similar metal films are also used in waveguiding applications and in multi-

strip coupled devices. Thin films are also-used to achieve prescribed dispersive
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chdrqgferi.stigs, control femp_e_l*qfuré ﬁoéfficieﬁfs of del_dy.‘,l.'ob’rqin elé:Cfrdé;::ousfi_c ‘
i_m‘erocfions_vyifh cqfrjers} .cm‘d tov ex;ité su.rfqvc;e—wc’ive;s on _‘r?on—pig‘zéelec;r‘rivc::s ‘U\s‘fng
piezoelécffic Fﬂ_ms_-. .

.Pr:i.or >fc»' any déposifion, the sﬂbsfrm‘es‘ ci'r\e_ prep‘dred_ by r:‘e‘mov,in_g any un- B .
desirable sqn-fccié __impuri'ﬁes'E;efchihg and cleaniing in orgc.mi'c. s.o\I\‘/ent‘s. (ocetogé,
methanol, TCE): ond if needed the substrate is coated with phc‘)fésres'is;t‘ for e{fthe.‘r a
lift-off o sfrippiﬁg proﬁesé o be describea in fhe héxf sec'tién". |

Thm Fllms are cleposn'ecl by thermal evéporoflon or‘elem;l ron beum methods, o

| or by DC/ RF spuHermg.: Whlch mei'hod is used is dependeni‘ more oﬂ‘en fhcn not
On_.“h? qygi‘labili\‘y of o suitable vacuum system. Gold and uluminum are the most
common mefq’l; y;_edv_forA f’ilms:n“_cipgin_é Ifforﬁ o F%aw hu_n‘c!rgd toa Feyv ‘rH.dpsqpkd cngs:\‘roms. |
Spuﬁerihg ié in rhcny respé_cfs p»refercbl’e_.‘to ’evopora‘fiAon ;ince beh"er adherence _cnd |
umformlfy is achlevecl over lcrgé c:reas, prOperhes thcn‘ are important for good eclge

clefmlhon in the llthographlc process. Wlfh gold |t is usuc:lly necesscry to cleposn‘

dlscussed in the sections on mcfer;als, zinc ox;de is USecl as a plezéelecfr;c thin film
for A'rran.sdu:cﬁon on .rlon*éiezqe.lec.tric subs?rqfeg c.l.nd has E.éen sucqes;j’ully déposlfed
_(28) By DC 'cmdv RF Sppffériﬁg_f_ﬁ a reactive d.tmosp}_i'.erel. ('Argbﬁ + Oxygen)
) yi.eldir.]g good q‘udli.i‘y .'repro.c:luci.blt-‘:fv.i’ilvrns..“ \V'Alpfninum nitride lhasl_ beén déposife'd on
‘ scéphir_e by" fh_errﬁql evc;:)oratfon (102), RF sputtering (78_)',-_ an_d.by'chemiccl
vapour despositic;n (68). The latter is a very promising process which can be
coupled w'i»f\h ,silicm-on-scpphire fe‘chnoloéy on a .cémm.on\‘sqbs’rrd’re for the fabrication

of programmable devices. (Section 6..3).:° : R - - B

l .an underlayer of chromlum or fitanium. \‘o get good adhesnon on ox1de subsfrofes As
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10A.8 Pattern De’finifion

| The main différence be‘fw"een sﬁrfaée—\)_\/:dve.: dév'ices'qnd microelectronics
is in the pattem gg:jera}ioh 6nd replication _fechniqlu'es.' Pdf_i‘emsqur:sUrf'c':(c;e-‘-wave
~devices are IUSt‘JoHyVmUch.‘llcrgve'r_'in si‘ze (é i-i,') .b‘ujf_ require hlgher re.{olu_ﬁo‘n’
(<1 pm) than fheir‘ mi:créel.ecfrbr;i;:s counferparfs.'v,‘ are us‘ud_illy'bn'l"y' 's‘ingi.’e 'level but

. . . e e o
require alignment with crystalline axes to within 0.17 .

Photoresist Contact Printfing -

The;prbbéss of vcon'ra'ct printing is shown schematically |n Figs. ](‘).3;__a‘nd

]0.4 illusff@fiﬁg fHe-pHof’orhask prOdocfi‘én‘,“chéfr:ﬁ:cﬂdl e'fc'hing",‘"a‘ria fiff—éff or’
A /'sfripp‘ihg" fe‘c'l'in:iq:.l-e”s' |

' The::‘ioih‘c)fomdék"is usudﬂyitbr:bdbclea iﬁ fwo sfdgéé; flrsf fhe"l~hl|:gh; resolution
pdrfs of"ou.‘pa.ff“em“ such qs’fh‘e fransducer fi.n'gétrs are prodt:lé;red‘én a pho’rographlc o
ermulsion feduc:ed b'y./i.:acf;)'rsi of the order of ]O x by direct phofégrdphy' of the artwork
on fvheuR;'belifh,‘ -fhése s:ubfpoff:ems are then assembled on a sécoﬁd sheet of Rubylith -
on wHich coars,e‘ r’esol.ufion‘ }oarfs such as contact pads have beeﬁ cut and a final
reduction is carfied out producingv the final phvotoma‘sk on a. hi‘ghvresoltj’rioﬁ plate.
Af’rernd’réIy a.step and répeaf vcamerq is used to p}oducé fhé required pattern, this .-
provides beffer.aligh'meﬁf and precision. |

» The phqfolifhograph'yjis done in one of two ways (3, 84) either fhel
chemical etching process or the resist stripping (lifr-off) prc;c'ess. In "rh‘e chemical
etching procéss:fhe metal film deposited on the substrate is first coated wifh.phofo—-

resist such as,Kodak_ - K'I.'FRV (negative) or Shipley AZ 1350 (poﬂsi'five),. negative or

- *- - = "' - -‘. - - . = -  = -.—"'_
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© POSTBAKE

"IMETAL DEPOSITION

{CHEMICAL ETCHING

AND

RESIST REMOVAL"

| RESIST STRIPPING
LIFTING OFF
" METAL

()

Photo-lithographic contact print processes.

(©)

process, and (c) Lift-off or stripping prééess (G4, p.22) ..

| @  Artwork and phbtomusk producﬁc;n,v ®) Chem.ijccﬂ etching.
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posmve meaning fh(:nL the deveIOpmg solvenf removes fhe unexposecl photoreSIst or -

. the exposed polyr‘ner respechvely, Spm coahng gives the besf umformn‘y of photo-

resist coafing for small samples. . For recfcmgulc:r subsi‘r.dfes_ 'h'.avmg large aspecf i}

ratios spinning causes ’uneven:ceqﬁng and dipping with slow wifhdrawai (44) is more A

suitable.

After resist couflng, a prebaklng perlod at a shghﬂy elevated temperature’

(20 minutes at 70 C for AZ ]350) is needed to cure the phoforesust. The pattern

s ‘then produced in the_phoforesnsf by coni‘c:cf prinfing 'using uli‘raviolef rich‘lighf, 1

exposure hmes depend on resnsf fhlckness, Ilght |nfensn‘y und deern resoluhon dnd

can be From 15 to 150 secs.< Degradcmon oF resoluhon is avonded lf i‘he mask is

kept in mhmafe con-fcrcf Wli‘h fhe substrai‘e and to fhls end "conformabie masks" made
of an 800 A thick chrommm pc:ﬂern on’ Commg fype 02” glass, 0.2 mm thick (84)
hdve been Used i'o |mprove repllccmon accuracy and deﬁnmon .. Thls is posmble
because the fhln gloss is sufﬁmenﬂy Flemble. to coni‘:orr‘n fo fhe subsfrate contours- when
used i in a vacuum chuck (‘106) such as |svshovwn,|n .Elg_..10>.5 . |
After;exposure ﬂ\e paf.fern is develeped uﬁn}g;dﬁdeyeleper qpppeprjipf_e to

the phoforesnsf used. The filme,' fempereture. and dgifc:ﬁen of fhe",_deveioper bdfh
depend on phoforesm fhlckness (44) cm:d_d posfbaldnd of the developed resist. is often

required,;( 2_0 mi_nufes at _90 C for;AvZ 135,01) for high resolution qutem_s.

 Chemical etching is now carried out as illustrated in Fig. 10.4." Aluminum -

is etched in 20% Na OH or KOK orin HCI bath. Ch'rornium-gold requires

two etchants, acqua-regia or‘iodine-pomssium iodide for the gold, ferricyanide-
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hy droxide mixtures (3) for fhe_chromfum, The choice of efc.:.honf is very difficult

since"i’r is necessdry to GVOid chemicdl damdge of the substrate and also prevent damage

to the phoforesw’r when efchlng rhe merdl

The. I|fr off or sfrlpplng processes as. deplcred ih Flgs. 10 3 cmd ]O 4] Is
similar o fhe chemlcal efchmg method except for the ﬂlm deposn-lon whlch is done
onto the developed phoforeSIsf pa’r’rem. 4 Thls pcn‘fem is sfrlpped (W|rh dcefone spray
for AZ 1350) thus llfhng off ’rhe deposHed meml from fhe reglons mlhdlly covered
with resist; fhe lifting -of metal is‘ initiated at the sub:';frdfe-'me’ral—resis’r areas. . "The :
dlfference in fhe flnol resulf is n;mmly ‘rhe elilmlna'rlon of undercumng Whlch occUrs
with chemlcql erchlng (see Flg ]O 4) dnd limits the resolu’rlon‘of the latter method
ro lloe wndrhs of ~5 i m wheneds rhe ||f‘r off orocess can qchleve .llne resoluhon of '

qtuleqsf ]_,p:m P

N‘oh‘confdef Pfinfing:‘ N

“The resoluhon llmn‘s in ‘rhe precedmg mefhods are prlmdrlly defermlned by _

Ilghr scqﬂermg in the resnsf mdferldl durlng exposure Elec’rron bedm llfhogrqphy

hds been Used (8 73) ro overcome fhese ||m|rc1'r|ons ond to exfend fhe llne resoluhon
caodb'iliﬁes ond hence_fhe operating freouencies of,surche-wctve devices. Eleofron-
beam lifhog.robhv)’: Ur'iliies dn.eleerronesensifil\/e .resi'sf ill.‘unf.nl'no’;ed gfv.i.fhne_lec.i'rohls to
produce the deerh . ‘PoHefns edn be ofoduoed By'eleefronioolly scanning the surface
of a resis’r—codfed substrate, thereby writing ;fhe pcn‘fern.on the surfdﬁ:e. A compt;fer
confrolled Scanning -‘El_ec:_h"on >M|"c.:ro§cop_e.(SE-M) is used to»gene\rdfe and register the
poffem; AT_h_iSIS);sfe_m i_si_i,ll_ostrdfed_in. Fig. 106, the ele'cfron.,bedm diameter is

[
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f)'/pically'. 100 A°,’ thus ind'icdt'i'ng' .ltEe‘c.Iegre‘e of féséhﬁi_dn _i‘.deal‘lly .po‘ssible:. Electron
scattering in the resist limits the pch’riccﬁl re::;olAu’r,ion of electron beam lifhogrdphy to
0.Tum (G4, p22) . Since the Fie_ld'of’v.'ilyeAw Ain'a .SEM' is ’rypi_c'dl'il‘y- ‘TCO‘p m, very
accurate s‘feﬁ'q‘hd-r‘epedf mec'hdnism_s_ usmg laser infé;Ferfomefri_é_’ré:c'hn'iques are re-
qUi:;ed Fof_p;ftérﬁs |n excess of 100 m .

. An ql'fe'mai‘e mefhoa is to'p-roie;:‘t onto the s‘OrFqc:’e an eiécfron..image#hrough
a mask or series o_f masks. Such a scherﬁe is illustrated in Fig. ]07 whf'ch was
d_e%signeyd specifically to p'rc_ndﬁ@:e iptéfdigitai*tpatferns_For:’s_g'rface,f-wdye :de\.'/‘ices.b In
this scheme, a sli’r- lens- images a P'i.ole poHern im‘é é series of lines and has .the advoh-—
tage ’rhc’r some demognlflcahon is used namely the hole s;zes m ’rhe olﬂect paHern
.are IOO ’rlmes the llne wndfhs in the final lmage. Thus fhe hole poHem can be pro-
duced by convenhondl phoféllfhography and at present 0.3 p m llnes over an area
0.5x 0 5 m can be produced

ln view of fhe expensé aﬁd low throughéut assocmted VvsAfh fhe scanning
electron l_lfhog_rqphy fechmque, fhj;_method is being qsed_pnmquly Fqg-.mc.j:s.k,mqkmg, |
qnd device .Fqbricq’r‘.i.on lS c_o;‘ricfed'c‘)‘ﬁi‘ ;Js.i‘ng,,qfhigh—.reso_h.nidn‘q'ontac’r.-prihﬁng' or bro-—
jection technique., o |

Another ’rechﬁlque ccpable of sxr>n|lor resoluhon |s.’rhe x-ray hthographtc
(89) process shOWn in Fig. 10.8. Here a resist coated su_er_ce .|s~-exp05ed through a
mask fo soft x= “rays.. (AN=10 A) » Sin.ce diffraction of such wavélengfh radiation is
negligible the mask and-subsfron‘e may. Ee separated by an amount. limited only by the

size of the source and the target to substrate distance. -
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Fig. 10.7 Diagram of electron becm'pro]ecficpn lithography system ( G4, p.22).
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109 Etching and Engraving Procésses

In the fabrication of devices such as reflective array compressors a pattern
is etched or ehgraved in the substrate material (106). The fdbricd‘rion-‘procedure

consists in registering the patter in photoresist on. the substrate by a standard photo-

lithographic technique which eventually leaves o resist mask covering the regions which

are not to be etched. | The efching_Acdn be achieved gither b):/ ion~beam bomB.a;drjnen’r
or sputter efc‘hi“ng of the substrate. | The profeéfive rel‘s»isf coating rﬁuéf be thick
er%nough‘ to prevenf‘fﬁe' renhoval "of‘éll- the .mcn‘e_.rial in the covered regions.

On;a oF the reasons whlch explam why surFace-wave devices have reached
the prachcal appllcm‘lon phase s0 quu:kly is that fhey useé fhe 'sqme planar' fechmques
used for mlcroelecfromc devnces.v *A number of dlfferences become appdrenf when .
or;e éonsnders the - large s;cale préduch.or;of surlfa;:é—wave dev:ces A comparlgm of
fhe Fubricahon qspecfs For‘ these two types: oF devncés is showr\ in Tdble 10. 4 whlch

is taken from an: excellenf review paper by Bahr (G4, p- 22)
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TABLE 10.4
COMPARlSON OF FABRICATIONAL ASPECTS
FOR SURFACE~ACOUSTIC-WAVE DEVICES AND MICROELECTRONICS
SurfécefAcoUstic—Wuve Devices ‘ Microelectronics

Produced in small quantities ;

Inexpensive and mass-produced ;

S_U'b_strqte's._. expensive ; non-standard sizes. ' standard s]ze.

Mechanically polishéd ; surface Chemlcully pollshed H smooth and
L quality may vdry by d factor of _uniform.”
Polishing 10 from batch to batch ;- invis= :

ible surface dcmage

Crystalline Orientation Relative

to Reference Edge on Substrate

Ahgnmenf to within 0.1 often..
required in plane of propagation.

Alignment to within 1- in plane of
wafer often adequate .-

Mask Alignment

Il mask often requured to be ahgned -
‘to.d crystu”me axis to.be. wnhm 0. 1

Usually single leve! ;pattern on

- usually ot critical.

Usually multi=level ; alignment of
patterns and crystalline axes

Device Size

' usually must be defect-free ; "chip"
_f size may be several inches in ex=
JJ treme cases..

Putferns are repetitive und cover
large areas ; the entire pattern

" Patterns are small ; “chip" size is
‘of the-order of 0.1 or 0.2:inches.

‘single wafer.

many devices-die fcbncated on.a

Photomask

‘| photo composition at the reticle
1.(00x) .or final size level ; very ac~
. :ff curate, control of step-and=repeat

Lafge-ored patterns: often require.

is requwed

~ Entire pattern can usually be phoro—v_
reduced from an .oversizé drawing.

