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00 SUMMARY

ThIs Jews the applications that SAW (Surface Acoustic Wave) fi l te rs and delay lin s have to con- .
municat ions and radar systems. The development of SAW resonator, at frequencies up to I 6Hz is reported ~~~~~~~~~~~~ •.

together with their promise for stabilizing precision oscillators. Such oscillators could be useful . fc”
q

~~~~ 

examp le , as clocks for CCDs. Operation directly at 1 GIls eliminates the multip lier chains required for
conventional quartz oscillator s . The use of miniature SAW transve rsal filters for banks of conti guous
filters Is shown to be important in reducing the size of fast frequency synthesizers end mu ltl pl.xers for
spread-spectrum cousnunication s applications. The design of a 9.1 llzec delay line with eli spuriou s echoes
70 dO down is described together wi th its radar s ignal processing application .

I . INTRODUCUON

The s i gnal processing capabilities of SAW and CCD are generally comp lementary. SAW (Surface Acoust ic Wave)
devices are capable of bandwidths up to 1 GM, but are limited in time delay to 100 ~&sec , wh ile CCD (Charge
Coupled Devices) can have tine delays up to 0.1 sec but bandwidths are gene ral l y tens of megahertz. (See
Fi g. I .) The two technologies era also comp lementary i n that CCD devices requi re a clock which can be pro-
vided by SAW technology. This paper w i t ’ focus on the very small time delay section of Fi g. 1 and wi l l  be
concerned with SAW bendpass filters and resonators. These components are much smeller than their electro-
magnetic counterparts and are lower cost , as they are fabrica ted by the same photolithograp hic techniques

a used for integrated circuits. We will describe applicat i ons of these filters towards stabilizing precision
.4 oscilla tors and reducing the size of fast frequency synthesizers and frequency muit iplexer s . F in a ll y, the

application of SAW delay lines to radar signal processing applications will be described Including the
techniques required to maintain all spurious responses 70 dO below the 9.l-usec delay time .

2. SAW RESONATORS

Recently Laker . et. al. (LAKER , K,H,.., 1977) have reported on the deve l opment of SAW resonators with Qs
from 1.000 to 5000 at 0.8 6Hz. (Fig. 2) Such hlgh-Q resonators are of Importance In stabilizing the fre-
quency of precision oscill ator s used in coeriunicatlon and radar systems. Figure 3 shows the two small
transducers in the center which are used for the slectromagnetic Input end output. Acoustic standing waves
are bu 7L up between the lony reflectors consisting of l-.w -wide aluminum lines on 2-.,n centers. The
hi gh-Q of the acoustic resonance coup les the input to the Output transduce r .

A simple estimate of the Q can be obtained by assuming a reflectivity parameter for each g rat ing l i ne and
accounting for propagation and diffraction loss (BELL , D.T,, JR ... l976). Because stri pe reflect ion coeffi-
cient data are scarce a t these hi gh frequencies , the value of r — - .006 gave reasonable agreement with
experiment. For this case, the unloaded Q-factor in air we, calculated (LAKER , K.R...1977) to be 5090, in
air and 5540 In vacuum . Fi gure 2 shows that the increase in 4 obtained by evacuating the resonator was in
good agreement with that calculated by simple theory . The 4 due to propagation loss in vacuum on quartz is
12 ,500 at 0.8 6Hz. This when combined wi th diffraction loss results In a Q of 8000, which can be approach-
ed as ot~ er loss mechanisms are minimized .

Fi gure 1. shows a comparison of SAW and conventional electromagnetic resonators. The helical resonator is
one-half waveleng th long. The die).ctric resonator uses stro ntium titenete to reduce its size. The SAW
resonato rs have sme l ler size , sub s tant ia l ly  higher 4, and the advan tage of being planar . The las t fac tor
make s them compatible w it h integrated circui ts and m icros tri p end contributes to l ow—cost mass production .

Fi gure 5 shows a comparison between a SAW stabilized r.sonator at I 6Hz end a conventional 20 MHz crystal
osc i l la to r with the multipliers , amplifiers , and fil ters necessary to produce an output at I GHZ. Quartz
cr ys tal oscillators cannot operate at frequencies substantially higher than 20 MHz, as th. thickness of the
crystal must be either one-half acoustic wavelength thick or an odd mult iple thereof. For frequencies
above 20 MHz the quartz crystal beco.~ s too fragile. The planar SAW device operating d ectly at 1 6Hz
eliminates the multiplier chet n wi th an approximate savings In size and weight of a factor .F ‘~) together ~~
wi th increased reliability. The SAW filter requires the use of only one surface of thu crystal . The
remaining five sides may be chosen , for uxeep le , to reduce the vibration sensitivity.

>—p
Q Fi gure 6 shows the insertion loss of th. SAW resonators over a much broader range than in Figure 2. The
~~~~ Ins ertion loss of the unmatched resonator is 33 dB (LAKER, K.R...,1977). By crud. stub tuner matching th•

