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For optimum efficiency, the SAW elastic convolver 
requires efficient generation of narrow SAW beams. 
Dispersive transducers can be used for this 
purpose, since they can have small apertures 
without the inconvenience of high impedances, thus 
avoiding the need for beam compression. In con- 
volvers, the dispersion can be arranged to cancel. 
A 300 MHz transducer was designed, with I10 MHz 
bandwidth and 5 7  pm aperture. A time-bandwidth 
product of I O  was chosen to give a radiation 
resistance near 50 ohm, as confirmed experimen- 
tally. 
to obtain a flat amplitude response without 
apodisation. A 12 psec convolver with these 
transducers gave 110 MHz bandwidth and a -68 dBm 
bilinearity factor, using a dual-channel arrange- 
ment to give a spurious suppression of typically 
35-40 dB. Results for this and other devices will 
be presented. Modified chirp transducers can be 
used to compensate for amplitude and phase errors 
produced elsewhere in the convolver. A new design 
compensates for dispersion due to the waveguide, 
and experimental results will be presented. 

A non-linear chirp characteristic was used 

I .  Introduction 

The SAW elastic convolver provides a compact and 
inexpensive method for programmable correlation of 
coded waveforms for applications such as spread 
spectrum communications(’). The device relies for 
its operation on a non-linear interaction in the 
substrate material, Y-2 lithium niobate. This 
interaction is rather weak, though it is well- 
established that improved efficiency is generally 
obtainable if the apertures of the SAW beams are 
minimised(2). Recent devices have for this reason 
used apertures of a few  wavelength^(^-^), the choice 
of aperture being influenced by waveguiding 
phenomena. For such devices, efficient generation 
of the narrow-aperture SAW beams is mandatory. 
This has been ach’eved through the use of multi- 
strip coupler~(~1~f or beam-compressing metal horns 
( 6 ) .  
erated by a conventional SAW transducer, and then 
compressed to an aperture of a few wavelengths before 
being launched in a SAW waveguide which constitutes 
the active non-linear part of the convolver. 

In this paper we consider generation of narrow beams 
directly by using narrow-aperture transducers, so 

In both cases, a relatively wide beam is gen- 

Northants England 

that beam compression is not used. Uniform SAW 
transducers with a few wavelengths aperture have 
high impedances and low capacitances, so that 
efficient transduction over a wide bandwidth is 
difficult and the performance is sensitive to 
stray capacitance. However, for a given acoustic 
bandwidth, a chirp transducer has a smaller impedance 
and a larger capacit nce than a uniform transducer 
of the same apert~re?~), and can therefore be used 
to overcome the disadvantages of a uniform trans- 
ducer. We have found that convolvers using chirp 
transducers can give performance comparable with 
devices using beam compression. 
chirp transducers can be designed to compensate for 
amplitude or phase errors generated elsewhere in the 
convolver(8). 
enable the twc waveguides of a dual-channel device 
to be located close together, so that their physical 
properties are closely similar. 

2. Transducer Performance 

We first show that the dispersion introduced by 
the chirp transducers can be arranged to cancel, so 
that is does not, in principle, affect the perfor- 
mance of the convolver. Consider the device of Fig. 
1 ,  consisting of two chirp transducers with a con- 
ventional parametric electrode between them. 
applied waveforms are v,(t) and vR(t) with spectra 
Vs(w) and VR(W) respectively. If the input trans- 
ducers have frequency responses H,(w) and HR(w), 
the spectra of the waveforms entering the parametric 
electrode are Vs(w) .Hs(w) and VR(w! .HR(w). It is 
assumed that these waveforms have finite length and 
overlap only in the parametric region of the con- 
volver, and also that the action of the parametric 
electrode is ideal. The output of the parametric 
electrode is therefore the convolution of the wave- 
forms entering it, time-compressed by a factor of 2 .  
In the frequency-domain, this is given by a product, 
with the frequency-scale expanded by a factor of 2 .  
Thus the spectrum of the output waveform is 