* IMetalization’

: ;500 5000A fhnck usually
. alumlnum T I

gold clnd alummum used

Usuolly 5000 A or thicker ; both -

Etching

'} Chemical etching adequafe for low= -
1 frequency. devices ( 10 =200 MHz ) :
_ |l "lift=off" techniques more promising: "
"f for higher frequencies and Iurge -
.| area devices. -

'Mosfly chemiqal-e‘fching‘
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"x'l. | D‘I_FF.RACTION,, GUIDING AND LONG DELAYS

‘H 1 lefrdchon

i has been menhoned several hmes prevmusly that ‘rhe spreadmg of the

* acoustic beam between \‘rahsducers due fodiffrocfion is oF importance:- in surface-wave

devices. Here we wi:sAh-tvo consider such diffraction eFF‘(‘aicxts .sgomewhdf’_mére_.c'qu‘cnfifd:—
fively. |

- ‘The_s_ituaf-ion is..ahalogous to thé ‘classig:al ob'p.fi.'c‘s bro_blerﬁ'-of radiation Frbm
aslit. In the: surFace—wave ‘case the aperture is effechvely ’rhe wndth of the trans-
ducer, ’ryplcally ten to oné hundred waveiengfhs wude, and scalar diffraction ’rheory
can be cpplled foklng say one componenr of fhe surFoce dlsplocemen‘rv as the scclu}

chmflry mvolved In the case- oF long fransducers fhere is some amblgUify in fhe

lopah_on of the eFFechye,aperfure, Whlle paﬂerns can be calculated by addmg the

‘contributions to the field pattern from each |_n_d|v1du_al Fmger pair it is usually_ adequa’re '

*o-a-ssume that the aperture ‘loccn‘ion:is the Cénfre_ _lfne For_\syrﬁmefr_i"_c t»rlqnsd:uce.l;s_ <.:nd:.
dt‘:the. locaf-iqn‘ of the gFFec’ri:‘vé_ Fing¢r§ For diséérsi\)e_ f_r;nns'dgic'eljis ( 38 ) .

. »T'hus-o.f any oﬁé Frequeinc:y fhéfé‘_is.,”twé—d.iniér‘\SIOn.ql. sc”;]qr:d:i.ffrd_cf\io_‘n wifh. -~
a Unifo;'mly -il_l‘Um'inaf:ed qg(.erﬂ;}e of effect&é-#»vidfh 2w -."radi.o.fin‘g infq d.half—;pace, »
the free surface in Frdn.f'df the .fronsdgjcer. f thé subsfra\‘e isi i\s\’ofro‘éiic,.‘th.é d.iffrqctiloﬁ

pattemns are those of the slit in scalar optics and when a dimensionless parameter .

is introduced as a measure. of the distance x from the aperture, there is-a cross-
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sectional ‘profi|:e characteristic of each vaioé of F’ as illu#tfcted in Fig.11.1. " For
values of F<1 that is in the so~called F.resnelﬂ region ’rﬁe r'adidf'ibon patfern is a more~-
or"-léssparal'lel beam with r?pbles QCross‘.ﬂi)e. dmﬁl‘imde r.'pro_filé but with most of the
en‘ergylc’:onf.qiﬁed in a strip equél in‘.widfh fo fh;u_f of the apeffuré'ancf fhé phase 'vary-
'iné iifﬂe (<w/ 2) over the cross-s‘ec.f_i'on__v. Values of Fo>l correspond to fhg
F.rg:;uhhofer 'regioﬁ in which fhé éthl'qf paﬁem.re.:mdins' cohstant as the distance fro‘rﬁ
the aperture is increased and the phase béc.omes that of a circular wavefront centred -
on-‘rhe“ aperture. o .

Most sU_"rFacev—wévve devices: operate fn-‘rhe "Fre'sn'e'l rfe'gibh be(:_du;e it is
desired-to have -.the.(oufpgt fﬁraﬁ;ducer,inte‘rcept’ most of ‘rhe“}rodivdtedtbéam’-qnd," most
important, fo,’h.d;e-’frh:e jp‘.hase .of”rhe infelr_c'e‘pfed Beam_c_ons‘ran’r a»l ongfhe‘:length of -the
transducer fingers. ~Note f,hf.’* at f = ‘].OO MHz.and A = 30 - for qr‘n-qper‘r'u'r‘e |
2.w. = 2mm = 65%, ] F = 0,—5 ~';:or‘res’polr1‘ds" to a-distance of 66 mm f‘r-om ‘the -
aperfkure.' : | | . . |

“ While the axiAs:béfw’eer'n ‘f'ranécju_cefs is dlmoAst'ihvari‘qbly a pUre—modé axis
when the sUrface-wdv.e device is fqb’ri.cafed._on a s'ingl‘é-cry.S‘rqvl;subs'trd‘ré;A directions
away from this éxis are not in~.§ene'rql¢p0re_-}m’66e .dire'cfioﬁs because of the crystal
anisotropy.- - For such .direcf}onsv, ene‘rgy Flow'is‘ n@f FIJ.ardl.vlel to fvh'e'wd'\'/e'veclfor.

The method of calculation (;F' fhe*rddiaﬁon‘pdftlemrs _fé)r.fhi.s‘ casé (38, 61 , 62,, 79, 93)
will not bé discussed here‘buf.ohe or two important quaﬁ;rifdfive"feqfures" can be noted.
~ The anisofropy is usuq”y sufficiently small. that the surface-wave véAl ocity as a fun'cfion'

of the angle 8 measured from the pure-mode axial direction where the velocity is

. - e e e R -.-..;
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_TRANGVERSE DISTANCE

- Transverse diffraction proﬁles for diff_erénf values of F, Egs. 11.1

and 11.3 (93) .
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va can be represented by

Vo= (1-B6%) (11
the factor b is a material :pdromefer,depe'nd‘,enf on the choiqe, of 'crys'fdl,'- cut and oxis;

typical values are‘given in Table 10.1 where

b & - 'Bcp/BO

1
2
It can be shown that in 'fﬁe porobplfc app'ro*imafim _c'>fl Eq ”’.2,'fhe diffraction

pfci;files at suc.;céss‘iv‘e v.‘alues of F dre the same as fho’ég of 'Fig_.’H . érovided F s
modified from. Eq'.:i,'l 1 to (38) ) |

F = 2‘..-2-(1-',2'b)x . | e (11.3)

Positive 'values."of b result |;n a gi'\}éﬁ‘prdfile qéc__u_rring further froh ‘rhle apetture than
in the i>so'fropic.case, .anvo_l m parf_i'cUlér the [engfﬁ of the Fresnel zone becomes longer.
As b Opprqachéﬁ 0.5, the Ien'g_’rh: of fhe _F‘res.n'e_,l‘ zone approaches infin‘it'y., that is the
aperture di;fri'bufidn éf _qu_ensify fs r"n'ain’rained_vouf‘ to !argeﬂvqlues of x _gnd we
_appr’Oac.h an au'rfocollimqfe:_d beqm. In S‘ei:ﬁ.on' 10_'4';f is n'éfed._fhaf 'YZ' Li Nk; O3 .
approachesi the autocollimating condition, .fhough for_fhis geometry the parabolic'_‘
approximation is no‘t very Vc:lid. A Th:a, ST geometry on.quartz has o negative value
of b and there is more beam spreading than on a similar isotropic gubsfrafe. Table
10.1 gives s.ome’es'_fima‘fes of ’rheldiffrac,f‘ipn‘ ’lq_ss‘ for fypiqdl _qqs_e_sglnv_(‘i volﬁs‘o'fhe time
delays which can be achieved within a ,sét_ac__:vifi‘eAd di_'f.f_rqcfivon loss. Nofe th‘af for a
pair of transducers .c‘)f_fhe same width 2 dB di’ff:rqcfion loss occurs when F = 1.77

(79) .
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11.2 | Wavegiuidin‘g

' -SurFacera\)es are guided in one dimension by _rhe free s:urfaee itself and

it is possible by several means ‘o restrain the wave in the other dimension perpendicular

to the direction oF:propagafion . Thus one can produce the analog’ oF-‘fhe guided wave -

in the elecfroma'gneﬁc case and concepfually at Ieasf,' and in most cases experimentally,

. one can desrgn the analogs oF a|| fhe myrlad componenfs of elecfromagnehc wavegurde

plumbing (92)‘, While a lot of 'rheorehcal and plellmlnary developmenf work has
been done on‘wa_veguides for acoustic surface--waves (G]O, 45, 70, 98, 100), such
components. hav:e not been used commercmlly as yet, in large parf because ho sysfem
need really redurrmg fhem has appeared and in parr because fhey have fended to be
lossy, dlsperswe or dlfflculiL to Fabrl_cafe.

| Three d| FFerenf Forms oF rvaveQUIde are lllusrrafed m cross -secﬂon m
Fig. H 2 all. depend on. havmg fhe phase velouty in- fhe gmdmg reglon lower than_ -
that of a surface-wave -on fne surface away. from fhe gu1d|ng region. .

A ‘l’ayer,_deposi_f‘ed on rhé subsfrafe, ‘of.a‘mafe‘rial havina cha,ra‘cter'isfie
acousric velscities lower fhan those of i‘het sub;frafe w,illfproduce a composite: sUl:;sh'afe
for which'fhe"surFace—Wave‘veloci’ry<is lower fhan -f.‘h'af of rne eubsfrafe rteelf; Thus
in the left-hand geomefry of Flg 11.2a rhe phase velocrfy in fhe reglon covered by
the slower maferlal will be less fhan fhe veloclfy on the free surFace wﬁ'h the result

?

that the surface-wave energy.'wd'l‘be _resfraln_e'd to the region of the plated strip and

“will be guided by the strip. A TYpical cross=sectional distribution of the vertical

" component of displacement is shown below the guide. The.thicker the guide for a
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glven combmohon of mo‘rerlols the- lorger the frochon of ‘rhe enérgy i'hdt is corned
in the' overlcnd strlp ond the sfronger is the gmdmg ochon. Whlle fhls form of gulde

is eosy to fobrlcote if the overlqy is a spuHered metdl, it tends to be dispersive dnd

‘have propagation losse.s rhUch' hrgher thdri with the free SUbSTrqte.

“The geometry on the r:ig'ht of Fig»; 1 2o -dlso.prodo‘ees guiding if the over-
laid moteri’al'ho‘s‘chdrdct’erisﬁ‘c\ Velocitieé hiérier thon triose of ﬂ{e eUbsfrafe; | Here
less of rhe.surfoce—-wove energy is generolly in i'he overlold material so trrqf the‘
|ossesA are lower rhqn for the srrlp ‘rype, olso the dlspersmn is’ less FOr a glven loyer
thlckness, however, rhe gmdrng action is mherem‘ly weok |

-The ’ropogrqphlc gmdes of F|g ” 2b w1|| gLnde a per’rurbed Roylelgh mode

_ but rhe gundmg is weok unless fhe rl‘dge is hlgh For" high ridges onothermode_becomes

.much more or‘rrcrchve In rhls onhsymme‘rrlc mode mosrof the energy\ is co'htdinedﬂn

( .
the ridge and fhe dlsplocement is. dommon’rly a 5|de to-SIde conhlever mo’rlon of fhe

top of the rldge. Suoh a mode has. very smoll dlspersmn ond has fhe low losses

"choroc‘rerlshc of the subsfrofe crystol n‘self The open questions concermng the im=~

portance of- soch a gmde relate to the convenience of monuch’rore to system spemfl
cofl.ons and ’rhe ease. of exmto’rlon at hlgh freq.uenmes |

‘ It has been hotedrth‘qf pldﬁn.g‘ the surface- of‘o’p:ielioelecfrio'?vr)ifh'q‘ thin -
metal layer reduces rhe velocity of o_'surfq_oe‘.wave' on that p'ieioeleorrf'c. - Thus in". the

geometry of Fig. 11.2¢c the phase velocity along -the plated region whose'cross'msection

is shown is less than on fhe free plezoelec’rrlc substrcn‘e and a surface-wave propqgo’rmg

in ‘the substrate will be gmded by the plofed strlp (29) -.Since the fractional change
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of velocn‘y w:fh shorhng, A v/ v or K / 2, is smdll, the guiding here is very
Wedk hOWever it is convennenf to benca're, has low dispersion and |ow loss becguse

there is Ii’r'fle:<‘mechqnicd| energy in,afhe me’rdl .. Such guiding WOUId not be useful

for wavegmde-—'rype componenfs buf it hgs been used fo compensdfe for the dlffrdc’non '

Spreadmg of. fhe acoUsflc beam whnch would, ofherW|se occur in a long delay lme.

11.3 Long Delays and Reflections

_Te‘_eb’rgin long delgys 'in: acoustic deIgy lines us?ng bulk wgveS', the wave
can be refleefed Bdek’ and fonh 'be‘fween plgn'enk;oundinl"g surfaces,’ there is little loss
or mode cen\'/_eirsi'on at each feflecffen'; the refle‘efion'eoe'ff.ieli'enf is near nnify and in-
jde'pen:den.f"of Frequency A si.m'ilgr Br'ogd;bgn d, fylu'rr.ripe'd? feflee,fer’does not exist for
surfgce—-waves 'Fer e’xgnip.le,‘--:’if'g gu}?déé;weiVe"i"é mCIdeni' nermglly onto 'g'rfg/hf—'
g‘nglec’:’! edge Ofan lsofroplc Asu bsfngfe ’. the ’dnipl'iilu'de refl ee n’vo‘n eeefF |c|enf is gbo'Uf

0'.36', the transmi_ssi_on coefficient for the surface-wave down. the vertical surface is

0.64, “and mpsf imp'ori‘gn.f',. 45% of. fhe energy is converted to bulk modes which radiate

from the edge into ‘fhe subs‘rrgfe (66)

| IF delqys longer than obfmnGbIeerh convenlenfly. available. crysfql lengfhs
are required some :r'nefhod of using rnu_{lfi;i)le’frqcks fo‘r-i'he surchve'-wgve beam on the
subsfrqfe must be Foqn’d. A‘rneqnd.e_r"line eonsfru‘cfed .Frorn a v\;gveguide Wouldbe
safisch_fery i'Fv:fhe. sf,rong—guieling wgvegufdes: of the ’pre'.v'ious s:eclfion were less désper.—
sive gnd less |ossy 'Onefechnique which has been used Wifn successv,involves.. using
top qnd bottom surfaces of fhe crystI and roundmg the edges as.shown in Fig..11.3

(7 ,),. (G4, p.61 ) ) fhm‘ the surface—wave beam arriving af the edge sees a very
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genfle curvature in ferms.of rhe Wavelengrh and fhus passes around the curved edges
wrfhouf reflecflon of mode conversron and refums on rhe ofher surface By means of
a slight mclmahon of the mpuf beam fhe parh .rs hehcal, rhe crysfal surface is effi-
crenrly used, fhe total delay is long and raps can be placed af Wlll Here dlffrac'rlon
losses become |mporfanf because the parh lengfhs corresporid to rhe Fraunhofer rather
than the Fresnel regxons of Frg ll l an'd fhus some Form of gl;iding such as the -
Av/v type of 'Flg.ll .2¢ or beam'reforming isre’quired._ Beam spreading is undesirable
not only be’cau_se of the oss %o.represenfed;but also becau§e_ol'; the cross ralk produced.
between adjacent fracl<s.. ‘ | |

Wrap-arouncl delay llnes havrng total flme delays of abouf l mllllsec have
been consrrucred on BGO (G4,p 6l) buf rhey have llmlfed bandWIdfhs of the order of
5 to 10 MHz 1t should be possnble to |ncrease rhese bandW|drhs by a Fac'ror of 10
while malnfalnmg folerable dynamrc range: and spurlous 5|onal levels, but it would re~

quire an appreciable developmenf efforf and in parhculor probably the use of ampllfr

Rl

cation at lnrelr__valsfal_ong the frac|< .
_The_'_mulfisrrip ‘co_upler providesl another merhod of tuming an incidenr surface-
- wave beam back onto an ddjacent parallel path.  Such track changing reflectors are
broad band, reform rhe beam at each reFlechon and malnfaln planar geomefry, however
fhey have fhe dlsadvanfage of belng prachcal only on L| Nb 0 and at-present. of having
appreciable ohmic Ioss a'r each reflection. Long delays using mulrlsrrlp couplers have

not ye’r been reported though rhe reflecrors rhemselves have been demons’rrafed (GlO,p 60).
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X1, SUREACE -WAVE AMPI__‘IFIERS"

Alf__hougﬁsurfba'cie‘-WG\!e‘ amplifiers have as yet _nof.prO\)ed to be vi.abile.
alferﬁaﬁvesl to frahsistér dmp“ﬁérs,, ‘fﬁe'rei_qre"c; numioer'olf sp;fo.lce?w.zowe_ device appli-
cations where it m‘igh’f'bé dd@nfqééods to iriéorpo'rqfe as an ih‘fergrdl part of the
device some s;urface-wave ampl’ificaﬁqn . >Thé mbsf' imporfaﬁf ;t:pplvic’dﬁon‘ wguid be:
in obfdiﬁiﬁg l'o.;s' éompensdﬁon in I;mﬂg_ delay li.ne-s“oﬂf; fh‘e,v;ro;p-‘.-a\roﬁiﬁd f;/pe and in

obtaining triple-transit echo reduction in surface-wave devices by virtue of the in=

herent isolation that re_isdli“s froh"differencés in the for\i{.drd and reverse gain of the

amplifier.