insertion loss was reduced to 22 dB and the 4—factor degraded to about 3900. The lowest insurtion loss of .
~~~ ~~~C...) 10 dO was obtained by Inductiv , matching of th. input and output transducers. -

~~ ~~

ILj The off-resonance coupling between the input and output is due to electr omagnetic leekeg. and aco.a tic o
cross talk. Fildes and Hunsinger (FILDES , R ,D 1976) have sh~~ that unidirectional t ransducers can 0 ..~

U be used to substantially reduce the acoustic cross -talk between the transducers.

~ r—
The long term stability or aging of SAW resonators is not as good as conventional resonator.. ~dems end
Kust ers (ADAMS , CA 1977) have observed long term stabi l ities of no better then I pert in 10° per day
as compared to bulk-wav e resonator s , d~ose long term aging is better than I part in low per day . As the
relative ly young SAW technology matures , the ag ing should also improve . ~

3. FAST FREQJ~ NCY SYNTHI SiZI~ ~~~~~. —

We shall now discuss important application s of SAW bandpass, transve rsa l filters , shlch in analogy to
resonators are much more ccmp.ct than their electr omagnetic counterparts . SAW transversal filters below
100 MHz are being sees produced at a coat of under $2.00 for use in color TV end gee... This paper w i ll

_ _ _ _ _ _ _ _ _  - .. - 
-
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discuss SAW filters at hi ghe r fre quencies , where they are even smaller . A 2) channe l conti guous filter
bank from 500 to 600 MHz occup ies an area of only 9 by 25ms. (See line drawi ng in Fi gure 7 and photograph
In Fi gure 8.) FrequencIes can be sw i tched by the PIN diodes In less than 5 nsec . a function useful for
coherent frequency-hop coding In spread spectrum communicat i ons systems (LAKER , K.R 1976) .

The desired frequency synthesis is achieved by feeding a uniform comb spectrum , which is harmonically re-
lated to a stable reference oscillat o r or clock , into the filterbank, Each SAW filter is tuned to one of
the diffe rent frequencies of the comb Spectrum . Hence , a g iven frequency is continuously available at the
Output of the filter . The spectral purity of this signal is as good as the out-of-band rejection of the
filter . Out-of-band rejections In excess of 60 dB are achievable. The stability of th, si gnal is the
sane as that of th, reference clock. The switching speed is that of the diode switch , whose on-off-ratio
can be h.ld in excess of 60 dU .

Fi gure 9 shows a mixe r technique of using two of the above basic building blocks to substa ntially increase
the number of available frequencies (SLOBODNIK , A .J .,JR 1976). As illustrated , one tone from the 9
channe l filter bank is mixed with one from the 7 channel bank to obtain 63 tones with only 16 filters.
The frequencies of each of the banks is carefully chosen so that , for a iven mixing stage. only the de-
sired sum or difference frequency falls within the bandwidth of the broadband electromagnetic filter
following the mixer (thereby eliminating mixe r spurious) . The second mixe r stage can be used to produce
the desired Output frequencies . Fi gure 9 also illustrates the multi pliers and snap-diode comb generators
which can be used to implement the dual comb generator .

Frequencies in the low g i gahertz range can be met wi th sub-micrometer iin ewidth int e rdi g ita l transducers
using either electron-bean fabrication or direct optical projection from lox masters , (B UDREAU , A ,J 
1975). To reduce the demands on the device fabrication , these high operating frequencies may also be
achieved by operating filters at third overtone modes or by using hi gh ve lo city substrate materials Such
as aluminum nitride—on-sapphire thin films and beryllium oxide , whose velocities are of the order of
6000 ‘n sec . (roughly twice that of ordinary materi als such as quartz). (BUDREAU , A ,J 1975)

SAW filters with 0 7  Ian llnewl dth s and spaces on l i thium tanta late and with a frequency of 1 .03 6Hz were
fabricated using direct optical projection (BUDREAU . A ,J i9’5) Advantages of th i s technique are (I)
lOX ohoto litho graphic masters are less expensive than one-t -one masters , (2) the master need not be in
ph’~sica I contact with the subs~ rate thereb y increasing its l i fetime , and (3)  ease .~f varying the magn ifica-
ti ne sli ghtly about lox for fine frequency tuning. The final one-to-or e image is obtained with a hi gh
resolution reducing len s directly in photoreslst on the substrate. Fi gure 10 Illustrates hi gh quality
0~~ end 0.9 ~r wide metal transducer lines made by dir ect opti cal projection (KEARNS , W ,J i9’71 ,

MU 1’! IP LEXE KS

C .~rrt i g~~us banks of SAW filt e rs can be used , as shown in Fiç ~ure Ii. to make compact frequency multiplexers .
The sing le electromagnetic input in Fi gure ii co~res through the 3 dB input attenuation (whose purpose is
to keep the input voltaqe-standinq-wave-rat lo below 2) to the 8 input transducers. These are connected
electrically in parallel to keep the triple-transit spurious below 45 dB (SLOBODNIK , A ,,J . ,JR 1975).
This novel technique eliminates the need for an electronic power-divider at the i nput , with its associated
s ize and losses . The 8 output transducers , which are barel y visible in the photograph , are connected to

— S matchin g output inductors . These, in turn , are connected to the 8 coaxial cables going to the output
~~~nr’ e to rs  on the front of the package . It is apparent that these are the largest s ize  determining d c -
‘rents in this laboratory prototype package . These connectors would not , of course , be required in a sys-
tems application , where the filterbank would be directly connected to the output electronics . Note also
that there are actually 16 SAW filters vi s ib l e on the two lithium tantalate chips . The ex t ra f i lte r s
would not be necessary due to the very hig h yields recently achieved with direct optical p rojection
(KEAR NS . W ,J , ,, .1977).

