
l ii rr p x d u c t i  on

Surface acoustic waves (SAV/) have crav.n much attention of 

research workers in  the fie ld  of VHF/UHF signal processing a l l

over the world following the introduction  of the in te rd ig ita l  trans-

1 2-3
duccr (IDT) by White and Voltm er in 1965. Various SAW devices

such as VHF/UHF delay l in e s , bandpass and chirp f il t e r s , o s c il la 

tors, convolvers, correlators , frequency synthesisers , real-time 

processors, e t c . ,  have found wide applications in  radar and UHF 

singal processing , spread spectrum communication, a ir  t r a f f ic  

control, electronic  w arfare, microwave radio relays , and consumer 

electronics  such as TV due to the ir  exceptional performance in  the 

frequency range from 10 MHz to 2000 MHz. The stim ulating factors 

behind the steady growth of SAW devices are : a) low velocity  of 

SAW, which is  about five  orders o f  magnitude le ss  than the e lectro 

magnetic wave v e lo c ity , b) a v a ila b il it y  of SAW at the surface , 

which allows tremendous f l e x i b i l i t y  in  the design o f  transducers 

fo r  frequency shaping and matching and c) com patibility  of fa b r i

cation  process w ith  IC  technology.

1
The IDT f irst  conceived by White and Voltm er is  the key 

element of any SAW device.. The IDT consists o f  a series  of in te r 

leaved electrodes made from a metal film  deposited on a p ie zo 

e le c tr ic  substrate , as shown in  F ig . l .l o l .  For  maximum coupling 

of energy the width of electrode is  kept equal to the width o f the 

inter- elect rode gap. An a ltern ating  voltage applied  across the 

transducer term inals w il l  produce, through p ie zo e le c tr ic  e ffe c t ,
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F i g . 1.1.1 I l l u s t r a t i o n  O f SAW F i l t e r
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a strain  pattern of p erio d ic ity  /  , equal to the p er io d ic ity  of 

electrode structure. I f  the frequency of the applied  signal is 

such that A is  close to the surface wave wavelength, there w ill  

be strong coupling of energy from e le c tric a l  to acoustical form 

and v ice  versa  through resonance e ffe c t . T h is  leads to genera

tion of Rayleigh waves or surface acoustic waves which propagate 

over the surface o f  the p ie zo e le c tr ic  substrate in two opposite 

directions away from the transducer. Thus the IDT launches sur

face acoustic waves equally  in both d irections  as a result o f its  

structural symmetry. Due to the anisotropy of p iezo electr ic  

crystals  commonly used for  making SAW dev ices , e .g « ,  quartz, 

lithium  niobate , e t c . ,  only certain  cuts of crystals  and certain  

alignm ents of transducer fingers  result in energy propagation 

perpendicular  to the e lectrodes . Some commonly used SAW subs

trates are Y-cut, Z-propagating lithium  n iobate  (YZ L iN b O ^),

Y - cut, X - propagating quartz (YX q u a rtz ), ST - cut quartz 

etc. A second IDT placed in  the propagation path  can be used 

to detect surface waves, thus forming a delay  l in e  or f i l t e r .

The unwanted surface waves are absorbed at the ends of the crys

tal by means of black wax or spec ia l  adhesive tape. An up-to-date

2
data o f SAV7 crystals  are given in  reference .

The IDT has two basic  flaw s . The f ir s t  is  it s  re lativ ely  

high  insertio n  lo ss  resulting  from b id ir e c t io n a lit y . In  a two 

transducer configuration  for  delay  l in e  or f i l t e r  a p p lic atio n s , 

only a h a lf  of the acoustic  energy reaches the receiving  trans

ducer where a half of th is  energy is  coupled out and absorbed 

into  the external matched lo a d . Thus the th eo retica l  lim it to
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4

the minimum insertion  loss of a SAW f i l t e r  consisting  of b id ir e c 

tional transducers (BDTs ) is  6 dB. The insertion  loss of p ractical 

SAW f ilt e r s  using IDTs is in the range from 7 to 20 dB due to 

d ifferen t  p aras it ic  lo sses , such as propagation loss* resistive  

loss  in  transducers# d iffra c tio n  loss* bulk wave conversion lo s s , 

etc. The second drawback is  the relatively  large  triple  transit  

echo (TTE) which poses a serious problem in SAVJ delay lin es  as w ell 

as in  f i l t e r s , since it introduces strong in-band ripples4 in  the 

frequency response-.