Am'pljiyfi“catioﬁ ofl:sprque-waves.is-a result %)f thé“ir;te‘rréiction of i“‘he electric
fiel ds._accompan'yingl the 'su'rf»ac_‘e ‘a;:ou;;ric ,w_cuv:e ona bf.ezoelecfri,g..g'ﬁjffécg .wi)‘hi:drifﬁng _
c.q'rriei‘*'s-eifh‘e‘r in ar; ad.iacelrj} semiAAcAonductor o«ln’rhe -p‘i'ezo.e'l‘._e'ctfi}c, itself, if it isA also
semico'nduc-fing..g ..:C.}ain‘?is'q:btqim‘ed when the drift_'yell_o'ci_ty.vD ¢§<céeds the’ éurface-—
wave velocity v .- This type of crﬁpl‘i fication has the _6dvanfagé .ov.er: ¢>§'ternd| methods
in that dis’rribufed gain co‘mpensafes;_fér disfrfbu‘r%ad loss, high gain and bandwid’rh*vi‘s
achieved-Wifhout interstage ‘coupling networks, and'isolaﬁ.or;‘is obtained whigh helps
eliminate echoes and o’rh‘er. QndéSircble spurious s_ignal_s'. )

- The gafiw'which:is'possible using :'surFacé;que dlmpl‘if.iers de[:.)en.ds on material
parameters and dev»ice‘ geoméfry . Many configurations have been _-p.r'obo‘sedfdnd
analytical 6ndie>'<perim:e'n’rql studies have been‘cdr'ried‘oﬁf‘fo demon‘;frqfe their useful -
ness at VHF ."qnd UHF . ‘The‘perforr.nqhide of:»fhese amplifiers can be analyzed (in

principle ) by solving the appropriate electromechanical field equations for the. piezo-
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electric in‘cé_niuncrz’rion with the frdnsporf"equa’rions for the carriers in the éemicoﬁducfo'r
sn.;biecf to the Bou.ndary. condvifionxs‘ .impqs'ed' by the 'sé’;aciiv:ic dé?ice éeome}ry. Such

an approdch leads to involved czn,d(expeh'sive:<.:ompu'faf-i0ns whi/;:}i d‘aytn“c.)f give mucﬁ }
insight into the effect o’f physical pdrdmeiérg dndAdevice geomef'ry““’qihd a numbér of
perturbation theories hé;(e’ Béén déveloped which. foéus aﬁenﬁon on‘ some key phyéiqdl
parqme‘rer; which; Have.proven ‘fo'be useful guidelines for the ‘défailed numerical
calculations needed for the design olf._av specific am'plifier.v

lln the following sc—;-cﬁéns, the different methods psed:fp. dmplify surfqge'— .

.W.CIVES. are desqribed_qnd_‘fhe ’qdvan.‘rqges éf,fhe vérious cq;\figu.rafions s,prﬁmarized._
THe.key design ﬁarqrﬁé‘rers cn;e disgqssed and f._yp.i‘cc:l 'ca'xperimer:\‘_.r_ql and“rheoreﬁcal re=

sults given for each amplifier type.

121~ Amplifier Configurations

Surfcce‘-wave'a.mplifi'ers'can be -cldséified:in acdordohce_ WE‘rhfhe methods
and the materials used to obtain acousfoélécfric"fnfe’racfi.é-ns into the fol l'owiﬁg four
| categories.
" (a) A combined-medium ampl,ifier,: as its name implies, utilizes o
: pié‘zoelecfricisér‘piconducf(jr-' such as CdS or »éaAé as both the
prdpuag‘c;ﬁn:g and the active medium. . A typical configuration
~showing /fr_gnsmi"r_fing ond receiving transducers ond the carrier

drift field region is given in Fig. 12.1.
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(d)

the electric fields which accompany the surface-wave on the | ’
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A separated = medium amplifier uses a piezoelectric Insulator as

' the propagating medium and a biased semiconductor as the active

medium arranged to be adjacerit but ’sépqrdfed by a'small air gap.
in ofder to avoid mechanical loading of the surface-wave arid

herice keep the device dispersion very low. Such a'structure is

shown in Fig.12.2, the acoustoelectric coupling exists because

plezoelecfrlc exfend across the alr gap mfo fhe semnconduofor

The effecf of air 9ap on couphng ls |Husfrafed in. Flg 12.3 whlch

shows the gcun vs frequency For a separafed medlum ampllfler

for, ’rwo values of air gap wud‘rh (see Secnon 12.3 below) S '

A 'rhIOnolifhic‘dmvplif'ier: u:se4s‘:‘a sém.ichén}dthlc'f‘o’r Fivlrvr-i on »g{éiez:‘c;e'lecfric
sqbé;r;:ute (or vi;:;a versa) as part o:f a Iéyérea-—Sfrl;lf;fbre. For
,ggamélé,' éln amphflerusmg tzil‘r_lz':ln Sbfllmon a »Li .Nb'OS ‘su.bs’rra.h;.
is shown m Fi'g..’1»2'.4°. | o

A‘s”rrizp‘—’cjot‘;lp.l.ed. dmpliﬁévr.cbnélis."rs of a s.emicohd.t‘,’lcfc;r}égio.r; m
wh|ch driqfrtingv’c.drriers are cdqblé& VICI d‘r’nﬁuhlvfisf'f.i‘p:c;)i.t‘pl'er to an
acoustic éurfcce—%ye p'répagafing' oﬁ a: 'piezoélre'ci.'rilc surfdce. . fA' “ |
number of mul’ris"rrip‘dmplifier coﬁfiguraﬁons have been proposeci,

two of which are shown in Flgs 12.5 and ]2 6. H should be

A ! - -‘-,—4.— - =P —‘_
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noted that to date no drﬁplifie’r of this type has been success=
- fully demonstrated experimentally. . -
. - ‘ ' |
‘ At this p’oihf it is useful to contrast these different configurations from the

‘point of view of material requirements, -fabrication techniques and salient operating

features.

12.2 -Combined Medium Amplifier

This configuration, Fig.12.1, is’bl_eaﬂy the simplest amplifier to construct,

requiring only, a p_ovlisheld' sqrfcge: on q:pive.z‘p‘ellecfric :sem?cond_dcfdr:on which f?ansdu_cer
and drift field elecfrode_s‘ are fabricated. Unfortunately maferi(avls are'a'ppavrenfly not
simultaneously vg'koodfpiezoél.ectrfb‘s and high rﬁobill‘ity':‘ésé‘rﬁiCOhducf}j’ré so that even
Zn0, CdS and Gads, which are the best known piezo-semiconductors do not have
H;)é op’rf‘imumV parémefer co;r\bin'qfions. The fi rst M_o are good piiézo_elecfrics but have
a rather IQV\’I’ mqbil‘ify( ﬂié ]qgt;nqmed hés a high‘mobilh‘y but a rather low elécfro—
méchanicél c.ot;pliﬁg cOnszc/:n’r.‘

C_éoimium 'sqlfﬁide Which isA‘qlAsbl q“phc;ch;éndqlqtc;; w_.cs tbe ’firxsf _mqfef‘iql' used
in surfc@ce—que..qrﬁplif‘ier é)%perimehfs | (‘ 4]‘(‘)3: ]05) The expe.rim'enfql FéSUIfS‘ _
obfcfng_d compqred:welkl with theoretical pred_ic'ﬁ_‘onsvusing a bqlk—wc\)e fypé'qf
qné]ysis. More recently (54) in é;{peri‘ments usanglj frc._mrs’ve%r:‘s.e sUrfaceéwaes on
C_—‘;cAs'. elec‘::f.r:ovhic ggins Were memurg—zd rcimlging_from 35 f§ 50 dB / cm 9*, :205‘ MHz

and from 75 to 80 dB / cm at 615 MHz. These results are in good agreement

with theoretical predictions.over a wide range of resistivities ( changed by heating)
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and drift fields. A serious disad\'/anfag.e-of;fhe combined medium structure is that

the size of the semiconductor part is the full size of the device so that a lot of power

is supplied by the drift fiel‘d_"which' tends to cause serious .heaf‘inAg' problems.” Most; if

-not all, combined medium experiments have had to use low repetition rate pu'lsé}.d_ drift

fields.

‘12 3 Separafed Medlum Ampllfler

Thls conflgurahon shown in Fig. 12. 2 has the obwous advanfage fhdf the
piezoelectric and semlconducfor-m.afe_rlals can be chosen’ mdependemly f_or an’ overall
Qp'ﬁmum perf'd'rrﬁand_e. \'Furi‘hérmore the ;em.icon:du.ctfng ;égior.i ;gedm:é‘f'r)./»c‘:c.mfbe chosen
suchi that the pb\&e; frorﬁ t‘he. dl"lif_f“ fiéid:is 'r;w;:.de;i a'r;d;"thbsf,l:)e‘a‘f:.sink:ir.ng .i.s ﬁét ;;évr‘ious
'problém.":' Sebdrdte\d*ﬁ]édium' afnplif"iefis‘hc.:\./enlii»'ftle 'dbfs;péf;siqri ‘siin‘cé-fii‘hé"re ishe |

mechanical loading of the piezoelectric because of the exisfehce of the air dgap. The

‘dir gup‘requir’eméhf ‘h’éwever, res‘ulfs in.severe demdnds on fhé fabrication techniques

from the pomf of V|ew of spacmg ’rolerances and ophcal ﬂmsh of the surfaces. -

' Dlelecfrlc spacer ralls, and randomly dusfrlbufed small. ared pos’rs ob’ramed by SpuHer

machmmg have been used to com‘rol air gap spacﬁg (Gé,p 142).

" A great deal of ’rheorehcal and experlmeni'al work. has been carrled ouf on
this éfrUchre (43, 47), for example, a Slllcon - Ll Nb 0 configuration- was usedg
(‘48) to’ demonsfrafe its feastblllty at UHF frequencues lr‘mlo‘rde‘r‘tci.reduciej 'fhe drift
voltages needed and to obtain beﬁer,hedf sinki'ng', fhe.siAlicon-Was-épifdgiall‘y grown
in a segmented structure.on a saﬁphire substrate . Tbe:sapphire acts as a heat sink andb
the segments are:bidséd in parallel by.a modest volfa:'ge.”-_‘The silicon side is».plac':ed

o _ : o
about 560 A - from the Li Nb O3 by means of dielectric spacers as shown in" Fig. 12.2,
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'Thls pdr’rlcular structure y:elded 40 dB/cm of gcun af 108 MHz W|'rh a bias’ of 185
volfs cnnd abomL 3 dBm of output power is cnvculable before fhe ampllﬁer saturates.
Calculqhons (40) indicate fha’r noise flgures as Iow as 5 dB are achlevable and that
carrier frqppmg is fhe major sour(:e'of noise degrqdaﬁoh Figure 12. ' 7 shows: expern

’menfql and fheoreﬂcal noise flgure resulfs at 106 MHz as'd funcfmn of electromc
gain. The bésf fit to the experimental data occurs when. 82% of the carriers ére
unfrapped (f=0.82) .

The frheqry, for the separated mgdium gmp_iif'ier_;i; rather comp'li‘cafed:_lcl)t.xf a

pe_rf_urbd’ridn technique has been used (48) fo'deAr:i\'/e:q formula for the a‘ff_e‘nuat‘ioh

A T-fanhph . 1".+';-.2'5“
a = Im {B(T) (— ) (———) } (12.1)
e Y TS qanhBh s T-1gZ -

-
.o

where B is fﬁe prOpagdfic;n coﬁsfunf h is fhe air gap, and. Z is a diménsionless
lmpedance for the, semlconducfor defined by Z = € E /D where E1 is the
tangential fle_ldrparqlilgl.fgvf_he prOpdgafion:direcfion qnd , ,D3: isv'rhe',e!?cfric displace-
ment normal fo "rhe,inferfaclés,’ Eofh eva-lq_qféd'qt,’fﬁe s'emi.-cbnbduéfbr’.;;urche, and g

is defined by | | |

€ :te tanhBh
R T |

97 T tanhBh 7
o s :

2

with =l\/633€].]"€]31 g

‘Note the role of Av /v in the gain equation. Essentially the same results are
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Fig. 12.7 . Theoretical and experimental noise figure "versus eleciric gain for

a separqi*ed;medium amplifie‘r 40y .




186

obtained by ‘other 'perfuvrba’rivon fonnﬁlas' (33), ( Gé, p.275 ) Since most ampl_iFic_—:{‘rs '

of this type would operate af f‘requenéies _wheré diffusion-effects are negligible

Eq.12.1 can be written

Cl-tahBh 7R
; € ‘ :

a =B av/v) . - (12.2)
o ' 1+_sfqhh'(3h ‘ 772+R2. :
where 1 = 1~ vD/V with “Vp the carrier drift velocify; d_n_d
_od tanhBd -
vempd s (]23)

0 d -is the sheet.conductivity ‘of -the semiconductor and ¢ ‘(h). is an effective permit-

fivity which depends on €. and fhé:qir ga.p height and is given by

e(h) = (e +e ) (T+tanhBh)/(1+= tanhBh). (12,4
The maximum gain occurs when n =R at a drift velocity Vp = 1+R and
is ‘
| B - Ay 1 - tanh B h |
a " -2-. v . (]2.5)

MAX - -
E 1+ tanhB h
_ 'e.p, o
From Eqs. 12,1 to’ 12.5 it can be seen that the maximum gain is proportional to
A o | T
—;-\—/- the key electromechanical quantity discussed in Chapter X, multiplied by a
rather complicated function of frequency.

Many separated-medium ‘amplifiers have been fabricated to operate at fre-

quencies ranging from 40 MHz to 1 GHz. To illustrate their capabilities in Fig.12.3

a plot of gain. vs frequency for silicon-on-sapphire semiconductor region and a
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YZ Li Nb 03 subsfrcfe hcxs been glven for ’rwo vqlues of air gap. The so.li'd cQEVe is

theoreti cally. cctlcula’red (43), fhe data pomfs are experlmenfql resulfs, the cnflccl

. cxmphﬂer pardmefers are:

/V .= ‘3;‘

Q
o
i

d = 1 p mo.
From the curves, or by examining: ,Eq.. 12.5: if,_cqn.»be se_énAfhaf.ai..low.ﬁequeh.cie';'fhe ‘
gain increases: linearly dndfjis‘i‘ndepe_ndenf of air gap; -as fh‘effr_eqﬁéncy Vi'é‘_incr'écxsed
the gain is almost-independent of fréqUenc‘y. but inversely proportional to h .
A detailed dnalysis of the amplifier performance reveals that in order to
keep the devicé*power dissipation Wif_hin‘ reasonable limits and sfill-y_ield usable gain
the sheet c;bnducﬁv_iﬁes must be;kepf‘i_h the range’ 10-§ to 10_~5 (/o)

The main disadvantage of this structure lies in the air gap tolerances which

must be maintained especially at high frequencie_é and if_i_s doubtful, if such a con=

figuration, will prove direcfly viqble in cxny system app_liccfion; -Hdwever, simildr
perFormance is obfmned by supporhng fhe semlconducfor on mqny small rcndomly

located posfs produced on ’rhe subsfrcn‘e surface by shallow efchlng lnfo fhe pollshed

sqrfcce (G‘6, p.142) .