An advantage is that 

In addition, the narrow apertures 

The 
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Vo(w) = Vs(w/2) . Hs (w/2) . V ~ ( w / 2 )  . H R ( w / ~ )  ( 1 )  

a p a r t  from a c o n s t a n t  m u l t i p l i e r .  The two t r a n s -  
ducers  are t aken  t o  have t h e  same geometry and t o  
be o r i e n t e d  i n  t h e  same d i r e c t i o n .  Ignor ing  c i r c u i t  
e f f e c t s ,  t h e  impulse r e sponses  w i l l  be  t h e  time- 
r e v e r s e  of each o t h e r ,  and t h e  frequency responses  
w i l l  b e  con juga te s  of each o t h e r .  Thus Hs(w) = 
HR*(w), and equn ( I )  becomes 

Th i s  shows t h a t  t h e  phase re:iponses of t h e  t r a n s -  
ducers  have no e f f e c t  on t h e  o u t p u t  waveform, 
provided they a r e  i d e n t i c a l .  

The r e q u i r e d  l e n g t h  of t h e  t r ansduce r  i s  determined 
by t h e  impedance r equ i r ed .  For the  same a c o u s t i c  
bandwidth,  a c h i r p  t r ansduce r  and a uniform t r a n s -  
duce r ,  w i th  t h e  same a p e r t u r e ,  have impedances 
approximately i n  t h e  r a t i o  of t h e  time-bandwidth 
product  of t h e  c h i r p  t r a n s d u c e r ( 7 ) ,  w i t h  t h e  c h i r p  
having the  lower impedance. Assuming s i n g l e -  
e l e c t r o d e  t r a n s d u c e r s  on Y-2 l i t h i u m  n i o b a t e ,  a 
uniform t r ansduce r  g i v e s  about  50 ohm r a d i a t i o n  
r e s i s t a n c e  i f  i t s  a p e r t u r e  i s  100 wavelengths .  
The r a d i a t i o n  r e s i s t a n c e  of a c h i r p  t r ansduce r  i s  
thus approximately 5000/(W.TB) ohm, where T B  i s  t h e  
time-bandwidth product  and W t h e  a p e r t u r e  i n  wave- 
l eng ths  a t  t h e  c e n t r e  f requency.  Here,  t h e  r a d i a -  
t i o n  r e s i s t a n c e  r e q u i r e d  was 100 ohm, s i n c e  t h e  dual-  
channel convolver  u ses  p a i r s  o f  t r a n s d u c e r s  connected 
i n  p a r a l l e l .  The a p e r t u r e  w a s  W = 5 wavelengths ,  
somewhat l a r g e r  t han  t h e  3 wavelength width of t h e  
waveguide because t h e  guided mode h a s  p a r t  of i t s  
energy p ropaga t ing  o u t s i d e  t h e  m e t a l l i s e d  r e g i o n .  
For t h e s e  parameters  t h e  r e q u i r e d  TB-product is  
about 10. Thus, f o r  a 100 MHz bandwidth t h e  t r ans -  
ducer d i s p e r s i o n  i s  100 n s e c .  For a 300 MHz c e n t r e  
f requency,  t h e  a p e r t u r e  i s  57 um and t h e  capac i t ance  
i s  about  0.8 pF. For comparison, a uniform t r a n s -  
ducer w i th  the  same a p e r t u r e  and a c o u s t i c  bandwidth 
would have a r a d i a t i o n  r e s i s t a n c e  of 1000 ohm and 
a capac i t ance  of 0.08 pF. 

The c h i r p  c h a r a c t e r i s t i c s  of t h e  t r a n s d u c e r s  were 
made somewhat non- l inea r  i n  o r d e r  t o  o b t a i n  a f l a t  
ampli tude response wi thou t  u s ing  a p o d i s a t i o n .  We 
d e f i n e  a time-domain phase 8 ( t )  such t h a t  t h e  
e l e c t r o d e  p o s i t i o n s  a r e  g iven  by t,, where 8 ( t n )  = 
nn,  and t h e  i n s t a n t a n e o u s  frequency is 

f i ( t )  = i(t)/27T ( 3 )  

Using t h e  s t a t iona ry -phase  approximation,  t h e  conduc- 
t ance  Ga(f) of an  unapodised c h i r p  t r ansduce r  i s  
given by 