A photograph of the Insertion loss (10 dO per division) versus the frequency (20 MHz per division) for the
8 output channels is shown in Fi gure 12 . The insert ion loss across the band was 33,5 dB plu s or ninum
1 .5 dO. The insertion loss could have been at leas t 4 dO l ower if there had not been a 45 dO triple-
transit r.qu~sm.nt. Van de Va.rt and So) Ia (VAN DE VAART , H ,,,., 1976) hay. obtained 10 dB insert , on loss
for an 8-channe l multiplexe r rang ing from 190 to 232 MHz by thu novel use of multistri p couplers for di-
viding the acoustic power on a lithIum niobat e substrate . The triple-transit was only fl dO down , however .

The mu l ti p iexer s under discussion ar, useful for (I) frequency division multi plexing to obtain optimum use
of the bandwidth capacity of a coumeunications channel, and (2) channe lizad receivers for thu real-tim e
spectra l analysis of pul ses. Fil ter responses uluful for pulses are different from those for continuous
• ‘ yes (of the sort used for the frequency synthesizer). For pulses , fil ters are sought to b. hig hly selec-
t ive in the frequency domai n and relatively di stotio n less in the time domain. One approach is to use
conti guous Sutterworth filters in a double—detection Signal processing scheme (SL0800NIK , A ,J ,, JR.. ,,l975).
In Fi gure 12 . we have used a recent ly discovered (Si.OeODNIK , A .J .,JK 1975) Fla t Exponential Filter (FEF)
function , which has a flat in-band response , end an exponential out-of-band response. In contrast  to a
Butterworth filter , wh i ch is stra i ght—forward to iaplement with l umped constant elements , the Flat Exponsn—
t ial Filter , is stralghtfcward to imp lement wi th SAW transversal filters. When compared to a two—pole
Bu tterworth filter , the FEF has better frequency selectivity , wh i ch is surprisingly not sacrificed in the
t ime domain. This may well be the first of a sar ’es of new f ilter functions which are easier to implement
w i t h  SAW rather than conventional filters,