12.4  Monolithic Structures
This is essentially a separated-medium structure with zero air gap and thus

also avoids one of the main limitations of the prototype sépafafedeedium geometry. The
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choice and cbmpa\;ibilify of materials and fabrication techniques introduces other vconv- "
straints, quite apart from the extra dispersion infrodt‘Jce‘d by the layered structure ..
The main advantage of a mono.li'rhicv amplifier lies.in the .possi‘bilify of integrating its
fabrication as part of a microelectronic dss.embly line. ‘l
The first successful experimenfs used a Cd Se film vaﬁuum deposifed onto

Li NbO (25) cmd gave gains of 10 dB per mm ( 100 dB/cm) at 170 MHzo -.
Slmllar results were obfmned mdependenfly (34) for the same sfrucfure and it was |
shown that the Iarg’e dlscrepanmes between expenmenfql results and theory were due
to a dgpléfion layer and carrier traps at the Li Nb 03 ,semi§9|jducf6r interface. The
most successful structure tested (13) consisted of a. 550,2\ In Sb film flash evaporated
on a Li Nb -03 ;ubsfrafé on which a thin insulating (300 ,(Z\) layer of "_Si 02 was firsf
déposifed, thvis configurczﬁon‘is shown.in Fig.12.,4. The gain Qs field for fhié
amplifier is given in Fig. 12.8 along with « fhveoreficdlvcurve’ given by-the Kino~
Reeder normal mod;a theory (43). | Thei amplifier gave 63 dB/cm of elec‘r_.rcthic,gain’
at- 660 MHz under pulsed cc;ndffions, implying a net terminal ‘gqin of 20 dB since
the delay line loss was o rather large 43 dB.  The linearity chqrqc,férisﬁc for the
amplifier is given in Fig. 12.9 from which is seen that the output sqfurqi'es:af about
20 dBm . | | |

: The theoretical analysis of monolithic Aqmplifi_e‘rs'conmini’ng many layers is
beyond the scope of fhi§ report but ff should be. rﬁehfi’oned thf the structure coﬁsisfir;g }
of Zn 0. on high resistivity silicon havirygv a 1-hi.n_dopefd)‘or ion implanféd channel is
potentially capable of gains as high as 600 dB/cm‘ at UHF frequencies (G5,p.440),

(G6,p.275).
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Fig. 12.8°  Gain versus drift field for monolithic amplifier of _“m@,,.. 12.4 .Q.wv .
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_ ACOUSTIC POWER OUT vs POWER IN
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Fig. 12.9 “Saturation characferfsfié for monolithic am‘pliﬁer‘ of Fig. 12.4 (13) .
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12 5 S’rrlp Coupled Ampllfler S

Thls conflgurahon is by far. fhe mosr Flexlble, czllowmg consndercble chorce

in moferials, gebmefry’, and opercmng condmons.. In Flg_. 12.5 a schemth drqwrng

‘ of a section of a sfrrp coupled cxmpllfler is glven (G5 P- 179) _The surface-wave is

excited by a separafe fransduoer (nor shown) of wrdfh b cmd propc:gc:’res on. fhe piezo-

elecfrlc in o dlrechon normc:l fo ’rhe sfrlps and parallel to ‘the semlconducfor The strips

which‘cxre insulated from the semiconductor by a dielecf_ric_f_ilm in effect ccxpcxciﬁyely

couple the electric field of the wave to the carriers in the semiconductor. ‘When a

- voltage is cpplied to fhe-se‘miconducfor film fo produce' a driff 'v_elocify _in rhe dire’cﬁcn'

of propagchon whlch exceeds fhe wave velocl’ry, cxmphflccmon is obfcxmed F|g 12 6
shows the enhre cxmpllﬂer svfruc.fure For a sllghfly dlfferenf geomefry .m Whlch fhe semi~
conduc'ror is deposrfed onto’ fhe sfrlps wuth a fhm msulatmg dlelecfrrc layer befween
fhes’frlps and the semlconducfor The abllufy to hcve a semlcouducflng S'l'l'lp whlch lis
nar.rower than ’rhe acousnc becxrn wud’rh makes it possrble fo reduce the power dlssrpa’rlon
of ’rhe res__ul'tinghqmplifi}e_r»wiihou’r‘sacriflcirrg g_.c:rn:(_?) Nofe also that’ fhe perlodlcl’ry
and the me’rqll.“izq.’ricrr _ra'ﬁjcs at :f‘he semic_o_nducfo.,_- édn dlffer _From_’r_hose on the acoustic

path.

Smce ’rhls sfructure s relcmvely new, cmd no ne’r gcnn has been measured to
dafe, only ’rheorehcal evcxluahons of the sfrlp coupled ampllflen have been carrled out.
Usmg an FET ’rheory 1f has been shown (39) fha’r the a’r’renu_quon for a devnce havmg

many_s’rrlps pervwcxvelengfh can be wrn‘fen _

a :':B ( ) _((E:_ z'_ﬂR' R o (]?;6)
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where C, s the capacitance of the strips to ground; .C s the capacitance of C,
in series with the capdcitance between the metal strips and the.semiconductor, - .

- Ro=
. N Y C

and o is the widih of the semiconductor and d the height. "Equation 12.6 gives

the’same ré,sql-‘rs "'d_s:fhe space h'qrmori;ic_"fhe.dry (7, (G5,p.171) under the same assump-

tions of many strips per wavelength. The predicted gain (G5,p.171) of s_uéh ar ampli-

fier is shown in Fig.12.10 asa furiction of relative drift velocity for a sfr'lp.'widfh’i'o
period ratio of 0.5, for the en'f:i're"s:frip structure and a 'condU’cHVify chosen such that
" the dielectric relaxation frequency equals the o'F;e‘r"dﬁng fréq'tjénc‘:»)‘/'.’ The running

parameter ¥-is th.e_"sffip_ﬁérvibd to queieﬁgfh'..-'rqti'o p/ N and the gain is given in dB

per w_quieng‘rh normalized to thetsqrface”-_Wcuve- éoupl:i_ng;cohsfqnf:_'K;z..' The following o

remarks can be. madé_ as a result of such calculations;.
“1. The maximum gain decreases as '-"y':goe;s from zero -
(cénﬁr_iubus coupling) to 0.5, ~
2. Gain is possible for reverse fields qf‘veloci.fi/es lower |
than the acoustic Velocif)'/." ,
3.  Gain curves become symmetrical about. fhe’ve‘rfical
axis for p/)\ = 0.5 .
4, For p/N >0.4 gain is not possible at high qdnducfivifies _‘

with reasonable drift velocities.




} GAIN/KZ (dB/Ay)

3

751

-Fig. 12.10 l Theore'ri‘.ca.l' gain: versus relative drift velocity for strip=coupled. -~

€61 .

. -amplifier of Fig.. 12.6°." Running parameter ¥ is strip to wavelength

ratio p /N (G5, p.171) .
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“In view of the lack of experimental verification for strip coupled amplifiers

and the severe technological problems encountered in Fabriéq‘ring them, it is unlikely

that such-amplifiers will be anything but experimental devices in the near future

(Gm)‘..'
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XiH SURFACE WAVE CONVOLVERS

13.1 Prmc:ple of Operchon a
In fhe precedmg chcpfers mcny daneren’r surfcce—wcve sngncl-processmg
devices such as bandpass filters, tapped delcy—lmes, nd dlsperswe delcy lmes have

been dis‘cussed. With nearly all these devices the desired frcnsfer Furicﬁon or impulse

" reSponse is achleved by properly choosing fhe wndth, spccmg, and overlcp of an mter-—

dlglfcfed conFlgurchon.' The- s:gncl processmg 0perchons obtained dre fixed or time
invariant in thct 6 glven Fllter has o flxed nmpulse re)5pon.se for .c glveﬁ trcnsduoef |
p.cffem c;nd the sysfem oufput is the COI’I\}OIU'I'IOI‘] éF the sngnél wﬁh the filter impulse
re.5ponse o) fhct such a F:lfen; wnll be matched to only one. slgncl i is des:rcble to
have cvcllcble Fnlters Qhose frcnsfer Funchnons are elécfromcclly \;Grlcb]e or -

egu(ivclen:f_‘ly_ deyi‘égsy to perform the real ._fime gorrell,qvfioﬁ_ or ‘c.gnvov_lu;_fi_c_:n. of"‘sig'ncl;.. A

Such devices can be realized through nonlinear interactions in surface~wave delay

_‘lvineisénd are capable of performing many of :f_he-oper'cti.ons done_'by. innJ__ecp»Filter’s, but

with elécfl'onic programmability .
_ .Th’gse.signcl—process'?ng devices employ the parametric interactions of
surface-waves passing in opposite directions along a delay line and are capable of

giving the real=time convolution of two modulated signals.  Since one sighal acts as

‘the reference for the other, a large number oF».el'ec‘tr_énfcolly variable _§ivgnqi -processing

functions are possible such as recognition of digital codes, compression of FM chirps,

and the generation of the Fourier transform of signals in real-time (71).
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‘As an indication .qf ;rhe sf,rucfu'r'es:involved./dr;d ae mo’ri,v‘a’rion; the simplest
surface-wave coh\)olyer is shown . in Fig‘.' .13.,1 . fhi;-device consists of a pileioe]ec’rric
subsfrafe wifH ohe frcmsdﬁcef at eech end correspondi'ng .’ro fHe f‘wo.pqrf.s labelled
1 cmd 2 and g ’rhlrd porf formed by two me’rql elecfrodes depos”ed on fhe fop and
bottom surfaces of the crys’ral cmd mldway befween the two frcmsducers ‘When two
opposl’reiy ’rravellmg RF modulafed sngnals of fhe same frequency - with enveloPe
modulafion F (’r) and G (f) are launched by the transducers. the nonlmedr effecfs
give rise to a p(oduef fe_r.rr_ulwhleh,result; _Hj'l qn_oquuts!g_r_ml at twice fhe :freqpeney_:

0 and wi’rlh} enyeloée’imo:cliule’rvi.:en _ C('r) of"fhe fc'vrr‘n_: .

e =-8v [F(T)G(2t-T)dT , (3.
where- B is-‘d:nonlir;iear coefficient for fhe‘pqrdmé"rrijc”‘i.hferac'fi'on” and v the velocity.
The i'ri'regrdﬁ‘on""lvirhit‘s dre infinite ‘when F dnd G “are ef smaller duration ’rhen"f‘rhe
transit time u‘nder fhe pick up' elafe. ‘This ou’rpuf is the’ convoluflon of 'Faind G
time c’di‘epressed' by a chfbr of two qed is detected dcrOS's the fw_o centre plates at
port 3. Correlcmon is obfcuned by applying -dn RF SIgnal at frequency w with
envelope F (t) toport 1 and a pump field at frequency 2 x w with modulation
G (1) Gf porf 3. 4R'e'rur'n|ng to po.r'r 1 isa 519n‘e| qf’a freque_ncy‘ w with envelope
modulation | » "Oo 4 o L :

c = -&v [ G (r)F(27r-t)dr, (13.2)
where & is e nonlinear coefficient. ,Thvis signal .is the correlefioﬁ of F and G

fime expan ded By a fvat:’r'or:of 2.




. PORT—>

. Fig.. 13.1 .. Schematic representation of a surface-wave degenerate convolver. .

L61
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ln pr|1nc1ple any processing requmng the convoluhon er correluﬂon operu—-
flon’s can be processed in recl ~time. wnfh a smgle devlce, this is fhe progrummcble
Feqfure oF a pdramefnc processor whlch distinguishes it. From leed !meqr filters.
_ ln this chapter the sources of the nonllne,cnfy’glrv}n’g rllse to the parametric
" interactions will be briefly di‘scussed.dﬁdﬂ’rlheh'fﬁe re‘mdinAder oF fhe chapter.will deal |
:iﬁ‘ some ﬂdefail with the main types of convolvers wh_ich heve been evalec«fed fogefher

* with performance characteristics where appropriate .

]3 2 Surfuce-—che Nonllnecrn‘y

fhe expechhon fhcf sfrong nonhnecr eFFecfs weuld occur with surfcce—
waves has been verlfled experlmenfclly in clr.xumber oF laboreforles. . Hcrmemc
generahon hcs been defecfed on Quurfz (49 53 ), Llfhlum Nloba're (50 80),
'(G6, p 268) cnd BI.‘2 Ge 0 20 (1) In fhese experlmenfs a lcser probe fechnleee lls
used to measure second and hlgher hcrmonlcs .ln fhe s.urfuce‘-wa\-/e a’ndl elso to defer- '
mine of whcf_eeeusfic power .le\;els SG’rurd’ri,on of the fundcmenfel frequency occu‘rﬂs.
'THe results given' in ‘ (80) show,cieerly the _powe.'r- hcndlihé:limi’rcfl'ons in ‘sur‘F'oce-WQve
devices, for example a maxnmum power of 10 mW / mm at 1 GHz is.given as a
limit for linear. op_eraﬁon on YZ, Li ‘Nb 03 1h|s hml’r ;s mversely ’proporhonol fo
frequency.

The souree of h‘c}nlineqrif’y isbf.course ’rhe quadratic 'rer"n‘):s in the constitu-
fi;/e equcfions'orvfhe'eub‘i.c fe}ms in the energy. "To il:lUAsjfrefe_ in one'l di-njens’iqn these

equations can be written (55) 3
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" where the fin‘i’r‘e strain S = -—é-l—{>+ € (_63_2 LT "

ox
The suffix 1 refers to éffeéfi;/e li'n‘e'ar' cq‘efﬁcienfé.qn.d the suffix 2 to effective -

quadratic coefficients. Thus we can identify cl2 as an electrostrictive coefficlent,

e “as an electro-optic coefficient etc. ' In fact for anisotropic materials these are

all tensor quantities-and fheré are thus ;hqhy:'of fhes“é_ coefficients fo be identified.

For YZ Li Nb 03 spmé‘o'f the third 6rc_ler elastic constants have been measured (67)

“and they are only kiown for a vvery limited number of materials (52)..

There havé“beén many. attem'pfs fd"dn"dlyze' fhe' problem of harmonic gener-

ation of surfacie—vs)dves‘ (]0] ) (Gé,p 244), mos1L of whlch use some Form of perfur-

~ba’r|on to first cqlculafe fhe mmal growfh rate of fhe second hcrmomc, qnd some .

success hcs been obfulned (Gé,p 268) at modelhng harmonlc generahon usmg one

nonllnear parameter fQ charac’renze 'rhe-AsurFace-wlqye nonhn’equy, _ An exact or_

numerical solution to this nonlinear boundary value problem has not yet been obtained.