(4)  

where tS i s  t h e  s t a t i o n a r y  phase p o i n t ,  i e .  t h e  t i m e  
a t  which t h e  i n s t a n t a n e o u s  frequency f ; ( t )  of equn 
(3)  is e q u a l  t o  f .  Ignor ing  c i r c u i t  e f f e c t s ,  a f l a t  
ampli tude r e sponse  i s  ob ta ined  i f  Ga(f) i s  c o n s t a n t  
w i t h i n  t h e  pass-band, and t h e  above equa t ions  then  
g ive  

e ( t )  = A Jt  - c1 t c2 (5) 
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where A ,  C 1  and C 2  are c o n s t a n t s .  The va lue  of  A i s  
determined by s e t t i n g  t h e  in s t an taneous  f r equenc ie s  
a t  t he  two ends of  tile t r ansduce r  equa l  t o  t h e  
r e q u i r e d  band edge f r equenc ie s ,  making t h e  d i f f e r e n c e  
of t h e  corresponding t imes equa l  t o  t h e  r e q u i r e d  
t r ansduce r  l e n g t h .  The c o n s t a n t s  C 1  and C 2  a r e  
i n c o n s e q u e n t i a l .  Apodised ex tens ions  were added t o  
each end i n  o r d e r  to minimise r i p p l e s  a s s o c i a t e d  
wi th  the  t r u n c a t i o n .  For t h e  e x t e n s i o n s ,  t h e  e l e c -  
t r o d e  p o s i t i o n s  were ob ta ined  by ex tend ing  t h e  
f u n c t i o n  e ( t )  of equn (5) and sampling i n  t h e  usua l  
way. The above des ign  method i s  based on t h e  
s t a t iona ry -phase  approximation and i s  thus s t r i c t l y  
v a l i d  on ly  f o r  l a r g e  TB-products. We have however, 
found t h e  method t o  be e f f e c t i v e  f o r  TB = 10, 
provided t h e  ex tens ions  a r e  long enough, 

F igu re  2 shows t h e  in s t an taneous  frequency (equn 3 )  
f o r  a t r ansduce r  designed t o  g i v e  100 MHz bandwidth 
c e n t r e d  a t  300 MHz. The i n s e t  shows t h e  p h y s i c a l  
appearance of t h e  t r ansduce r .  To compare t h e  expe r i -  
mental  and t h e o r e t i c a l  performance, t r a n s d u c e r s  were 
made wi th  t h i s  geometry s c a l e d  by a f a c t o r  of 5 ,  s o  
t h a t  t h e  c e n t r e  f requency becomes 60 MHz and t h e  
bandwidth 20 MHz. Measurements of t h e  s e r i e s  resis- 
t ance  a r e  shown on F ig .  3,  t o g e t h e r  w i t h  t h e  
t h e o r e t i c a l  s e r i e s  r e s i s t a n c e  and p a r a l l e l  conduc- 
tance.  The t h e o r e t i c a l  curves  were ob ta ined  us ing  
charge s u p e r p o s i t i o n  analysis(’)  and do n o t  a l low 
f o r  s t r a y s .  The d a t a  r e f e r  t o  two i d e n t i c a l  t r a n s -  
ducers  connected i n  p a r a l l e l ,  as used i n  t h e  con- 
v o l v e r .  The mid-band r e s i s t a n c e  i s  about 40 ohm, 
c l o s e  t o  t h e  in t ended  50 ohm, and t h e  t h e o r e t i c a l  
conductance is  q u i t e  f l a t  w i t h i n  t h e  pass-band, as 
in t ended .  