The highest frequency of operation of SAW f ilt e r s  i s  lim ited 

by the photolithographic  resolution.. A pplication  of electron beam

4
lithography has pushed the frequency lim it to the extreme of 

L-band (3G H z). Latest  design techniques for  w eighting the IDTs 

may be used to realise  SAW bandpass f i l t e r s  with extremely tight 

sp e c ific at io n s  and complex frequency response shapes. These advan

tages are to some extent o ffset  by the h igher insertion  loss of 

IDTs , thus narrowing down th e ir  range of applications . Improved 

transducer structures called  u n id irec tio n al  transducers (U D T s )^ "* 44 

have been conceived in  order to overcome th is  drawback. Such

transducers which are driven by multi-phase e le c tric a l  signals

3 4
have resulted in  in sertio n  loss as low as 0 o72 dB . But t h is  is

achieved at the cost o f other good features* v i z . ,  frequency

shaping which becomes more d i f f ic u l t  in the case of UDTs, since

th e ir  m odified structures do not permit as much f l e x i b i l i t y  as

in  simple IDTs for  amplitude o r  phase w eighting . Considerable

work has been done to r e a lise  low loss SAW f i l t e r s  with desired

70
frequency response , but there is  a need of more intensive

Cop
yri

gh
t 

IIT
 K

ha
rag

pu
r



research in th is  area to achieve p erfection .

A UDT consists  of several IET sections separated physically  

by a certain  fraction  of acoustic  wavelength such that surface 

acoustic waves are launched p referen tia lly  in one p articular  

d irection  at resonance frequency and are cancelled in phase in the 

opposite d irectio n / when these sections are driven  by multi-phase 

e le c tr ic a l  s ig n als . Of the various UDT configurations developed 

so fa r , the three-phase UDT and the group type quadrature phase 

UDT (GUDT)^ are found to be the most attractive  for  p ractical  

applications  for th e ir  wide bandwidth and low insertion  lo s s .

The author made a thorough review of the different SAW

transducers and the ir  performance. Though there appeared in litera-

7—12
ture a number of good review papsrs on XDTs, their  models and

a p p lic atio n s , no systematic and up-to-date review  work on UDTs has 

so fa r  been p ublish ed . I t  in it ia te d  the author ±o carry out a 

lite ratu re  survey on the development of d iffe re n t  UDTs and t h e ir  

applications.. Chapter 2 o u tlines  b r ie fly  the above review  work, 

which includes  the most up-to-date data on UDTs (w ithin  the lim i

tations  of the lib rary  f a c i l i t i e s  locally  a va ilab le  at the time 

of submission of th is  t h e s is ) .

Before introducing  the topics  on which work has been carried  

out and reported in  th is  t h e s is , it  would be worthwhile to give  a 

g ist  of some basic  work done on SAW devices which are relevant to 

the present work*

The IDT has been analysed following the Mason equivalent

ft 12 
c ir c u it  approach or by solving  aco u sto- electn c  wave equation
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in  the p iezoelectric  substrate using appropriate boundary condi

tions . The f ir s t  method is  much simpler than the second and is  

used for the f ir s t  order design of SAW devices..

7
Szabo et a l . reviewed the  various models used to describe

8
the frequency response of IDTs/ These models are s l) impulse 

model using crossed fie ld  equivalent c ir c u it , 2) impulse tsine

w ave)9 model, 3) delta  function^-0 model, 4) m odified delta func-

7 11 12
tion model, 5) spectral w eighting model, and 6) space harmonic

model. The impulse models are useful to calculate  approximate

values of tran sfer  function and input impedance o f the IDT . The

delta function  model provides the norm alised tran sfer  function

shape and does not give the absolute insertion  loss or input

impedance. The spectral weighting and space harmonic models

are more accurate but involve lot  of computation. The second-

order e ffects  pose serious problems in  the design  of SAW f i l t e r s .