In qd_di'rion to ini.xe‘l;en’r_ fﬁateriql nc_)nl_.in:e.d.r.i\fyi.i‘\fﬂi__s possnb!e to obtain strong
nonlinear g_‘fﬁ'acts _by'qoﬁplihg fhé surfqﬁce.w.qve ;é'lﬁec’rric' 'Fiel.c;lsl .i“O' qn.,qdjchb_.f serpi_
conductor w'qfer\i.n cbnfigurations very similar to the separq‘lfgc.li-medi_um_‘a.nd sfrip_
goﬁlple.dl amplifi:ers c_l‘i.scus_s'e_c.l.in.Cht.up_f(erv XI_I , it fL.Jrn.s;_ out fhat fhé q@nline%rify arising
from qcoufsfoevl‘ectric. ihferac’:fic')ns is s0 ldrée that semiconductor-coupled coﬁyolvers

have out-performed all ‘ other types:
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13.3 Surface=wdve Convolution

, To"under;fand ’rhe. basic 4s.igna|—processing‘_ '-fq.'n,c':‘ﬁon of a. surface-wave con-
volAver.consider__fW'o chUch sfgndls' F (f> 'and' G(’r) lauriched from opposite ‘en‘dls of .
a delay line and propagating f‘c’iv.(/‘alr.d;s each offier with the suerce*wave_ ,veyl‘oéify Vo
Therx-éxis is choseri .:parallvel to the direc_’réori “of pr.‘opdga'r_ion cnd the origin placed at
the centre of the delay line. The'v basi‘c 'sUrfdce—wcve_chOH\'/olyer, configuration is
shéWn in Fig. 13.2. .C‘onvfrq-direcfed SUrFG¢6~WdVe ‘rréins are excited iq the deléy

Iihe" hcvjng}fhe‘fo'rfn.J-Fv(t"rv - Ti(_) exp .i '(‘w] t - |<'k] x ) and G ( ’r+"%) §xp i [w’2 b+ k2 X ],‘

of synchronous frequency- ©y and LQQ , and opposite wdive vectors- k] and k2,.-'“:’_
These waves mix via nonlinearities as they slide through one another to generate dn
electric polarization at'thé:sum of the two surface wdve frequencies. Wy = 0y + W,

. “’] — w2 ‘ . -
_T-— . - This sum frequency signal ‘is

bU’r.wﬂhg: wav_e:v.?s:f'orv : k3 '= “-,"k} - k2_ =,
detected by the centre oufpuf-frdn;dbger desigr'ied félhva_vg a 'pe,riodic.i.fy correépbndi'n’g
to the wave n_urﬁbé‘r k3' ’-"_Since ug / k3 j‘is not. éﬁuél fo fhg phdse_'veloci’r.'y ','rhis_’ :
product signal is a standing .wdyé avn'd né'r_q frqvevl‘ling»w.ayvé_and ’r_hé output froﬁsducer
infegrofes,qﬁd Adei’recfs ins product §iéno| ’ro give an Quprf modulation a’r..w3 éiVen |

P X x
C() =8 F.(r’rl-,—v—)‘G.'(.ffT)dX"/

NI e N

where L is the length of the centre pick up transducer and B is a nonlinearity constant

for the inféraéfidn .
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lf each signal has a duration less than the i’fr'cmsif time along the length of
the output transducer then the integration: limits can be taken as Yoo and Usiné the
“transf‘br‘ma’rioﬁ 7.= t=x/V the output becomes
c) =-vB [ F(r)G (2t-7)dr - . (13.0)
o -0 S :
"~ which is Eq. 13.1 re'péafed.' As mentioned earlier this 'diffe_rs:fr'om_.fhe mathematical

- definition of convolution by a time compression factor of ‘rWo_ due to the fact that the

relative velocity of the signals.is twice the acoustic velocity. v . . The con'Vngfion ,
takes place inlreqlﬁih:e_ and the . F _and, G functions can be chosen quite arbitrarily
as long as their duration is less than the. fr{:n_si'f..ﬁ_me under the integrating transducer.

Analog signals as well as digital codes can thus be processed although the device is

really an ana.l-OQ de{:/ice:.' Note c;ls}ov’t'h‘af rhemdlu't;’ailyf; f‘r‘an'sducer is broad band smce
any simultaneous 'chom_ge: V_’A:w in bofh i‘npu‘r fréﬂzqg?n:ci:'gs keeps bk3 A Unchange‘zﬁd.. -
An.imp.pf’ra.nf spvec:‘i_al‘ca‘se.: Oc:c;p:ré; when oy = by =0 -;Amc{. the éqf[.:_ogt f:l':_e_

quen'cy'is 'Zw :with k3 =O ; which,implies 'th-t ’rh’e s:um Frequeﬁcy s?gn_al hqs ho
spa’riq‘l vqr.ia’ri'on-an‘d"c;an be detected by plate é_lec’r_rgdés_bn ’rhe_itép.and bo’r‘rom‘ surfaces
of the delay line. Thiis s'frdctu're was discus;ed earlier and is shown .in Fig. 13.1.

| : - A circuit.model for this 'vfyhepf;cor-wplver is ébfqined by _rﬁe&ns of the re-
 ciprocity theorem to give fhe device. open ,cifcuif'vo'ltagé and Thévenin 'imp',edance,»

The maximum open circuit voltage can be written as (42) - .

- M W1/2 K o |
Voc‘ W3 (»'ch] Pacz) SR ' S (13.3)
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where P . and P s the width of the output
- acl ac? A _ _ «

transducer and ’M is the non—lineur proporfiondlify paramefer"und'fs‘cleclrly.cz figure

“are the ‘acoustic input powers, W3
of merlf for any convolver, see. (72) for a fuble of M for common mofenals. .
Note that this is lndependen’r of the oufpu’r fransducer Iengfh dnd fhe fhlck—

ness of the p:ezo‘elecfrlc crysfdl . The Thevenm |mpedche is essenhai!y fhe ccpacn—

. tance to ground of the centre plck up frcmsducer°

~ It is convenient to define a purdmefer which gives a measure of the device
efficiently. The overall performance is measured in terms of a bilinear coefficient

F_ defined by

-
1l

| "3/-(*"1?2), - e (e

3.

w:i'h P fhe power dehvered to a 50 o loud P .and P, fhe elecmc powers o
supphed to por’rs 1 and 2 Ano’rher sul’rable measure of nonhnear couplmg is ’rhe

ln’relnal blhnear coefflc:em‘ FINT deﬁned in fe’rms of intemal acoustic powers

FlNT =F’3 /'.('~Pdc»1 'Puc2 )y e L co 1 (138.9)

"~ this internal coefficient is more suitable ifwe wish to compare the strength of non-

linear coupling in différe_nf,de’\/icevs without taking into account losses and transducer

efflcuency, both FT and AFll-\lT' are. offeh expressed in dB .. In\sys'rems dppliccn‘ions

| not only w1|l i’hese blllneurn‘y factors be lmporfunf buf S0 ‘will the bundwxdfh “maximum

delay orvintegraﬁ_on Hm’é, ‘and the ’rime-b_dndWidth p'roduc’r_.
-The éonvoluﬁon devices ciepiéfed in Figs.13.1 or 13.2 can also be used

to carry out'a number of other signal processing functions such as variable fimé_ delay,
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correlation; time inversion, and time expahsion and compression by u factor

‘ ﬂoF 2.

~ Varigble time delay is ob’raihed by applying a delta function at "r'ime f] ‘-fc:.’

“port 1 so that in >Eq;]3‘.1 F (’r) =6 (7~ ’rA ) in which coSé C (’r)-= -vB G"(.2"r —f )

so.that a delayed replica of ’rhe 5|gna| G (’r) applled to porf 2 appears at porf 3
which is tme compressed by a factor of two..

Correlation resulfs when sngnals F and G are applied ’ré ports 1 and 3
n_fca:spec;f.__ively. _ For this combmahon of mgnéls l’r can be shown that ’rhe produc'r pro=
duces Q..signdli .af W, whtch propcgates bcck fowards pér’r 1 c;nd V;II'HCI'\ can thus be
de‘récted by a fransducer ’runed fo m2 plcced at fhe some end as fhe mpuf 1ransducer
For the- degenerafe convolver of Flg 13.1 smcé m2= w] ’rhe same frénsducer

.'launches the s:gncl F cnd defec'rs fhe modula'non s:gnal glven by Eq 13 2, which
qrs,:.‘menv‘f!oneq‘l in Sgc‘fvl.qn_;lf?.l IS fhe cc_:_rre_lahon_ of F-and G time expanded by

two.

Tlme reversal is ob’ramed by applylng a del’ra funcflon at porf 3 so ’rhaf

in 'Eq 13 2 G( r) =_8_(T) in whuch case C(’r) = - .s: vF (1) and a time
reversed replica of'the signal‘ F (’r) applled to por'r l‘ appears at port 1.

All fhe funchons whlch the surfcce-wave convolver can perform are

Summarized in Table 13.1 .

13L4 'VYP.e:rchrmanceuéf Convolufion Devices

There are three types of surface-wave convolvers which have been investi-

gated and for which performance data are available. The first type called the non-
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 TABLE13.1

. “BASIC' FUNCTIONS PROCESSED BY ‘A - PARAMETRIC SURFACE-WAVE SIGNAL PROCESSOR

Port 3.

Function Port 1 ~ Port 2 .Oﬁfpu‘r
- Input F 9l l‘npufv G . Fgrf 3 | _
““Convolution” -~ .~ . ~ ’Traveling Wave . Traveling Wave ' : j FMGQRI-TdT
. , ERR o
Standing Wave
Electronic ~nput § (r = SV Input G (f) Port 3
Time Delay “Traveling Wave- Traveling Weve G @r-1))

and
Time Compression

Correlation

Time Inversion’

Time Stretching

In;éuf F ()

Traveling Wave = == "

Input F () _'

Traveling Wave

Input 5 {t)

Traveli ng Wave

| input ’8 (f);_, |

A: ‘A fnput G A(f)' .
- Standing Wave '

1 ’.'chding'AWave' i

: ‘Input G
_Standing Wave

“Port 1.
[e»]

.o

-0

Port 1

Fen
 Traveling Wave .

Porf 1

_G' (—]7 f‘)_"' \

K _ Ti'avél_ing Wave o

‘ Tra,ve/li:ng Wave.

. S?ah'ding Wave '

[‘,F (‘r) G@2r-t)d7T -

07
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ltﬁear qcéusflc c0nvolver utilizes’ fhe m)qfe’*rllal nonlmecurlfy oF fhe ptezoelecfr’lcl delay
ime qnd If' .IS fhls fype whuéh was 1'Jsed as fhe basus For fhe dlscussmns in Sechons"13 T
and 13.3. T|’\IS fype hds fended fo be uncomForfccbly mefﬁcuent cmd recenfly muCh
more efﬁcten‘r convolvers hcxve been fabncofed that use fhe nonlmearl’rles of a seml— '
A‘conducfor clqsély coUpl_e_d to the RF fields of a piezoelectric d'elqy line. The third
type of hqn“néor processor utilizes én e.xf‘érn;jj diode’ Qrquy c’on'rv-1ecfe.d to d'série; v‘<'>f'
eqﬁispacéd inf,e'rrd:igif&ll taps. . The .'rhiking of signdis réé‘e'l:v:eql by fhe,diode-fqps'is.

summed to create a sampled data type of convolution.

Nonlinear Acoustic Convolver: . -

Slnce fhls convolver has cxlrecndy been dlscussed in some de’rqll in’ Sechon

13 3 it sufflces fo |usf summarize fyplcol performcmces obfmned wufh SUCh devtces

using YZ L| Nb O

lnfercxcﬂon hme delcxys R ~ 10}.1 S
';;(Convoluhon interval) - ROAEE I SRR R

Bandwidths .- A 100 MHz
* Time bandwidth product ~ 1000 -
Bilinearity co'efﬁcienf F‘T. o~ -s0ds
 Figure of Merit M~ T.2x m“é vm‘:./w |
Dynamicrange A 60dB

Note that although the insertion loss of these convélyers is very high the time band-

width product is rather impressive.

‘S e o B W N ‘- - - W - R
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Semiconductor Coupled Convolvers

There are two ways which have been used to-couple the piiezqelec'fric'a

fields.accompanying a-surface~wave to the bdrriers in & semiconductor in order to

~ obtain a strong nonlinearity. The simplest méfhoa is fo bfihg_d'ﬁemiconducfor wafer

in close proximify to the delay. liﬁé-;ﬁhch _as’in‘ the separated medium amplifier dis-

cussed in Chdpfer Xll This ré’quires‘ some method For fﬁdinfaihing d uniform gap

beiween semlconducfor cmd surFoce-wave delay line, such a convolver in whlch fhe
air gcp is leed by a space rcul is shown in Fig. 13: 3 CA novel dpprocch has been

deVIsed (Gé,p 142) For clr gap separcmon whlch consusfs in supporhng fhe suhcon

'wnh a pseudo-rondom dlsfrubuhon oF posfs hdvmg 3 pm dlcmefers separated by about

200 pm fhus mlnlm‘uzmg bofh scah‘ermg oF fhe wave at fhe operdhng wavelengfh oF
17 pm, cmd any Flexmg of fhe 0. 2 mm fhlck suhcon sfrlp The posfs are mode by
|j§nd¢r1n9 :"fvhg.pg_lffenj‘. in ph'o_fo‘r-‘e‘sis?‘f-gn:_:l_:il{. Nb '0__3_ _:b):/ f.:ﬁstqnglqr_d. Ph‘ofqli‘thqgfqphic
fe.thn ique and then fon. bﬁedm‘ ’ezaflching the ex;o.ca_.sed.sq rfdee,_;of i‘fh‘e crystal by o few
thousand qngsf-r,c.)m chd rem;)ving the phofo‘resis'f“. By means of a rubbér pad, unifdr'm

pressure can ' be cpplled resulting m a sfrucfure wh:ch is mechdnlcclly stable and

rugged. . A schematic of such a convolver is shOWn ln Flg 13 4 giving a sechonal

“anda botfc;ﬁ v;ew of the devu.:le
Thé Basicxinfercdion pracess Which gives r'isga_. to fhe_noﬁliﬁearify is-due fo |
_ fhe normal electric field E | from the acoustic wctve glvmg rise to a deplehon layer
(41 ) at rhe semuconducfor ;urfcce. A v.olfage‘ is generqfed across this depletion

lqygr which is _proporfioncl to Er21 . In the presence of two signals each at a frequency
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m ‘p‘rodﬁcing fields‘ ] dnd E normal to the sem|c0nduct0r surFace, fhere wlll be

. a second harmonic pofenhal proporhonal to the product E] E, and a DC poten'rml
pr'oporfion'ol to ( E2 + .E- ) developed dCross fh’e depleﬂon' Idyer-'. This: DC
pofenhal ts called the "transverse acousfoelecfrlc eFfecf" 4and w:Il only be lmportoumL
-at- hlgh signal- levels

The defouied fheory For this alr-gap cenvolver is descrlbed in (4] ) omd

the loesnL results obfouned with this device as reporfed in (G6 p. 142) are glven below

fota 10 a.. e resnsflvnfy slllcon devnce 1 cm Iong and 75 mm. W|de.

._Cthqufion__infe_ryal' S ‘.9"“. S-.'
_!Bandwié'fh-.;' B 65MHz .

. -Time BodeIdfh product o :‘> 500 0 oo
- ‘Cenfre frequency | _ 200 ‘MHz
Dynamic Range ~. oo 55-dB - |
 Bilincarity Coefficient Fy CL60dB .

vl’:igure ef‘Me,rH M o T , Nm" available : - -

The dynamic range given |s w_ifhv.’inqu power levels of 20;dBm‘,a’r which levelsno
safuration effects are observed. The design fechniques aﬁd fab;icafion methods can
be extended to yleld c0nvo|vers wn‘h hme bandWIdfhs of 1000 c:nd bandwidths in
excess of 100 MHz, and by makmg fhe SIIlcon strip WIdfh narrower the bllmear

coefficient FT can be mcreosed.
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Si‘rlp—COUpled Convolvers

Recenfly a second fype oF semlconducfor coucledconvolver; fhe sfrlp--
coupled convolvers, Whlch-uses a m'ulflsfrip ccpple'r {o\coUp_Ie_fhe quushc'sUrFac':e—_ |
wave to a semiconducior located ol;tf'side the Vacousf.ic bedm pafh iddsvldeen ‘described
(G6,p.145). This device has a Flgure of merit whlch is- 20 dB beh‘er fhan the besf.
air-gadp convolvers. The configuration er’nployedlls 'sh‘owh in Fig. 13.5 In i'hls

convolver a large number of sirips ore‘deposii'e'd on fhe Li Nb 03, spdnn‘ing and ex- ‘

fendmg beyond the acoushc beam path. | An n on n silicoh wdFer |0cafed outside

the beam pm‘h is pushed down on the mefal strrps, fhe S|de in confacf WIfh fhe mefdl
smps has an oxi ded layer oF fhlckness h and the. overlap widih. |s. a.. ‘ln. fthl;__way .
%he regi,on of overlap ofeachsfripwith the silvic_on; Fo_rm;;q _s_mall_ _‘.‘_‘M_(_)'Si._v.drgcfor._diode
whose area s cOn.frolled by.fvdrying‘-fhe overl.ap dimensicn o ,_.ffhe in.di-'vidua!_di_cdes
behave as nonlmedl copoclfors and hence as mixers-for two lnpuf SIgnqls. j When two
input signals. oF Frequenc>-/ w o.re opp;lled an output 5|gnal at 2w WIII be generated
befWeen the semlcondUcfor and dmetal electrode oe ’rhe OpcOSIfe surFace of the \

l___i Nb 03 lusf as'm fhe degenerate convolver' descrlbed ea'rller.

| The lm‘erachon process which gives rise to fhe nonllnear;fy is |denhca| to
the gap. coupled conyolve_r.. The normal - componenf of fhe RF Flelds of the acousflc
wave gi’ving’rise foa deplefion}lqyer.(tﬂ) across which a v_olfqge prqpo’rﬁo_nal to the
square cF the f’ield is'geheratied. Whe.h. two 'sAsi.gn.dls‘ ‘eac}d at a ‘Fre_qu‘eincy. w are presenf

a second harmonic voltage prcporﬁ,onal to the product is developed across the depleficn

layer.