To tes t  t h e  t r ansduce r  e f f i c i e n c y ,  a 300 MHz de lay  
l i n e  was eva lua ted ,  u s ing  t r a n s d u c e r s  connected i n  
p a r a l l e l  a t  each end b u t  w i thou t  t h e  e l e c t r o d e  
r e v e r s a l  used i n  dual-channel convolvers .  F igu re  4 
shows t h e  c o n f i g u r a t i o n  . The t r a n s d u c e r s  were 
modif ied s l i g h t l y  from t h e  des ign  o f  F igs .2  and 3 
i n  o r d e r  t o  i n c r e a s e  t h e  bandwidth t o  120 MHz, 
though the  a p e r t u r e  was 5 wavelengths (57 pm) as 
b e f o r e .  Waveguides were inc luded ,  because tests 
o f  dev ices  wi thou t  waveguides showed a p p r e c i a b l e  
e x t r a  l o s s e s  due t o  d i f f r a c t i o n .  A 4-component 
matching c i r c u i t  was  used a t  each end. The 
measured i n s e r t i o n  l o s s ,  F ig .  4 ,  shows t h a t  t h e  
r e q u i r e d  120 MHz bandwidth h a s  been ob ta ined ,  w i t h  
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a mid-band i n s e r t i o n  loss of 20 dB. The 3-dB r o l l -  
o f f  i s  due t o  c i r c u i t  e f f e c t s  n o t  allowed f o r  i n  t h e  
des ign ,  and i s  absent  when no matching components 
a r e  used. 

An important  i s s u e  i s  the  power hand l ing  c a p a b i l i t y  
of t h e  t r a n s d u c e r s ,  which i s  r e l a t e d  t o  t h e  maximum 
signal- to-noise  r a t i o  ob ta inab le  from a convolver.  
For a given a c o u s t i c  power l e v e l ,  t h e  v o l t a g e  on 
t h e  e l e c t r o d e s  of a narrow-aperture c h i r p  t r ansduce r  
w i l l  be  s i m i l a r  t o  t h e  vo l t age  on the  e l e c t r o d e s  of 
a wide-aperture  uniform t r ansduce r ,  because t h e  
impedances a r e  s i m i l a r .  Thus i f  t h e  breakdown is  
determined by t h e  e l e c t r o d e  v o l t a g e ,  t h e  two t r ans -  
ducer  types should perform s i m i l a r l y .  Experimental  
tests were performed on i n d i v i d u a l  c h i r p  t r a n s d u c e r s ,  
applying 300 MHz CW waveforms. The t r ansduce r s  were 
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tuned us ing  two i n d u c t o r s  t o  g ive  an impedance c l o s e  
t o  50 ohm r e a l .  Breakdown occur red  f o r  i n p u t  power 
l e v e l s  of +32 dBm a v a i l a b l e  from t h e  50 ohm source .  
Th i s  imp l i e s  t h a t  f o r  two i d e n t i c a l  t r ansduce r s  
connected i n  p a r a l l e l  ( a s  i n  t h e  convolver) t h e  break- 
down l e v e l  would be  +35 dBm, which i s  similar t o  
obse rva t ions (4 )  f o r  uniform t r ansduce r s .  

3. Convolver Design 

The dev ice  c o n f i g u r a t i o n  i s  shown schemat i ca l ly  i n  
Fig.  5 .  The con t r a -d i r ec t ed  SAW beams a r e  propagated 
i n  waveguides 34 um wide ( 3  wavelengths a t  t he  c e n t r e  
f requency) .  This  va lue  i s  wide enough t o  minimise 
t h e  d i s p e r s i o n  of t h e  fundamental  mode, and narrow 
enough t o  r e s t r i c t  t he  number of p o s s i b l e  propa- 
g a t i n g  modes t o  two( lO) .  The f i r s t  h ighe r  mode i s  
a n t i s p e t r i c  and t h e r e f o r e  i s  n o t  e x c i t e d  i n  
p r i n c i p l e .  
waveguides i s  b e n e f i c i a l  i n  suppres s ing  harmonic 
gene ra t ion ,  which could otherwise cause s a t u r a t i o n ( 5 ) .  
The end-to-end r e s i s t a n c e  of t h e  waveguide i s  s e v e r a l  
hundred ohm. I n  o r d e r  t o  provide a low-resis tance 
pa th  t o  t h e  ou tpu t  p o r t ,  each waveguide w a s  connected 
t o  a wider bus-bar v i a  a sequence of connect ing 
s t r i p s  r e f e r r e d  t o  a s  t a p s ,  spaced about 4 mm a p a r t .  