Lot of investigatio ns  have been carried  out to correct the vari-

13
ous second-order e ffects  , v i z . ,  d if fr a c t io n , wavefront d isto r 

t io n , surface wave regeneration , RF in terferen ce , bulk wave 

rad iatio n , electrode resistance  e ffe c t , etc. A fool-proof 

design  which takes into consideration  a ll  the second-order 

e ffe c ts  is  almost im possible in practice . Attempts are , there

fore , made to elim inate these e ffe c ts  or to compensate fo r  them 

1 4 . 4 .
through the use of sp lit  fin gers  , dummy fin gers  , m ulti- strip

72
c o u o l e r ^ ,  good RF sh ield in g  between input and output transducers , 

etc*

When a surface acoustic wave is  inc ident  on a transducer, a 

part of it  i s  reflected  back, a part is  transm itted forward, and
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the remaining part is  converted into  electrical energy and 

ab s o r b e d  in  the load . S im ilarly / i f  a signal is  applied across 

the transducer, a part of it is  reflected back to the source and a 

part is  converted into acoustic waves which propagate in  both 

d irectio n s . As it  is offen  required to estimate the value  of 

d ifferen t  scattering  parameters49 in  the design of any SAW device , 

a simpler analytical method for their  quick evaluation at d i f f e r — 

ent frequencies is  found necessary . With th is  view# simple analy

t ic a l  expressions that give the frequency and load dependence of 

d ifferen t  scattering  parameters have been derived by the author

0
using  crossed—f ie l d  equivalent c irc u it  model • Chapter 3 presents 

the above simple scattering  analysis  for  both ordinary IDT and GUDT, 

and the results of related experim ental investigations  on YZ—LiNbo^ 

samples to examine the v a lid it y  of the theory. The d iffe re n t  

coniDonents o f  SAW reflectio n  o rig in atin g  from regeneration and 

p ie zo e le c tr ic  f ie ld  shorting under metal electrodes are in v e s t i

gated in  d eta il  both theo retically  and experim entally . The simple 

theoretical form ulations are found to y ie ld  results  comparable to 

those obtained from more rigorous analyses involving  lengthy 

computations5 0 . The results  for  the scattering  parameters of 

GUDT are p artic u la rly  useful fo r  the design o f  low loss 

f i l t e r s *

The most a ttra ctiv e  feature  of SAW bandpass f il t e r s  is  

t h e ir  c ap ab ility  fo r  frequency shaping realisa b le  through d i f f e r 

ent w eighting  techniques. Amplitude w eighting  for frequency 

shaping i s  implemented in SAW f i lt e r s  by f in g e r  withdrawal or 

apodisation  methods* The withdrawal w eighting  technique e ffe r s
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low loss but it is  useful for  designing only narrow band C c. 5*/ )

73
f ilt e r s  . On the other hand, apodisation  is  a more v e rsa t ile  

tool to design a SAW f i l t e r  for small transition  bandwidth and 

large  sidelobe rejection .

The apodisation p ro file  fo r  the frequency shaping of SAW

transducers may be calculated  follow ing  an analytic  approach

sim ilar  to that used in design of a d ig ita l  F IR  f i l t e r  based on

window functions'1'4 . Such design approach is , however, v alid

fo r  symmetric bandpass f i l t e r s  and does not take into  account the

second-order e ffe c ts  typical of SAW f i l t e r s  in  the f ir s t  stage of

calcu latio n . The la tt e r  is  normally incorporated as correction

13
terms a fter  the f ir s t  order design  . More v ersatile  methods

for the calculation  of the apodisation p r o file s  of symmetric or

asymmetric SAW bandpass f il t e r s  are based on purely  num erical

approach4 which considers the d iffe r e n t  second-order e ffe c ts .

Though the a va ilab le  numerical techniques y ie l d  excellent results

fo r  SAW f i lt e r s  co n sisting  of ordinary ID T S, th e ir  s u it a b ilit y

for the design o f  low loss SAW f i l t e r s  co n sisting  of UDTs is  yet

14
to be establish ed . According to 'T a n c re ll  , the window function  

approach is  quite e f f ic ie n t  and much simpler than other techni

ques for  the design of symmetric bandpass f i l t e r s .

The ava ilab le  optimum window functions , such as Kaiser-

Bessel and Dolph-Chebyshev functions are re lat iv e ly  complex fo r

computation, whereas the simple trigonometric windows meet only

15 14
lim ited  sp ec ific atio n s  of a f i l t e r  . Tan crell  has d iscussed  

the design  o f  a SAW f i l t e r  using  Kaiser- Bessel window by
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establish ing  relations between passband r ip p le , sidelobe level

14
and transitio n  bandwidth. The drawback of Tancrell approach 

is  that it  does not specify the 3 dB band\.;idth as an independent 

param eter"

In  Chapter 4 , the author has proposed new window functions 

whose performance is  comparable to the Kaiser- Bessel window func

tio n . The Kaiser-Bessel window results as a special case of the 

new family of window functions proposed. The new window func

tions are much e as ier  to compute as opposed to the Kaiser- Bessel

window, or the Dolph-Chebyshev window. Following the Tancrell

1/1
approach %  the author has also developed the design methods for 

SKA f i l t e r s  using  the proposed window functions.