S .‘Fig.: 13.5.  Schématic of sirip-coupled cqnvolvér (Gé,’ p.]‘45) . B

At
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’

The clefallecl ll’\eory for fhls s’rrlp coupled convolver is descrlbed in

(Gé p 145) The mosr efflclenf clevrce was obralned wrth a L| Nlo O3 sul:_s’rra’re" '

: + B
and :7 acm n oon n wepr'rax’lal srllc‘on‘wrfh"an eFfecf-lve‘oXIde l'ayer of 1300 A ..

The strip coupler used was desrgned wr’rh three sfrlps per wavelength ar 42 5 MHz,f
a mefalllzaflon fatio l /l 8 (see Flg l3 5),. and fhe raho a/b 0.3

For.small. signal levels (below 0 dBm) the bllinear coefficlen’r for this c0nvolver,

 which r'epresenl‘s the external device. efflcierlcy is FT =223 dB. The nonlinearity

strength is measured by the llgure of rrlerl_t M, as defined by Eq.13.3.. VT,._lrls"facfo'r

represents “lnfema‘l device efflclency'and is indepenclenf of fransclucer losses,’ oufput

lunlng ancl a.co"us’ric loeam--wldrh The value M O 6 Vm / w l"or 'rhls clevrce is

'one hundred hmes larger than fhe loes‘r alr—gap convolver (72) One dlsadvan’rage

of fhrs devrce resulhng in reduced dynamlc range lS fhaf fhe bllmearlfy coefficient

is power dependem‘ smce, as a result of the DC - pofenhal genera'recl acoustoeleciri-

, cally, fhe carriers are deple’recl resulhng in an effec’rlve oxrcle ’rhlckness whlch is

greater than h When fhls acous’roelecrrlc eFFec’r is mcluclecl in ’rhe analysrs the
resulfs predrc’recl rheorehcally are in excellenf agreememL with experlmenral data both

at low SIgnal levels and ar large signal levels. For'fhesame device described earlier

Fp= - 39 dBm, and M = .o‘9‘vm/.;wi.
* To summarize, the sfnp coupled convolver has a Flgure of | merl’r whlch is
almost- 20 ‘dB " better than any other Si = L Nb_ 03- convolver constructed. It is ex~

pected that the semiconductor cdn proloalaly be bonded to the metal strips hence .

making o monolithic device.
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Diode Convolvers

The third fype of convolver utilizes d.tapped' deldy line consisting of a

seties of equiépdced interdigital taps connected to an external afray of semiconductor -

dlodes. I+ will Ee recognized th’r. this devi'ce 'is'similar in‘“prli'né‘iple to the vsfrip :
coupled convolver described earller, the main dlfferenée is that the use of ex’rernal
dlodes requires a large number of connecting leads and as a resulf fhe fap spacing
cannot be made ’roo small and fhe device bandwnd’rh is llmlted . For devnces under :
:'currenf, con’sfruc"rion ’rhe. esable bandWidfh is no be’rfef thae 30 MHz (G‘4,.p.73) éﬁd
uﬁlees avc':oml)omed pnezoelecmc / semlconduc’ror fhm ﬁlm fechnology such as AI N

and Si on sapphlre is developed Whlch Wl” allow fhe dlodes qnd deldy lmes ’ro be

fabrica’red on a common subsfrd're it |s unllkely fha’r ’rhe dl ode convolver ccm cOmpefe :

Wlfh any of the‘ other semlconduc’ror convol vers whlch have been descrlbed

In summary ’rhls chap’rer has ou’rhﬁed the opere’rmg prmcuples de opera’rmg
characteristics For ‘rhree types of nonlinear sUrface-wave devlces. ’rhe nonlmeqr
.acous’rlc convolve‘r, ’rhe semlconducfor air' gap. and sfrle c0up|ed convolver, d.nd fhe

dlode convolver. The semlconductor convolvers are the most promlsmg:wnh atime

bandWIdfh producf pofenflal in excess of ]OOO and an ac_curacy “and dynamlc range

c_anIsfen’rTWIfh many. sys’rems appllcahons.,

- o S - —,‘ - e w -i.i-_‘f-.-*—




= = - g ™=

.\--

-

215

XIV. CONCLUSIONS

This report hes reviewed the fundamentals of surface-wave devices and it

is evident that such devices now constitute an established technology fo provide a-

~ viable altemative to othet forms of hardware for a vatiety of signal~processing roles -

in the frequency rangé 1 MHz to 2 GHz. The upper frequency limit is set by losses

~ and the present fabrication. technology, the lower limit is set by dvaildble'size' of

materials and bandwidth consideraffons. ‘The bandWIdfhs and operahng frequencnes
whtch are currently available are approprlafe to lF signal processmg requ:remenfs
of many radar and commumccﬁon systems, The surface-wave'COmponents are ex-

fremely smdll and rugged and fhe fabrlcah on technlques are compatlble wtih esfqb-

' llshed planqr fechnology, usually conSIshng of no more: fhan a mefclllzahon pcn‘fem

on a pollshed smgle~crysfcxl subsfrate The |n|f|al |mb§cf of surface*-\‘/va've devices

has been in hlgh-performcmoe radar wheré they have made rmporfcmf ooﬁfrlbuf\mns .m
mafched flltermg and pulse compressuon due to fhelr compei'lrilve .performance, reliability,
repfoducnblllfy and cosi' effechveness | .

There are mnumerable demonsfrated cmd proposed appllccmons of surface-

-wave devlces, clmosi' all of whlch have a strong compehfor in anofher fechnology ‘

such as transistor :dlgi,i'al logic or the newer ch_qrge—__c’:oi.;pl_ed de‘vices. AT}hus‘;‘he, _ex-
pansion” of surfot:e'—w.ave_ deyicés.info the potentially d;(.ailavbl.e fields éépeﬁd_s on.
factors. ofhér‘.fhon' fundamental ability to carry ,out‘some‘syst'em fuhci*‘io‘h:.:' S';J'Ch :
deciding factors. ( cost, reliqbilify', éli:ie; rep_roducibilify-, ayail'o_bili\‘fy,. sécqnd—order

effects) are criﬁca“y dépendeni' on the amount of development effort éxpended on
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this féchnoiogy relative to the corﬁpefi_fbrs. It is'no_’r'ev'i'deh'r at this fime thmUlch
of a gamblé is involved in large~-scale commitment- to ét)f_che¥que:developmenf, but
there is no doubt that su_rfdce;-wave devices will play an importdnt role in mdy -
.commUnigdfidn systems of fhe-coming g‘érjera’rivoh',
The complementary nature of surface-wave and microelectronic integrated
) éircuifs from the stand poin’rs of electionic signal processing, fabrication,. \'and com-
pufer-cuded de5|gn should be regurded as an |mpor’rcm’r uffrlbufe For surf'cce-wave -
.dewces. This. complemenfcrlfy is par’rlculcrly evnden'r in 'rhe hybrld m’regrahon oF
surface—wave delay Imes with snhcon IC amphflers and dlodes fo recllze programm—
able fllters and hlgh Frequency oscullafors
The main mherent properhes ‘rhat quI ho doubf guardntee a conhnumg
role For SAW devnces are:
- frequency selective operation covering the HF, VHF,.'UHF
-and low microwaye frequencies,
. controlled sampling of real~time signals,
- h‘igh"d)?n'dmic': fqﬁgje l( >50 dB) passive sighalt pfocessing,'_A
- SImple manufdcfurmg fechmque, mlcroelecfromc compu’rlblll’ry,
I‘el]dblllfy,
- demdnding specifications can be met using compuvfei;—cided

design since the underlying physics is well understood.

mp -.- o o =y =l -i-.i- - - - - e -.‘. -
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'Spdce_ has of necessity precluded discussion of many. systems appl_icm‘io'ns
and all the signal processing versdfilify of SAW ,devices. In digital signal processing
some examples are recirculating memories for démpufers and ECM applications,. ddfo

and bandwidth compression schemes, discrete z-transform and discrete Fourier .

Transform realization, and picture processing applications. Another important °

developing area is in'é_lecfronié scanning of optical and acoustical images. Table
A3.1 in Appendix 1l prepared by J. _Co“iﬁs (presented at the 23rd MRI
Symposium, New York, 1974) shows Qné For_m'o'F. listing of surface-wave profotype

dev‘ices,v fheir derived deveIOpmenfs and pot.enfial areds.éf dpp.liccfions. The stdf'us'

: oF su rFoce—wove componenfs in fhe pres'-*nf roddr sysfem confex’r is summarlzed in fhe

lnferlm concluslons of fhe Februory 1974 reporf oFGroup KAG3 of TTCP enhﬂed
"The Appllcahons of SAW deVIces to Rador Slgnal Processmg, whlph we include
as Appendlx III | |

quy new i'deqs associafeci_iwifh surface-waves are Vbei(ﬁg purgued and there
is omp‘le roém_For further reséé}ch, inn.ov.oﬁc.)n, and ﬁev;/ ~cle'vic:>es. Surface-wave
c_pnvolufion_. deviqeg are worfh' {:u‘r.fh‘e.r inve_sfigd’rfoﬁ as they seem to offer the most
prorﬁi§e as ele‘cfroni;aln_l_y p‘rog.rqmmqb‘le matched F.ilf.ers\f Methods are being studied
"F;r s_féring a finite duAro’rion signal'lon the surface of @ \p.ie'zoele.cfric crysfoj for several
mianes; in an attempt to fabricate Woyeférm >co-r.re|{afors. The prdcessfﬁg of information
in 2 dimensions is ols;Q being studied, fhe‘immédicrnfe éfopllicofions’being in fodar

doppler processors and in speciral analysis.
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| The guide to the bibliography, Appenaix I, _ha‘su|been Wriffén ‘Fo‘r-thg reader
who wishes fé study some o# ‘;he dspects of this new tecP;ﬁ‘oilbgy’v.\'/i't‘houvf’ getting ovef—

A whelmed by huge 'lisfs of rep;rfs and papers.  The guide selects i%or ’fhle d‘red as a .
 whole « 'sef of survey pépe'rs, ana fér each fo‘lp;'c of the rep-or'1L a %e_s;fricfed set of p'aperé
‘which form vfhé basis oF-dn:y study of that f_oioié. o |

Finally We should mention the Canédién Workshop on Acousti c SurFace-’
Waves which wcs‘held in Ottawa l;md’er. the sponsorship of Comm‘unic,dfio'ns' Research
Centre. This meeting Vrev,.eqle'd that ¢ nurﬁbe’rof Universi‘ty:,'-' |’n.dUsfrial, ah’deQ;/er'n-
ment Organizqfions‘in‘ Canada are-awaré of the new. technology and 'i.fs_pOf'e'vn:fidl ‘and
that much experfisev qlr;addy:_exisvfs:in Céﬁddq ) For def‘dils"(.:onc'erning 'fhis'Worksho§

[

consult Communications Research Centre .Report No. 1260 , ( 1974) o

mefeamnmwenenslocaceceeee -~
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: APPENDIX I

———— e e

‘GUIDE .TO BIBLIOGRAPHY -

[t has ioéen‘_'nofréd several fimes ’rhcxf surface waves for.m the basis of a
r:edgonubly moui'iqr'e lmv‘_edhhbldg)‘/ lo‘cﬁs.ed. on la fhor.on;'gl{u‘nde;s’raﬁaiﬁg of the Qn\derl)ﬁ/ing
physiés._ To réoch this state over fhe half d;zen or so..yeielrs in\'/o_lv.e-d hds‘ réquired,
o‘r at least produced an expolnen’rial g.rowfh in fhc;, ..publ‘ished Iifera’rure . 1t is thus
dlfﬁcul’r for fhe neophyi'e to fmd his way ’rhxough a long list of frequem‘ly confrddlc’r—
ing repor’rs and pdperts in a Fleld where no dlrec’rly Gppllcable ’rex’rbook exists. We
q’rfempf here to give a. ||Hle -gull_'domp'e to fh_e ngwcomer: ’ro.fhe fleld».l.n a’rchkmg:’rhisf

literature.

;-sTh'e.a entries- G1 to GI1 .in ’rbe bibliography are: review works of ‘c_me
form-or another... Our hyp‘gfh'e’riic_:dl .ne_WCorﬁel' wo_ula.do-wellgfo. start with the :s'ummary :
by Kino and Matthews(G9) and follow this with the |qt¢r~gndmor’e détdiled review by
Mdines and Paige (G10) ,‘ﬁfhe two infroducé rr:\vuch of‘fhé mufgriullcvoveréd_ in this re-
port and momy'\ of the deviceprihg_iple_s are '.6uf|ined.  An earlier review Ey.lWhjfe
(G11) covers much of fh'e'bu;kgn'ound material oh'surface—wave principl'es but it was
published before the systems ori>er;ted devices be;:an;e' com;no_n, hoW'ever its exfensiv.e-‘i

bibliography also remains vefy useful .

\

" The.dstails of surfdce-wave propougu’rion on crystalline substrates are

covered at léné’rh'in Auld (G]) Farnell ((32) and Fatnell and Adler (G3).
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A reason.able .Feeling'; for fhé efafe 'c)F"'rhe ar'r in surFace-—wave" deyic’es in
1969 can be "ob'rained from 'rhe speeial is'sue oF %hé |EEE .Proceedings on Miero—
‘wave T;\eory and Techmques (Gf') i cnd a later sp.ecml 'lsvsue on stgncll processmg
with suchce-ques publlshed |omfly by fhe |[EEE Groups on Mlcrowave Theory and
Technlques and on Sonlcs and Ul'rrcsomcs (G8 ), ,yllusfrates meny of the appltcaflons
of sgn'Face—WGVe devnces_. | -
s Tl?'e m'aior'aenual conference in fhe'surFac.eewcve‘Field is the [EEE
Symposium on Sonics qﬁd Ultr.e_sonics_.forfwh-i'cb the pfoc_éedi’ngsiwer.e published in
1972 (G5) and ]973 (Gé) - end prox)icie not only a reFeren'ce;‘F‘er fhe current 's.'ra're

of fhe art buf also oF the mfernc’nonal mferesf m fhls Fleld There was also an. |m- '

porfcnf ad hoc conference in- 1973 cf AVIemore in Scotland (G4) whlch cffempfed

'W|fh a great deal of success to presenf the vnewpomts of bofh fhe sysfems engmeers

and the surface—wcve devnce demgners.

- Surface-wave transducers are discussed in considerable depth in three survey

papers by Smith et al (85, 86, 87) which contain the bqsri';c,chcly_sis' and design concepts.

based on fhe equivqlepf circuit model. "'Hartmenn:‘ef qll(2_7) show that the circuit
model approaeh can be used to predict the -perfo-rman‘ce' oF unidirectional 'freneducers',-
For a theoretical anal:y's'i;s of frcnsdu_cer.s b,a‘se;i on gelufions. of the che equation the
,‘recder’shoulc_! eonsulf .Tseng' (99), Engan (19), qnd‘Er_nfage_( 18?. The effect of
finger resistance has been analyzed reeenfly by Lakin (46). Experimeefql dqfq and
pefforhance specifications can be found in the Ulfrasonics S}/meesium Pr.oceedings

(G5, G6) .

-y -.— o= = -v - e = ‘-Aﬁuﬁﬁ --.-‘__
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The anelyeis and design of bun‘d—puss'ﬁl’rersefe re\/iewed by' Tcncreltl ( 95,
96) cmd Hartmann e’r al(26), dnd fhe frcmsversc:l Fllfer wewpom’r is frecn‘ed by
Matthai  (63). Basuc filter destgn philosophy i is d|scussed by Hurlburt (32) cmd
the use of surFuce-—wave filters in specfml cmalysls has been studled by Guyof (22)
Compufer an:alyswuprcgram; have been developed by Tdncrell qnd»Scmdy 97), and
.Slotoédnik (81), an.d MCCIeHdn':-ef al's (64) dlgn‘dl Fllfer deS|gn techmques are
directly appiicable o su‘rfia'ce—wdve filters. Many filters have been Fabrlcated and
-thelr measured perFormcmce compcued W|fh fheorehcal calculahons by De Vrles et al
For T.V. Fllfers ( ]6), Cheek ‘et GI For low shape FaefOr Fllters ( ]] ), _Gerqx_"d et al
For phase correcflon oF dlsperslve Fllfers usmg dummy electrodes (21 ), and Smiﬁ\th: et
al for chlrp Fllfers (87 88) | | |

The defclls of phase eoded device;,_ure covered Ey _Bell'ef da (5),

Hunsinger (30 ) and Jones et cxl (35) _ Programmable devices.a‘fe reviewed by

' Staples and Clalborne (91) Experlmenful data on these dev1ces is glven by Hunsmger'

and Franck (»31) De Vn‘o et c:l‘ (]5); O--Clock et al (69), cmd Clcuborne et al (12)
PerFormance limitations due to reFlechons from meful electrodes are. dlscussed by -
Jones et al (36) whereas"the effect.of femperu’rure andvdoppler shift has been studied

in detail by Carr et al (10). ‘Considerqbie'expefimenfal data will be found in the

. two reports by Judd et al (37).