5. LOW SPUKIOUS DELAY LINE

Finall y, the application of a SAW delay line t o e  radar signal processing application w i l l  now be descrIbed .
the most critic al goal wes to alai ntath the tr ipl e -tran sit and other spurious responses below 60 dO at the
30 14$z intermediate signal processing frequency (See Table I). At this frequency , bulk wave s had in the
past been difficult to suppress due to the fact that they have neg ligi bl, attenuation . The solution to
this problem was to use an orientation of llthkies tantal .te for which the p eio.lectrlc couplIng to volume
and plate waves was very weak (CARK , P.M ., ..1976) . The MDC (Minimum Diffrac tion Cut) of lith Ium tantalate
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discovere d by Slobodnik (SL000DNiK ,A,J ,,JR ,,,..1975) to have diffraction spreading retarded with respect
to an isotropic medIum by a factor of 20, has th is  desi rable property. F i gure 13 illustrates that the
long i tudinal volume wave spurious , which arrives i n about 5 ~sec for YZ lithium niobate , is absent for the
MDC li thium tantalate,

A l ine drawing of the delay line is shown In FI gure 14. The transducers were separated by 3.10385 cm . The
bottom of the substrate was rough ground and tapered to minimize any possible Interference from bulk waves.
The lithium tantalate slab was epoxied onto a stainless steel backing plate. This gave a strong , rigid
structure , which made i t an easy task to maintain flatness of the top surface to wi thin three optical wave-
lengths . Randomly spaced holes were drilled into the stainless steel in order to Scatter any possible
volume waves . The elec tromagnetic leakage was maintaIned well below the 70 dB level by (I) grounding
oppos i te sides of the transduce r and , (2) by maintaining the surface of the crystal within 0.025mm of the
bottom of the cover . This delay line illustrates that it is Indeed possible to keep the spurious responses
of SAW components below 70 dO.

6 . CONCLUSION

We have reviewed the promise that SAW devices have for stabilizing precision oscillators directly at fre-
quencies up to 1 6Hz . Such osc i l lators a re usef u l , for examp le , as c locks fo r CCD s . Operation directly
at i GHz eliminates the bulky multiplier chains required with conventional quartz oscillators . We hive
shown how the small size of SAW transversal conti guous banks can play an important role in reducing the
s ize of f as t frequency synthesizers end mult ip lexers for Important comm unications appl ica t ions.  F ina l l y .
we have shown how it is possible to desi gn SAW delay l ines for radar si gnal processing appl icat ions wI th
all spurious echoes below 70 dO,

REFERENCES

A
I . ADA MS . C ,A , AND KUSTERS , J ,A ,, 1977. Deep ly Etched SAW Resonators .” 31st Annual Frequenry Control

• Symposium.

2, BELL . 0,1,, JR ., AND II , R ,C ,M ., 1976, “Surface—Acoust ic-Wave Resonators , ’ Proc . IEEE . Vol 61+ . p 711 .

3. BUDREAU . A ,J . , KEARNS , W .J ,, AND CARR , P.M . 1975 , “State-of-the-Art in Microfabrication of SAW Devices .
1975 UltrasonIcs Sympsoium Proceedings , IEEE Cat.No.75 CHO 994-4SU , p 458 .

4. CARR , P. H ,, FENSTERMACHER , I.E ., SILVA , J .H , , KEARNS , W .J ,, AND STIGLIT Z , M,R ,, 1976. SAW Dela y Line
with All Spurious 70 dB Down ,” 1976 Ultraso~ lcs Symposium F’rocecdings . IEEE Cat . No. CMII2O-5 SU . p1159,

5. F i LDES , R ,D,, AND HUNSINGER , W ,J , , 1976, “Ap p flc~ tIon of Unidirectional Transducers to Resonator
Cav itIes ,” 1976 ul trasonics Symposium Proceeo nqs , IEE E Cat. #76-C~lIl2O- 5S U. p. 303.