The s m a l l  amount of d i s p e r s i o n  i n  t h e  

I n  o rde r  t o  suppres s  r e f l e c t i o n s  from t h e  t r ansduce r s ,  
which would cause fold-over convolut ion,  t he  dual- 
channel arrangement was used(  1 1 ) . 
s t r u c t u r e  i s  d u p l i c a t e d ,  with the e l e c t r o d e  polar-  
i t ies of one of t h e  fou r  inpu t  t r ansduce r s  r eve r sed .  
Surface waves launched a t  one end of t h e  s t r u c t u r e  
gene ra t e  v o l t a g e s  i n  ant i -phase on t h e  t r ansduce r s  
a t  t he  o t h e r  end, so  t h a t  t h e r e  is no n e t  vo l t age  
produced, and hence r e f l e c t i o n s  a r e  suppressed as  i f  
t h e  t r ansduce r s  were s h o r t e d .  The r e f l e c t i o n  
suppres s ion  i s  i n  p r i n c i p l e  independent of frequency. 
An a d d i t i o n a l  advantage i s  t h a t  ou tpu t  s i g n a l s  
generated by t h e  i n p u t  t r ansduce r s  a r e  suppressed - 
such ou tpu t  s i g n a l s  could be  r e f l e c t e d  i n  the e x t e r n a l  
c i r c u i t r y  s o  t h a t  they a r e  r e -app l i ed  t o  t h e  convolver 
g iv ing  an a d d i t i o n a l  spu r ious  s i g n a l  a t  t h e  convolver 
ou tpu t .  The dual-channel arrangement does n o t  however 
suppress  r e f l e c t i o n s  due t o  the  mass and e l e c t r i c a l  
loading of t h e  e l e c t r o d e s .  

The convolver 
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In  the  dual-channel arrangement, a non-linear i n t e r -  
a c t i o n  takes  p lace  i n  each of the  two waveguides, 
and f o r  optimum e f f i c i e n c y  both i n t e r a c t i o n s  should 
cont r ibu te  t o  the output  s i g n a l .  I f  t h e  waveguides 
were f a r  a p a r t ,  a vol tage  would be developed between 
each waveguide and a ground plane a t  t h e  r e a r  of 
the c r y s t a l ,  a s  i n  a conventional s i n g l e  channel 
convolver. These two vol tages  are i n  anti-phase, 
and can therefore  be sumned i n  a balun transformer(6). 
The approach used here  i s  somewhat d i f f e r e n t ,  avoid- 
ing t h e  need f o r  t h e  t ransformer.  
of t h e  c r y s t a l  i s  not  grounded, then contra-directed 
waves i n  one of t h e  waveguides give a non-linear 
output  vo l tage  developed between t h e  two waveguides; 
the waveguide which is not  support ing sur face  waves 
a c t s  as  a ground e l e c t r o d e  on the  sur face ,  as i n  some 
single-channel convolver designs ( 3 3 4 ) .  Surface waves 
i n  the o t h e r  waveguide give a vol tage  with the  
opposi te  p o l a r i t y ,  owing t o  t h e  reversal of one of 
the t ransducers ,  b u t  the vol tage  between t h e  wave- 
guides has  the  same p o l a r i t y .  Thus when SAW'S a r e  
present  i n  both waveguides, t h e  vol tage  between them 
i s  the  sum of cont r ibu t ions  from the  i n t e r a c t i o n s  
i n  ind iv idua l  waveguides. To e x t r a c t  t h i s  vo l tage ,  
one of t h e  waveguides i s  grounded, and the  o ther  is  
connected t o  the  output  p o r t  (Fig. 5 ) .  The method 
i s  e f f e c t i v e  only i f  the  capaci tance between the 
waveguides is  l a r g e r  than the capaci tance between 
the  ' l i v e '  waveguide and the ground; i n  p r a c t i c e ,  
the l a t t e r  i s  mainly due t o  the  capaci tance of the 
l i v e  bus-bar. To s a t i s f y  t h i s  condi t ion ,  i t  is  
usua l ly  necessary t o  mount t h e  l i t h i u m  niobate  cry- 
s t a l  over a d i e l e c t r i c  l a y e r ,  which has a much lower 
d i e l e c t r i c  constant  than l i th ium niobate  ( t y p i c a l l y  
4 i n s t e a d  of 4 6 ) .  I n  our devices ,  t h e  e f f i c i e n c i e s  