Since  the apodisation  of UDTs with s i n ( x ) / x  p r o file  is  

d if f ic u lt  cue to multi-phase arrangement, they are often d irectly  

weighted with  smooth window p r o f ile s . The author has used the 

new window function  for  the design  of low loss SAW f ilt e r s  with 

GUDTs. This  is  included  in Chapter 4. Experim ental results  are 

a lso  included and compared with corresponding theoretical results . 

Some experim ental results  on a new wide-band quadrature phase UDT 

w ith  a slanted ground busbar are presented at the end of Chapter 4.

3.6“  3.G
SAW UDTs have also been used in  sp ec ific  applications

other than the low loss  f i l t e r s . One o f the e a r lie s t  app licatio ns

3.6
o f the u n id ire c tio n al  property is  to FSK system in  which a

17
three-phase UDT is  used. In  another app licatio n / Hirabayashi 

has realised  a v ar ia b le  delay lin e  using  a quadrature phase UDT. 

Gautam et a l . 18 have u t il is e d  GUDT along with two three-phase
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1U

UDTs to realise  a transceiver switch tor short distance  communi

cation  systems. The forward mainlobe and the reverse strong side- 

lobe of GUDT are used for  switching the receiver  and transm itter 

c a rr ie r  frequencies®

In  Chapter 5 , the author has suggested use of UDTs in  place

of ordinary IDTs in SAW delay lin e  controlled o scillato rs  and

reported the results of some experim ental studies . The lower

delay lin e  loss results  in a lower am plifier  gain  which reduces

th e  o v e r a l l  cost and leads to h igher short-term sta b ility  and

t
smaller output n o ise  lev el. Moreover, the u nd irectio nality  pro

perty enabled the author to realise  a built- in  in jecto r  on the 

p ie zo e le c tr ic  substrate for  the in jectio n  locking o s c il la t o r C IL O ). 

The author has studied d iffe re n t  structures of built- in  in jecto rs  

for  SAW ILO applications*

1 9—22
Several workers have studied the frequency tuning

techniques fo r  SAW delay l in e  o s c illa to r s . I t  is  normally 

d i f f i c u l t  to tune a SAW o s c il la t o r  over a wide bandwidth, since 

the frequency s t a b il it y  and tuning range are inversely  relatedo 

The author has studied experim entally the tun a b il it y  of SAW 

o s c illa t o r  with low loss delay l in e  employing d ifferen t  tim ing 

techniques. A new technique using  an e le c t r ic a lly  loaded BDT 

placed over the propagation path  of the delay l in e  has been found 

•to y ie ld  in terestin g  results®

Chapter 5 also  includes  the experim ental results  on a mode-

22
tunable  SAW o s c il la t o r  contain ing  a SAW comb f i l t e r  as the delay 

l in e . D ifferen t  comb f i l t e r  configurations  are considered in
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order to obtain w ider separation of stable modes of o s c illa t io n . 

Such o sc illato rs  may be useful for  frequency synthesis applica 

tions©

The last Chapter h ighlights  the salient  points o f the 

various theoretical and experimental studies reported in  the 

thesis  and draws some important conclusions thereof. The Chapte 

also d iscusses the  "b lanks" which are required to be f i l le d  up 

by future work. For example, the  scattering parameters of UDTs 

need more precise  theoretical analyses fo r  a better  agreement 

with experim ental results<> I t  is  also  required to carry out a 

more detailed  in v estigatio n  o f the proposed quadrature phase UDT 

with slanted ground busbar and the mode tunable SAW ILO . B0 th 

may prove to be quite useful fo r  p ractical a p p lic atio n s . F in a lly  

it  may be pointed out that the lack of adequate high resolution  

fab ric atio n  f a c i l i t ie s  has restricted  the operating frequencies 

of SAW devices to a maximum frequency of 30 MHz in  a l l  experimen 

t a l  studies* Some of the concepts introduced in  the thesis  may 

prove to be more useful at h igher frequencieso In  particular# 

the built- in  in jec to r  of SAW ILO  as proposed in  Chapter 5 is  

more advantageous at high frequencies*Cop
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