Reflective array compressors are described by Williamson, and Smith ( 106),
oscillators by Davies and Lawrence (14), and multistrip couplers by Mgrshall et@l

(59, 60).and Maines and Paige (G10):
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Most of the lmporfanf maferlals and fhelr properfles dre lls’red in Slobodnlk

(79) Szabo and Slobodmk (94 83), and Sc_hulfz and Mafsmger (75);~ Small

. temperature coefﬁctenfvmaferlals qredisc‘dsséd' by S_chpl:fz:fdn.d Holland -(,74');dnd .

piezoel'ec'fric':rfilms are evaluated by Hickernell for - Zn0 (28) -ond by. Duffy et al f‘orl
AIN (17). o

An uP;fo;ddfe surve.y bvy Bc\xhr‘( G4,p22) _describes mOS;‘ of the ct.'trrenf.'
Fabrieafion mefhods Smffh' et al '(844) and Angersl.‘ein a.n}d Voges (3) giVe details
of phofore5|s’r mefhods oF paffern deflnl’rlon - Broers and Hafzakls (8) ‘and Ozdemlr
et al (73) discuss mefhods whlch use elecﬁc)n beam and scanning elecfron mtcro-—
sc0pes, whlle Spears and Smlfh oufllne ’rhe x= ray Ilfhographlc process. (89)

The defculs of di FFrac’rlon assocmfed wl’rh surFace-wave devlees are covered

in KharUSI and Farnell (38), Szabo and Slobodnlk (93) Mason and Ash (62), and

Mason (61),.' ’

Acoustic wdv,egu‘idesbqre surveyed by Stern (92), qn’d'fhe_ fheory for surface

guides covered in Lagasse et al . (45) Tiersfen (98), and Tu and Famell (]00)

Hughes (29) dlscusses the Av / v fype of gundlng cmd Olmer et al (70) have Z

applled a network formalism to waveguldmg problems

Surface-wave reflechons due to assorfed fypes of dlsconhnumes are covered

by Munasmghe and Farnell (66), Li and Melngailis (G6,p.503), .fhe Vmulhsfrip type

of reflec‘f‘o’r by Marshall et ol (60 )

N e L.
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Surface-wave amplifier theory and experiments are reviewed in a paper by

Lakin and Shaw (48), ond the defolled fheoreflcol onolysns is glven in Kino: ond

AReeder (43}, lngebrlgfsen (33), and Ldkm (47)  The i'h'eory of multistrip coupled _

omplifiere is covered in Kino (39) and Maerfeld and Tournois (G5,p.171).

Experimentadl results for vdrious fvpes of omplif'iers have been reported by Ludvik and

Quate (54), Kino and Coldren (40), Coldren and Kfno (1_3), and Hanebrekke and

Ingebrigtsen ‘('25)

Nonlmeor eFFecfs observed in surfoce—wove devnces are vreporfed by Lopen
(53), Slobodnlk (80 ), and Leon ond his. co-—workers (49 50) Theorehcol onolysls
of hormonlc generohon hove been developed by Tlersfen (Gé,p 244) and Vello and
Stegeman ( (101 ).._ | |

Surfoce-wove convolvers are dlsoussed ih a review poper by Kino et al
(42_ ). The theory for such devnces is covered m .Luukkolo and Surokko ( 55). _ond. in

Kino and Gouf'hle‘r (41 ) Data on moferiols for convolvers is given in Otto and |

“Moll (71), and the mosf recent perFormonce chorocferisfics oF fhese devices is re- -

ported by Smith et al (Gé,p 142) For a semlconducfor coupled convolver, ond by

Shreve and Klno fora sfrlp-coupled convolver (Gé,p 145)
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APPENDIX I

FOUR REPRESENTATIVE PACKAGED DEVICES

'A~2.1 - Sgrfcce-Wa\}e Bandpass’ Fil’rerl Module (11) _
e - e ot i e "
S .- 20° Rofafed Y - cut X - Prop &
Substrate: . / Crysfal line. Quartz : '
Center. Frequency ©. 168 Mhz
K e S — !
' T 12 Mhz Tk

Bandwidth

Midband Inser’rion - Loss -

14 dB.. (50 o Sysfem)

—

a 7 T i T =

Mcm Lobe /Flrs’r Slde Lobe

XY,

12, 6 dB

' Skm‘ Slope

. 80 dB /Mhz

’ .Shape. Factor -~

132 (3dBBW 74048 8., ) !

TR - o

. ; Banelpass Ripples

.3 ‘s e, AR

o~ 3dB

Phase 'Response

. potn oo e 2 200

< 10° devxc’non from. Lmear Phase '

A0 SN AT, 1B

B_;;

 Temp. Sensmv:fy of Cen’rer
Frequency an’r

< 200 KHz from -~ 55°

to 125~c‘

. Net Gom ysing In’regra’red
: Amphfﬁer Module

L —

6 dB

."?"-

ez




A 2.2 - Chirp Filter (88)

e e

: Subsf‘rafe Y -cut, Z- Prop. Li Nb 03 )
Center Frequency 300 Mhz |
Bandwidth 100 Mhz
Midband Insertion Loss’ - .30 dB '

“Compression Ratio 1000 : 1

Pass Band

| ——

~ {deal theoretical shape

Sidelobe Suppression” 13 dB . unweighted

27 dB°  Hamming weighf._ed.

Bandpass Ripples

£ 0.8 dB

Phase Response . -

< 20° deviation from ideal
quadratic function - '

Triple ‘Transit Echo
.Suppression

> 50 dB

Null Width:

-~ 38 nsec -Hamming weighted

20 nsec unweighféd

LA




= gt = = = S I R R el

A 2.3 - 127 Chip Phase Coded DelayLine (37)

IIELE LA AT A T z )

 Current. Performance - . Projected Performance

il 7S =

L R s AL

SETTHL

! Substrate - b ST= cut ~ X.-Prop. - quarfz‘. . ) -

s T

Center Frequency ' 120 MHZ" I 150 MHZ ..

L W 0 A TR

Bandwidth (Chip Rate) , 5 ‘MHz - S . Y MHz -

Midband [nsertion Loss ‘ ; 36 dB‘ , ST I -

/

e - Ve 3 T

Recompressed Pd}se/Sidelobe 22 dB' T Within 1dB. of Theore;-«
' ‘ o S tical for Selected Cdde'

~ Pulse :<Leng'rh" : _ 25.4 psed a - 1 127 p‘s_'e_c'.:”

Compressed Pulse - 0.4 psec R __0;2p.seq_

e = e T v.r o e

per BT SR

LeC




A2.4 - .Programmcble 127 Chip Phase Coded Delay Line (23, 24)

I ey oA N e RN T RN WY A T 3 Y LT T -
Current "Performance Projected -Performance

ST = cut, X = Prop. Quartz and

——e Substrate — - ot e | - —-Silicon— on-" Sapphire ‘Control Circuifs
- Center -Frequency .~ 120 MHz R | 435 MHz
* Bandwidth' (Chip Rate) . - 10 °MHz . 20 MHz -

Midband Inserfion Loss - 7 d8 . I

Correlation Peak to - 207 dB - R W‘ifhin‘ 1 dB of ‘H.«‘,(.:.Qi—e_-T '
Sidelobe Rafio - - S - tical for Selected Codef-
R over Temperature Range]

Correlation Null' Width 200 s ‘ I B 100 ns
- Tap Spacing - 100 ns - - N 50 ns
. . ‘o\‘,_ o, R T ’ . 0"
Operating Temperature Range -25" to +85°C b ‘ 0 1o 50" C.
. N : - ] -' N
I &3

- P o o - owomm e m - -_-—\,-‘..-'- -
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APPENDIX i

¥

Application éf Surface Acousfic _che SAW) Devices to Rcdcr Slgncl Processing®

| "It was Found that the undersmndmg of - SAW phehomend is ctf the sfcge
“where som;a new sysfems are bemg de51gned around acoushc slgnal processmg dev1ces
whose pgrformahce can.be anfi_cipmfed ‘with confidence-;"ofher sysfems are being ex=
perimenf&ll’y retro~fitted with SAW Ac.oAmponenfs w_ifh.'fhe ekpecfcfiqni of imprpving :
fhéir performance, r‘edugihgsi'ze etc. while there is a third, more spch'aﬁ_ve,
generation of de\{ice;\ whic\hirﬁdy provide :fhe rﬁean; of perfAbrmfngv'complex processing
functions (correl“c:f_ion, Fouf_ier- transfcrmafioﬁ") on a .ver)A/ geh_eral range oF, signals. . .
The chléf lmpact of SAW devmes on radm 5|gnal processmg has been to
put mfo fhe hcnds of the system engl.neer a ;nean-s of reallslng ver.y premsely. cnd
economlcclly _som.e_.a.of‘fhe Iong_undersfpéd prgr;ql,‘ples of optimum modulohon and ré-
«ception Filff_ar.ivrfag.. The passive nature of fheSAW prcg:desse‘;,\.ifs‘comp_c;ci'né.ss,_. .
fobuéfness and reprodyciﬁilify 'qAre .s’evcondo_'r)}vbuf ,‘qf'cou'r‘se. veryjrﬁporfénf-aﬂributes'.
For- a fixed pfocessing f;nctffon; H'\e.'qdvclmce of "digifél and other vfechn-f‘c‘]ues, erﬁploying
for ins{an;‘e charge fransferi dev‘i‘ce.s.‘ ér magnéquféﬁc wéveéjcﬁeynlikely to ;émpefe.
1-°or some time with the brecﬁién_ cndcohveniéncé of« Qsing the simple strﬁgfure of a

planar SAW component. SAW device construction'is oﬁenfriyial by modern

" standards of electronic. circuit fabrication since it is_mer'e_l‘y» a réprédupible metallised

pattern on a flat substrate. Its behaviour is well Undersfqod and conforms very well

to design parameters which are usually infroduoedv as data for o cbmpufer aided design

* Interim conclusions from report of this title by Group KAGB of the Technlcal

Cooperation Program (TTCP), February ]974
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procedure. The range of '_ba_ndwidrh and delay fimes‘qchieyable'wirh good dynq.mi_c

range is very significant for radar purposes: indeed the spatial resolution of many

radars is likely fo improve through the ease of handling lar'g_e,baridwidfh‘s with good

phose ;:oh’rrol by SAW componenfs. Thu‘s, for the generqtfon and'Aoptimum fiiterfng
of fixed waveforms ,wifhv. TB products Below 1000, Tbelow 100 s | qno B iAn the
range :of ]d KHz fo 500 MHz, SAW devices are likely to be"pre‘-eminent for the
: Foreseeqble future. 'ElecfrOn beqm Fqbricqfiori is exfeoding .fh'e bounds on time and
bqndWIdfh beyond these llmlfs, For exomple 1 ms delqys qnd 1 GHz bqndw1dfhs :
can qlreqdy be qnhmqued ‘Since. SAW Fllfers are smoll sys'rem components, it
would be SImple to introduce rﬁodulq'rlon qglh’ry by SW|’rch|ng befWeen qlfernq’rlve '
dewces In ’rhe IF frqnsmlss;lon / recephon clrcuns |
there greofer FleXIblhfy ond longer delc?ys qre requ;red SAW meefs

stiffer compehhon /F.rom, hme-qocntfl“zed systems However 1‘r is possuble for SAW
devices to ufil_i_se _digitol'psﬁeudo-rol‘qdon‘l‘:c_:odiog on’d”deoodlpg ’;ec_‘:hnAlques and _fhelse |

could prove competitive for secondary radar and misvs:ile fuzing sysfemé operating|at

high bit rates and where in terference / ECM resistance, size, power corisumption and

robustness are crucial.  Polyphase coding flexibility is also possible for SAW devices

provided with progrqmymoble tapping points.  Similarly switched devices are used to

generate the transmitter coding and to provide matched filter reception. The device

- complexity is roughly comparable with a one-_-bif digital pulseoo'mpres:sion system but

in contrast, because it is _o-lineor processer, it is not confused by the almost inevitably

overlapping codes in the received signal due fo clutter, jamming, multiple targets

or multipath.

- -’-i - s e ,‘—-.-i__‘ --- - --i-.—
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~ The imvpl;nc‘qtions of SAW for ECCM _are likely to be. important since:

complex wideband modulations can-be employed even in small radars to combat inter=.

ference dnd jamming. _Howevér a note of cdution is needed since, for wide spectrum
techniques to succeed ‘cigciinsf deliberate jamming and possibly against interference |
from similar friendly radars, o bahdwidth of > 1 GHi 'may be needed and this-is not

presently available from SAW devices. - This contrasts with communications systems

where only one=way fransmissions are involved. - in radar the two=way (o/R") echo

has to compete with bné-wuyﬂ (1/ R2) interference.

It seems dpptoprici‘é to draw attention to the possibilities of employing: SAW

in an .E.'CN\ Arol__e._.. We hdvei ql_réqdy_ mentioned yarfdblé‘ d:elqy..: lines as being .We‘ll _
suited for _(expendolble)- dgcle}_‘)’riop _dey,icés using range _gqte'-sfeql,.ihg . ':. th_e:sevmig_hf .
.n.-.e;:].uire‘iihie- ovi;_:I -oi{'a ;:ompre.ssiv-e-,- on; mi;roséon, m’rencepf recle_iver_l. .to defe.rmine fhe
RF beir.\‘gvl_u.sed; for wh.ich dispersiv’e _ SAW.__'fI ine;slﬁ co"iqu',iguic_)us_fil’rel: bd:_nks, o_i:'fer a
powérful_ fechniqﬁé. _ | | B

The SAW contribution to .IF circuit. techniques is lil<¢ly to be significant

in radar (as els‘ewhe,rel)vv_since'si.mple bandpass filters with well defined amplitude and

phase ;harocfer}i"sﬁcsv can be deéigne_d cnd<_reprqdqced-qccurqtely..‘ Also stable, but
readily FM'd higmh fréquéncy‘ SAWA oscillators which are small and rugged should .
find s‘e'v:er,c:l c:r'eqs of dpplicuﬁori . |

SAW._ convolvers and correlators, which depend on non=linear effects, are

still in the research phase. In'particular to achieve correlation using a convolver

requires o time inversion for which there is no well established technique and
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aSyhehrenous Operqﬁoﬁ is ;sf.ill .:diffieulf Also, it is not readrly Clppqreni' fhaf 'rhe
kmd of flexrblllfy fhey offer |e usefel |rr ‘cx rcdar context: mos‘r radar de5|gne|s are
likely to be confent wrfh a prescnbed form ’oF moduiehon. (er/‘en when fhey reqUIre
" it to have rqndorn properfies)‘ ond do not 'need complete generdlity in the cholce of
waveform. U'nli.k)e digital or ¢herge frdnsFer devices, @ SAWA correlator eoﬁld-nof
be used in arange of s‘yvsfenjrspf,\)\‘/idely differing bandwrdfh and storage time para-

meters because T and B are not flexible.