were found t o  be t y p i c a l l y  12 dB worse i f  the  die-  
l e c t r i c  layer  was omitted. Close spacing of t h e  
waveguides increases  t h e  capaci tance between them, 
thus reducing the  e f f e c t  of the  s t r a y  capaci tance 
of the bus-bar. On t h e  o ther  hand acous t ic  coupling 
(10) must be avoided, so  t h a t  the choice of wave- 
guide separa t ion  i s  a compromise between these two 
f a c t o r s .  For our devices ,  t h e  separa t ion  was 170 t o  
200 vm, though t h i s  could probably be reduced. 

4 .  Convolver Performance 

Several  convolver designs have been i n v e s t i g a t e d ,  and 
we r e p o r t  mainly on a design with a 16 F s e c  i n t e r -  
a c t i o n  length and 120 MHz input  bandwidth, centred 
a t  300 MHz. The t ransducer  design was as i n  t t c  

delay l i n e  experiment of Fig.  4 .  The end2 of the 
bus-bars were grounded v i a  small inductors  (Fig.  51, 
i n  order  t o  minimise v a r i a t i o n s  i n  the  i n t e r a c t i o n  
uniformity due t o  t ransmission l i n e  e f f e c t s ( 1 2 ) .  
input  t ransducers  were matched using 4-component 
c i r c u i t s ,  as  i n  Fig.  4 ,  which improved the convolver 
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e f f i c i e n c y  by about 6 dB as compared with s e r i e s  
inductor  tuning. A two-component c i r c u i t  was used 
a t  t h e  output  p o r t  t o  improve the  VSWR, though t h i s  
did not  a f f e c t  the device e f f i c i e n c y  much. The 
device was mounted i n  a brass  package 120 x 20 x 8 mm 
(excluding connectors) and i s  shown i n  Fig.  6. 

The b i l i n e a r i t y  f a c t o r  of one of these  devices ,  as a 
func t ion  of frequency, i s  shown i n  the upper curve 
of Fig.  7 .  This  curve was obtained by i n s e r t i n g  CW 
waveforms a t  the  same frequency t o  the two input  
p o r t s ,  and measuring the output  amplitude using a 
vector  vol tmeter .  The re ference  f o r  the  vec tor  
vol tmeter  was obtained by applying the input  wave- 
form t o  a frequency doubler .  P r i o r  t o  the  convolver 
measurement, the  ga ins  of the  input  and output  c i r -  
c u i t s  were c a l i b r a t e d  a s  func t ions  of frequency. The 
b i l i n e a r i t y  f a c t o r  i s  def ined as I O  log (Po/P1 . P 2 )  
dBm, where P I  and P2  a r e  the  input  powers a v a i l a b l e  
from 50 ohm sources  and Po i s  the  output power 
de l ivered  t o  a 50 ohm load, with a l l  th ree  powers 
r e f e r r i n g  t o  rms values  measured i n  mW. A t  the  c e n t r e  
frequency, the measured b i l i n e a r i t y  f a c t o r  was -67 
dBm . 
The lower two curves on Fig.  7 were obtained by 
repea t ing  the measurement with one of the  two con- 
volver  inputs  disconnected. These curves give the 
spurious l e v e l s  of the device,  due mainly t o  fold-  
over convolut ion.  The peak l e v e l  of the  spurious 
i s  t y p i c a l l y  30 t o  35 dB below the main output  
s i g n a l ,  depending somewhat on t h e  frequency and on 
which input  p o r t  i s  used. 

These r e s u l t s  a r e  t y p i c a l  of a number of devices ,  
when matched with appropriate  c i r c u i t s .  For most 
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dev ices ,  t he  b i l i n e a r i t y  curves  were found t o  have 
very s i m i l a r  shapes,  with the  centre-frequency va lue  
va ry ing  over a range of -65 t o  -69 dBm. The spur ious  
suppres s ion  was somewhat l e s s  r e p e a t a b l e .  S imi l a r  
r e p e a t a b i l i t y  was obtained f o r  dev ices  w i t h  12 psec 
i n t e r a c t i o n  l e n g t h ,  designed f o r  100 MHz i n p u t  band- 
width.  These devices  gave s i m i l a r  e f f i c i e n c i e s  and 
spur ious  suppres s ion .  