6. KEARNS , W ,J ,, 1977. Private Communic ation .”

7. LAKER , K,R ,, BUDREAIJ , A .J ,, AND CARR , P.M ., 1 976 . “A Circuit A pproach to SAW Filterbank s for Frequenc~
Synthesis , Proc. IEE E ., Vol 64 , p 692 .

8. LAKER , K.R . , SZAOO , T,L ,, ‘NO KEARNS , W ,J . , 1977. “Hi gh-Q-Factor SAW Resonators at 780 MHz ,” Electronics
Le tte rs . p. 97,

9. SL0000NIK , A ,J ,,JR., FENSTERMACHER , I.E ., KEARNS . W ,J, . ROBERTS . G .A . , AND S ILVA . J .h ,, 1975. ‘A M i n i
mum Diffraction Lithium Tantalate Substrate for Contiguous SAW Butterwo rth F i lters ,” 1975 UltrasonIcs
Symposium Proceedings, IEEE Cat. No, 75 CHO 994-4SIJ, p. 405.

10. SL0000NIK . A ,J ,, JR ., OUDREA U , A .J ., REARNS , W ,J ., SZAB O . T ,L ,. ANt ROBERTS , G ,A ,. 976 . SA~ Filters
for Freq uency Synthesis Applications ,” 1976 UltrasonIcs Symposium Proceedings . IEEE Cat. 76 . H1l20-55U .

Il . SL0800NIK , A .J ,,JR., LAKER , K ,R , , FENSTERMA CHER , I.E ., 1975 . “A SAW Filte r with Improved Freq .enc~ and
Time Domain Characteristics for the Frequency Measure me nt of Narrow RE Pulses .” )75 Ultreson cs Sym-
posium Proceed ings , IEEE Cat . #75 , CHO 994—4SU, p. 327.

12, VAN DC VAART , H,, AND SOL IE , L ,P. , 1976, “Surface—Acous tic-Wave Multiplex i ng Techniques. p roc . IEEE
Vol . 64 , p 688,



-
~~~~~~~~

a

3-4-k

FIGURE CAPT IONS

1 . Plot of the si gnal processing bandwidth versus process ing t ime for Surface A coust ic Wave and Charge
Coupled Devices ,

2. Plot of the emplitude response versus frequency for 780 MH z SAW resonator in a i r  and in vacuum.

3. Photograph of a SAW resonator,

4. Comparison of diffurent resonators at I GHz. On the left , Is a helical resonator (Q — 1000) . in the
center is a high dielectric constant resonator (Q — 1000), and on the ri gh t is a quartz chi p w i th  5
SAW resonators with Q for 4000 to 5000.

5. SAW oscillators Operate directly at 1 GHz and thereb y el imina te the bulky mul t ip l ier cha i ns requ ired
with conventiona l quartz crystal oscillators.

6. Insertion loss versus frequency p lot for the resona tor shown in Figures 2 and 3 for unmatched (top)
and matching with stub tuners (bottom),

7. Drawing of UHF Frequency Synthesizer using a compact contiguous SAW filter bank.

8. Photogr.ph of the Frequency Synthesizer of Flgure 7.

9. Schematic of how the outputs from two “buildin g—block” frequency synthesizers of Figures 8 and 9 can
be mixed to Increase the number of available frequencies .

ID. Photograph of suburicrometer aluminum transducer lines made by direct optical projection .
I

II . Photographs of a I x 8  UHF SAW multiplexe r . The photograp h on the left shows the empty can while on
the ri ght we see the SAW f i i ters.

• 12 . Plot of the insertion loss (10 dB /div) versus frequency (20 MHz/div) for the eig ht different outputs
of the SAW multiplexer of Figure Ii .

13. ComparIson of the 9,1 1,sec delay li ne output for Y-cut , Z-propagatlng lithium niobate (left) , and
Minimum Diffraction Cut lithium tantalate , Illustrating the l ower volume waves of the latter .

11+. LI ne drawi ng of the 9.1 ~ssec delay line showing the canted sides for suppression of bulk waves .
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