.Ther_e are radar signql p'roc'essing_,',probleméffor wh'l.ch' SAW ‘rechniques do

not offer fhe best qpproqch ' Thrs is. chrefly evrdenf where mregrqhon flmes meqsured

in msec are inyolved.-; Thus MTI and doppler processmg, which fyprcally requrre

a frequency ,r.esol_ufion .of AO.] “to 1 KHAz_ cnd fhe_refore a storage,ﬁme_meqs_ured in

' msec, are ‘at presenf besf achleved usmg sqmpled datq fechmques whlle reseqrch pro~

ceeds on Iong SAW delcy ||nes. :

A Iong term fufure seems qssured for SAW in radar Wcrveform generation

r

and filtering. A rcmge of slganrcqnf radar cppllcahons where SAW s Iess lrkely to

be;dominaht for. instance oscrllafors, rs-also Foreseeqble, ‘rogefher W|fh some speclal
A requirements whlch may qdmrr of a SAW‘ soluhon, as for. example. genercmng a syn-
thetic’ cluffer signal o ensure requble defecrlon by a cluf‘rer Iocked MTI sysfem

As SAW devices improve, more wi”f be demanded of the associated |
electronics in order not to limit sysr_em'perforrrrcnce by non-lin‘eqrifies (in amplitude

and phase ) of the amplification: and mixing stages. This factor must not be over-

looked in the quest for lower sidelobes and-increased dynamic range in - SAW devices.
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[ts i'mpor’rqnce is pcr’rieulcrl.y,e“yiden_f fn the design of receiy'er_s Fer. pulse compression
radar.  The achieved raﬁge resoloffor) can 'fd" sh.orf.ofv fhe eeuchlenf shprf pulse
radar‘AFOr‘ mleifipl»'e"fdrgel_‘s and .;,fr'ong.-,clufter due: toﬁoh»-—iiﬁedﬁ_'ry befere_compregei.en
stage. This leads to very sffin_gent reqeiremenf_s,f on the liheerify‘ and dyr‘.\dmivc range
of the receiver F‘rom‘ end to realise 1:he full cepabilify of the SAW "pulse com'preésor.
t should be emphcmzed ’rhcf 'rhe mves’rmenf in SAW fechnology, compared

to IC fechnology, hds been very low while the retum on fhcf investment has been
very high. ~ For mlll'rdry radqr sysfems in pqr-'nculqr, it offers an clferectlve way ‘fo

sophlshccfed sngnal processmg wn‘h a mlnlmum of dlglfdl cchve lnfegrcfed c:rcuns.

This qlferncmve is po‘fen’ridlly cheqpe_r, more relidble, cmd less poWer—conSuming.

The current level of government resecrch suppor’r in ’rhe SAW fleld is eshmc’red to .

‘ be less rhcm $2 5 mllllon per yeqr (m the US) cnd this efforf hqs qpphcqhon in

EW, communlccmons, nqvlgdhon and other Flelds, besmles rcdar The Further

developmenf of SAW dewces are mcunly For cppllcchons in fhe mlln‘cry Fleld 50 ’rhat

~wn‘h a few excepflons, fhere is hf’rle commercml mcenhve to qdvqnce fhe fechnology

v

qmckly ~ This sn’ruqhon |usflfles conhnued governmen’r suppor’r for resecrch into SAW

' mcn‘erldls, mqferlqls processmg, devtce concep’rs cnd devtce desxgn in order fo achieve

greater economy in the design of rcdqr sysfems.
- Finally, it is clear that SAW devices have made a s'iAgnificqn.f contribution to

radar signal processing, a tendency which is certain to be accentuated in the next few

years. The research effort is well in touch with the applications needs, the major out=

standing uncertainty being about the best ways that SAW. devices can complement other -

emerging fechnelog‘ies whose limitations and strengths are not so well es’rcbliéhed"._




SURFACE WAVE DEVICES

TABLE A 3.1

"AND - POTENTIAL AREAS OF APPLICATION

SURFACE WAVE DEVICES

-BASIC

| DERIVATIVES

POTENTIAL AREAS OF APPLICATION

INTERDIGITAL TRANSDUCER

' Frequency Filter

Inverse Filter

t Colot “TV, Integrated _IF's ; Satellite Multiplexers ;ECM

Clutter Domincxfed Radar

for o e o

MULTI- STRIP COUPLER

Bit Matched Filter

Ac'ousﬁ‘c. Amplifier

" PSK Matched Filter”

PN PSK Gene‘rc»xfor'-_

- Digital -

Touch Sensitive’

- . Discriminafor Analog EM Demodulator- ‘
‘ O;cillafbf : | Stable Sources VHF to Microwave ; Specmlzsed Comms Frequency Synthesiser-
DELAY LINE _ - - Alhmetry, Anclog MT! Radar, Comms Pci'h Length. Equalxser Time Ordenng
’ ~ Tapped Radar Clutter Reference ; ECM; SSR '

: 'D[gitcl'Comms PSK Demodulator -

Long Delay for TV Frame Sforcxge ‘
Sprecd Spectrum Comms IFF; Infegrcfed Comms ,Navngchon cmd Idennﬂccxhoﬂ

Link Analysis ; Spread Spectrum Comms

) Recxrculchng Memory, Datc and chdwndfh Compressron Sonar o -

Man-Mcchme Inferfcxce ; Glass Intrusion

Improved Devices

Slgnal Rouhng

DISPERSER s -ngh Resoluhon Rcdcr chwgahon Group De!cxy Equcnhsers
4 Compressive Receiver Spectral Analysis ' o
Variable Delay Line ‘i Rangé Calibration ; Target Si.mﬁlcfioﬁ ; Electronic _Tirﬁing.; ECM ;
NON_UNEAR Convolver - ==~ - “Spread: Spectrum Comms ; Radio Asfrbnomy 3 FFT Processor |
Acoustic Imaging Non-Destructive Tesﬁ_ng: ’
>A‘cousto-OpH'c Displays, Cameras
WAVEGUIDE Signal Routing !

Acoustic IC's

Subminiature Signal Processing Sub-Systems

vec
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' APPENDIX IV '
. " Page o FIGURE CAPTIONS
I 6 ) Fig. 2.1 Prototype ge‘orﬁefr'y for surface-wave device.
B 9 Fig‘, 2.2 Surface-wave velocity on isotfropic subsfrqfesﬂ' v, = "frrdnsverse or shear '
' bulk-wave velocity . v = |ongifudinql bulk-wave velo.cify.\
' 100 Fig. 2.3 Am'pli‘ru'-de‘ of displacement components as a function of depth. Dis- -
' " placement components are in phase quadrature .-
' 11 Fig. 2.4 . Distortion of a square grid in sogiffql plane due to sﬁrfdée-dee.. Dis=
l pl'dceménr amplitudes are ex'og‘gervdf'ed".‘
' 12 Fig. 2.5 Mechanical Poynting vector, power flow per unit area perpendicular to
- sdéiﬁol ﬁiﬁne', as a function of dep’rh.:bellow‘\:surfo‘ce.
. 16 . Fig. 3.1 | @) Geomefry of an interdigital surface-wave fransducer . .
| ' (b) Sketch of electric field in the substrate.
. 17  Fig. 3.2 Electric field.components (arbitrary units) at the surface and L/4 below .
. the surface for one _se‘cﬁon of an interdigital transducer.
' 19 Fig. 3.3 @) Cross—secfi“on of an inferdigifcl. transducer.
' ' (b) © Side-electroded bar model of one section of transducer. ‘

. (c) ‘Mason .equivalent circuit for length L of transducer based on (b) . - |
| ' ” Z is mechanical impedance of bar, © |s transit angle =7 /wo
; ' =2xL /X, Wy is resonant Fréquency. = Qv /L‘, and C is
: f static capacity of section.
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Electrical equivalent circuit for ith. section of transducer. Ro
defined in Eq. 3.1, © in Fig. 3.3.

(@)  Three-port model of complete transducer.

(b) Equivqlénfoircdi’r as seen from ele_cfrical_ ’rer'rminq'ls;

Input admittance of a uniform inferdig‘iful- transducer, Eq. 3.6, os -
a function of hormalized frequency .

First-order reflections from the edges of the frahsddqer'fingers.

'Equivalénf circuit.of one Sec’rion of a transducer including mismatch

ai-fmgeredges Gi' 2110 /)\' O—Vn(L-—a)/)\ A=v/f,

= v' /f P V= v / T+ K /2 ) and fhe resoncmi' frequency

a_ L--a'-]
f, = [-—'—+ i1

_.‘_
i 2 o v'_'

@) . Geometry of a split-electrode transducer .

by Reflections from finger edges of a split-electrode transducer:

(@  Schematic operation of a three~phdse unidirectional transducer.

®) '_Geomvefry of a three-phase unidirectional transducer .

Relative amplitude of excitation of fundamental and harmonics of a

" uniform transducer as a function of metallization ratio, normalized to

fundamental value at o /L = 0.5 @ .

Transducer effic’:iency in decibels as a function of aperture for different

sheet resistivities.

w oPes o 20 = = - -8 - -.- -1"' - = ".
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Fig.

4:1

4.2

4.3

4.4

4.5

. 4.6

4.7 .
4.8

4.9
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() Finger pairs of an interdigital transducer.

b) Transversal fil’rer"-équ'lvcilehf of the transducer in (a) .

‘Block diagram of surface=wave filter.

Excitation of a surface wave by an electrical impulse with transducer
of varying overlap. Vo ) is the overall impulse response of the -

device. ..

Ideqlizéd:rechngul.qr band-pass characteristic and corresponding impulse

re_Sponse h '.(f) .

'chd—pqss chqrqcferlsflcs correspondmg fo the symmefrlcu[ truncation

.of fhe lmpulse response of F|g 4. 4b after (a) fourth and (b) sixteenth

zero of envelope - : (95) .

@) ."Weigg‘firv\\gf fu‘n.c%"rio.n' ‘of Eq 4{:_5 ) , :

(b) chd ~pass charac’rens’uc wh‘en |mpu|se response of Flg 4.4 is
o | fruncafed by ’rhe welghhng Funchon oF () »(95) . |

Ihpuf qdmiffnhce for qpprogimdfely réctqngulqr bqnd—paés chqrdcf-erisﬁcs

for cml‘q‘ssu'méc.l avéra;c‘;é beam w:dfh ofl'lOO )\ . |

Use_of_dqmmy el.e_c.:frq_des to éompensafe for phase errors iin dpod%zed

transducers.

Finger overldp weighting by series connection of electrodes ( cqpqciﬁvé

'coupling ) .
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Fig. 5.1

Fig. 5.2

- Fig. 5.3

Fig. 5.4

Fig. 6.1

Fig. 6.2
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Phase-weighting for non-dispersive band-pass filters.

Time separation of overlapping pulses of different frequencies.
Oscillator scans from f, to ' fE during the pulse interval. (b) is

_dispersi’on characteristic ofﬂ.chirp filter., -

Pulse compressors using one. or two dispersive transducers.

() Desired frequency and phase characteristic of filter.

(b) Rgspf)nsé of‘uhi"fo‘rr‘n ‘frq?sﬁdltfcer and exm’ra’rlon chq'rac‘re’ris‘ric“
| <an fin‘ée‘rs‘:.o'f nxO'n‘-.u’niqum, ﬁdh_sdﬁger, .’frqﬁsil‘a‘.’red’ fo.‘a time
é;i;;ehdenég. R o o

(© ., Welghfmgfunc’rlons for"l'-'refsn'el__r.’ip’ple and ’rirﬁe sidelob‘es.'

(d) ' ."qud'izihg:fqnc’riorj for exp'dn'd.o'r»ﬂ.

(e) | Apodlzmg f_Uh’c’vri'oh for.compresspr,.' ‘

Inglined doubly .div.spersiye.‘chirp compressor . . B

(@) Phase coded transducer for a* 5-bit Barker code, 2 cycles

per bit.
(b) Surface-wave at instant of correlation fo .
€) Electrical output as a function of time in units of 2x /v .

Degradation of amplitude of porreld’rion peak and increase of side~

lobes due to frequency shift in a 13-bit Barker code, 6 cycles per

bit (35) .

- P = -  - - s e ‘ - - “ o o wfu -
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qu'ggeréd‘ or inclined phase-coded frcméducer.

Programmable phase-coded delay line.

Geometry of a reflective array compressor. Inclined grooves are
etched into substrate surface .

Expected performance limits of reflective array compressors. Circles

indicate operating devices.

A reflective array in.a non-dispersive band-pass filter configuration.:

~

(@) - Surface-wave oscillator configuration.-

~(b) = Frequency response of the OUfpuf frunsduce.s:r‘. :

* Two acoustic tracks coupled by a multistrip coupler.’

K

in Eq. 9.1 as cx.funci‘ion: of the number
- of peryiodsv_per_:if_quelengfh.
b) ... v._Theore'r.i_cczl_frequency\lr_esponse ofa 'rrqck:c_hcx.'n:ger designed for

‘complete transfer at ¥ = 0.375.

Signal amplitudes in a 3 dB coupler for incident 'signcx[s A] + Dy

and D, .

2
The 3 dB multistrip coupler as a reflector.
Experimenfql|y_defer‘mined surface-wave attenuation as a function of

frequency for (0)': Y X quartz, (b) (110) propagation ona [110]

" ‘plcmé of B‘GO, and (C) Yz Li Nb 03 <79) ‘
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Page | '
| 145 Fig. 10.2 Cdlculafed and me;usured cou‘pli’ng factor, Kz_.j, for VZn 0 layers . .'
on fused qua’rrrz’and OX.IdIZed 5|||con as a funcflon of ’rhlckness /wave- ‘
|engfh ratio (28) . | | | , I
151 Fig. 10.3 Phofé—li'rhographi.cl: éohfdéf print f.JAroceSSes | '
@  Artwork and phofomask produc’rlon, (b) C'hemicql etching .- |
process, and (c) Llff—off or stripping process (G4, p.22) - '
152 | Fig. ]0.4 v S:c'hem':af(f'c représeh’ra’rion oflpho'r.o-li.’rhogrvaph’icvz processes. - '
154 Eig. 10.5 Djag;'c;‘hi'k:;fi:'\/ci_cpbm:f:rdr_h; for 'Q;;_:,' Qyif'h fl%gi'blé‘ph;’rvém.dsks. | | l
156 Fig. 10.;6 ‘Ele"cf_r'og':' be_a.m ii_’rl%og,raphy t‘Jsi.n'g a éca_r“ming“e lectron microscope , .
(G4, 94,22) . '
158 Fig. 1'0.."7 , Diégram oFeIecfronbeam prolechon :|ii'.|;|vogl"qp‘hyj sys’rem (G4,p22) ‘
159 Fig. 10.8 - Diagram of .s‘oFf x—rdy |ifF;§‘grdphi¢.'_$‘)/Sf¢fr;... [nset shbws, 'ir'n'dge: blurrjng | '
due,“’ro Finifg 5|ze éf '>‘<-r,ay._§ou.r'ce_ ( G,44.,' 57_22 3. | | .
; 165 Fig. 11,.1 Transverse diffraction profltles for dlffereni values of F. Eqs 11.1 '
| ~and 11, 3 (93) | |
168 Fig. 11.2 Cross-sectional sketches for three "rypés :of acouéfic Wavegu_ides . 3 '
171 Fié. 11.3 | Schematic aﬁd r)elevan’r paramefers of a, proposed 1.0 m;, Af =60 MHz, '
Fo 83 MHz, delay line. (77).. | ’ .
175 Fig. 12.1 Combirlxed--medium surface-wave delay line amplifier (48) . | |
177 Fig. 12.2 Separated-medium surface-wave delay line amplifier (48) . ﬁ
']
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Fig. 12.7
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Fig. 13.3
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Gain versus frequency for Li Nb O3 and silicon-on-sapphire

separated-medium amblifier “43) .. |
¥

Monolithic amplifier configuration (13) . -

Strip-coupled amplifier with semiconductor overlay-. | G5, p.171) .

Theoretical and experimental noise figure  versus electric gain for

Gain .versus, drift field for monolithic c-jmplifieljof Fig. 12.4 (13) ..

- Saturation characteristic for mono!i’rHic amplifier of Fig. 12.4 (13) .

Theoretical gain versus’ réldfiye drift. velocity for strip-coupled
amplifier of Fig. 12.6 . Running parameter v is sirip to wavelength
ratio p /N (G5, p.171) .

Schematic representation of a surface-wave degenerate convolver. -

Schematic of surface-wave convolver with interdigital integrating

. electrode.

Diagram of separdfedmedium.__sémiconduci’r,oﬁcoupled convql\}er.
Schematic of post-supported Si - Li NE)VO3 convolver (G6, p.142) .

Schematic of sfrip—‘coupléd convolver (G6, p.145) .
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