F igu re  8 shows the  i n t e r a c t i o n  un i fo rmi ty  f o r  t h e  
same 16 usec device a s  Fig.  7 .  This  was ob ta ined  by 
applying 0.1 usec RF p u l s e s  w i t h  c e n t r e  frequency 
300 XHz t o  the  two convolver i n p u t s .  The i n p u t  
pu l se s  were generated using two p u l s e  gene ra to r s  
without  synchron i sa t ion ,  so t h a t  t h e  r e l a t i v e  times 
a r e  randomised and the  pu l ses  ove r l ap  a t  random 
p o s i t i o n s  w i t h i n  the  i n t e r a c t i o n  r eg ion ;  w i t h  a 
s u f f i c i e n t  exposure t ime, the amplitude i s  ob ta ined  
f o r  a l l  l o c a t i o n s  i n  the pa rame t r i c  r eg ion .  Th i s  
method g i v e s  b e t t e r  s e n s i t i v i t y  than t h e  more usual  
technique i n  which a long pu l se  i s  app l i ed  a t  one 
end, because spu r ious  s i g n a l s  a r e  reduced. Experi-  
men ta l ly ,  t he  amplitude v a r i e s  by about  20.9 dB, 
and shows d i p s  corresponding t o  t h e  l o c a t i o n s  of 
t h e  t app ing  p o i n t s .  Th i s  r e s u l t  i s  t y p i c a l  of t h e  
16 psec dev ices ,  and d i d  n o t  vary much wi th  the  
c e n t r e  frequency of t h e  inpu t  p u l s e s .  

Figure 9 shows convolver output  waveforms f o r  corre-  
l a t i o n  of a l i n e a r  FM c h i r p  s i g n a l .  Here t h e  con- 
vo lve r  i n p u t  waveforms were gene ra t ed  by impulsing a 
SAW expander and compressor which were designed t o  
be used as a p a i r  i n  a r a d a r  system, w i t h  1 1  MHz 
bandwidth and 14  usec p u l s e  d u r a t i o n .  The compressor 
was weighted t o  suppress  t ime-sidelobes.  The wave- 
forms were up-converted from 70 MHz centre  f requency 
i n t o  t h e  convolver band. The top  trace of F ig .  9 
shows t h e  compressed p u l s e  produced by t h e  convolver,  
and the  c e n t r e  t r a c e  is  t h e  same waveform w i t h  an 
expanded t imesca le .  For t h e  t h i r d  t r a c e ,  t h e  level 
of one of t h e  i n p u t  s i g n a l s  was reduced by 50 dB 
and a d d i t i o n a l  a m p l i f i c a t i o n  w a s  app l i ed  a t  t h e  
ou tpu t .  The compressed p u l s e  is st i l l  c l e a r l y  v i s i b l e  
above t h e  n o i s e  and spur ious  s i g n a l s ,  showing t h a t  
a l a r g e  dynamic range is achievable .  

F igu re  9 

5 .  Modified Transducers f o r  Phase-Error 
Compensation 

In  the  frequency domain, t h e  convolver ou tpu t  con- 
t a i n s  a phase e r r o r  term corresponding t o  the  d i s -  
pe r s ion  produced by t h e  waveguides, and t h i s  i s  the  
l a r g e s t  source of phase e r r o r s  i n  t h i s  type of con- 
v o l v e r ( l 3 ) .  
modifying t h e  c h i r p  t r ansduce r s  so t h a t  they have 
s l i g h t l y  d i f f e r e n t  d i s p e r s i o n s ( 8 ) .  Consider an 
i n d i v i d u a l  c h i r p  t r a n s d u c e r ,  w i th  time-domain phase 
e ( t )  a s  i n  s e c t i o n  2 above. The phase response i n  
the  frequency domain i s  $(w), and t h e  t r ansduce r  is  
t o  be re-designed so  t h a t  t h e  new phase response is  
$(w) + A$(w), where A$(w) is  t h e  r equ i r ed  phase 
change. The new design r e q u i r e s  a new time-domain 
phase 8 ,  ( t ) .  I f  6$(w) i s  s m a l l  enough, 0, ( t )  i s  
given by(8) 

8, ( t )  = e ( t )  + A+[:(t)] 

The e r r o r  can however be reduced by 

(6 )  

Thus any r equ i r ed  phase change can be produced i n  
p r i n c i p l e .  Although equn (6) i s  based on t h e  
s ta t ionary-phase approximation, we have found t h i s  
technique t o  be  e f f e c t i v e  f o r  time-bandwidth pro- 
duc t s  of only 10, a s  r e q u i r e d  f o r  our convolvers .  
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The phase e r r o r  produced by t h e  waveguides i s  
roughly q u a d r a t i c  w i th  frequency.  
was produced, w i th  t h e  t r a n s d u c e r s  designed t o  g i v e  
a q u a d r a t i c  phase e r r o r  va ry ing  by 115O over t h e  
120 MHz band. Each t r ansduce r  was designed t o  g i v e  
h a l f  of t h i s  e r r o r ,  so t h a t  one t r ansduce r  was some- 
what l onge r  than the  o r i g i n a l  des ign  and t h e  o t h e r  
was s h o r t e r .  F igu re  I O  shows r e s u l t s  of a d e l t a -  
f u n c t i o n  a n a l y s i s  of t h e  response,  f o r  t h e  two t r ans -  
duce r s  combined, showing t h a t  t h e  t h e o r e t i c a l  phase 
a g r e e s  q u i t e  c l o s e l y  w i t h  t h e  d e s i r e d  ( q u a d r a t i c )  
curve . 
The phase responses  of two convolvers  are shown i n  
F ig .  I I ,  where one cu rve  i s  f o r  a conven t iona l  16 
usec dev ice  a s  d i s c u s s e d  i n  s e c t i o n  4 above, and t h e  
o t h e r  curve i s  f o r  a dev ice  u s i n g  t h e  phase-compen- 
s a t i n g  t r a n s d u c e r s .  
i n s e r t i n g  CW waveforms i n t o  b o t h  convolver  i n p u t s  and 
measuring t h e  phase of t h e  convolver  ou tpu t  on a 
v e c t o r  vo l tme te r ,  w i t h  t h e  r e f e r e n c e  f o r  t h e  v e c t o r  
vo l tme te r  ob ta ined  by using a frequency doub le r .  

A modif ied des ign  

These curves were ob ta ined  by 

6 .  Conclusions 

Experimental  work h a s  shown t h a t  c h i r p  t r a n s d u c e r s  
w i th  5 wavelengths a p e r t u r e  and a TB-product of 10 
g i v e  impedances similar t o  uniform t r a n s d u c e r s  w i t h  
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t he  same bandwidth and wi th  a p e r t u r e s  10 t imes l a r g e r ,  
and t h a t  de l ay  l i n e s  wi th  such t r a n s d u c e r s  can g i v e  
20 dB i n s e r t i o n  loss and 120 MHz bandwidth. Con- 
v o l v e r s  u s ing  such t r a n s d u c e r s  have performance 
s i m i l a r  t o  d e v i c e s  us ing  horn o r  m u l t i - s t r i p  beam 
compressors,  and a -67 dBm b i l i n e a r i t y  f a c t o r  was 
ob ta ined  f o r  a 16 usec dev ice .  The use of c h i r p  
t r ansduce r s  avo ids  t h e  need f o r  beam compression, 
so  t h a t  t he  dev ices  are more compact and t h e  fab- 
r i c a t i o n  d i f f i c u l t y  a s s o c i a t e d  wi th  the  long  narrow 
s t r i p s  of a m u l t i - s t r i p  compressor i s  avoided.  
a d d i t i o n ,  c h i r p  t r a n s d u c e r s  can b e  designed t o  com- 
pensa te  f o r  ampli tude o r  phase e r r o r s  a r i s i n g  
elsewhere i n  t h e  convolver ,  and compensation f o r  
phase e r r o r s  due t o  the  d i s p e r s i o n  of t h e  waveguides 
was demonstrated expe r imen ta l ly .  
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