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I. MANAGEMENT REPORT

A. Suninary

~~Our ZnO rf sputtering system has been tested more thoroughly in the

last three months. We have succeeded in making high quality reproducible

volume wave transducers with as good as and in some cases better character-

istics than any we have made before. Deposition rates are a factor of six

higher than in our previous system and a factor of two higher than the

Japanese work. We believe, from our experience, that the deposition rate

can be made still hi gher while at the same time obtaining better quality

films. Experiments have been carried out depositing ZnO on gold , on Si02,

on Si , and on quartz. All the layers look to be good quality . We have

just begun to construct surface wave devices made with this technique. We

anticipate that the results will be excellent and reproducible. ~
It was shown in the last Management Report that our ZnO on Si correlator

can be operated in a new mode in which the signal reference is fixed in

length but the ampl itude and time of the unknown input signal can be varied .

In this mode, the output of the device is highly linear with respect to

variation of the time length of the input signal and of its ampl itude. These

are very important results as far as use of the device as a correlator is

concerned. We have now taken these results further and shown that we can

repeat an input signal several times and build up the ampl itude of the stored

wave by repeating the signal . Again , the results give us the maximum possible

output obtainable with the device.

An Important breakthrough has been to demonstrate that this device can

be used to eliminate an Interfering cw signal by operating It as an adaptive
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filter. At the present time , our results indicate a 30 dB reduction In

cw Inter ference when both the cw signal and a p-n code are read Into

the device at the same time .

We have Invented a new configuration to make the device an adaptive

equalizer. We are presently testina out these concepts which are very simple

in nature and which should make it possible for a device of this kind to

adapt to an input signal with a few hundred Iterations. No computer control

Is required because a feedback system is employed which should converge to

its fina l equalization within 100 to 500 msec . We hope to have success-

ful tests of this concept within the next few months .

Because of our heavy concentration on ZnO technology , and the use of the

new sputtering system for this purpose, we have not constructed any complete

surface wave devices during the last few months . Thus our work on GaAs has

been proceeding slowly. We have Improved our surface technology so that the

quality of the surfaces Is now better than it was before, and we have made

excellent reproducible Schottky diodes with the high breakdown voltage that

we abserved earl ier, but lower forward voltages for turn-on .

Our work on the edge bonded transducers was begun before we had real i zed

that we might have a major breakthrough on the ZnO technology . Therefore,

the edge bonded transducer is not as necessary as it was before. This is

fortunate because we have encountered major technological difficulties

associated with the lapping and grinding probl em and associated with use of

an Interdigital transducer on the top surface rather than a true edge bonded

transducer. The latter configuration tends to excite bulk waves strongly;

the true edge bonded transducer , although an excellent transducer which we

will pursue further , Is extremely difficult to make . We have made some

transducers which have poor efficiency but have very large bandwidths . We

hope to Improve its efficiency .

- 2 -
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B. Research Program Plan

We Intend to concentrate more fully on the ZnO on SI configuration

because of the excel l ent prospects of our ZnO deposition system. The

resul ts always seem to be reproducible and always seem to be understandable.

This is a major change. Therefore, we wi ll be constructi ng ZnO on Si

correlators using both Schottky diodes and p-n diodes for the purpose. At

the same time , we wi l l be proceedi ng with construction of GaAs convolvers

using the same ZnO technology . We intend to test our new inverse filter

equal izer and demonstrate that we can indeed make a programmable adaptive

equal izer wi th a ZnO on Si monol it hic correla tor.

C. Major Accomplishments

Our ZnO magnetron discharge sputtering system appears to be very

successful. All our resul ts obtained so far are extremely encouragi ng.

Our deposition rates are a factor of six higher than the earl ier system and

should reach a factor of ten before we are finished . These deposition rates

are a factor of two to three times larger than is presently being employed

by the Japanese.

D. Problems Encountered

Our work on GaAs and on other complete devices has slowed down because

of our ZnO effort.

E. Fiscal Status

Total amount of contract $504,302

Expenditures & comitments through 12/31/78 $338,207

Estimated funds required to complete work $166,095

Estimated date of completion of work 30 September 1980
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II. TECHNICAL PROGRESS REPORT

I. INTRODUCTION

During the last six months , the research has taken a slightly different

direction -than that in the previous six months . This is because:

1. Zinc oxide on silicon technology appears to be on the verge of

major improvements, leadi ng to rel iable , high quality fast

depositions;
II 2. The ZnO on Si correlators appear to be d irectly capable of

carrying out equalization and adaptive filtering of inter-

fering signals, without external control by a computer for

the adaption to take place.

For these reasons, we have concentrated more heavi ly on the devel opment

of the ZnO technology and on . testing of already constructed correlators .

At the same time , we have tried to arrive at very broadband transducers for

use with both Si and GaAs convolvers and correlators.

A. Correlation and Inverse Filtering

A major breakthrough, which was described in part in the last progress

report, was to demonstrate that the correlator can be used to fi l ter out an

Interfering cw signal to which it adapts. Since the time of the last progress

report, we showed that we could employ i nput correlation techn iques to make a

more precise adaptive filter. With this method we were abl e to obtain a

30 dB reduction in an Interfering cw signal over the bandwidth of the device

- 5 -

L - 

-

. 

-



r — 

~~~
— — ——- 

— 

- 

~~~

‘ 

~~~~~~~~~~~~~~~~~~~~~~~

(in this case 8 MHz). This work is described in an accompanying paper

which was delivered at the 1978 Ul trasonics Symposium.

At the same time , we made a very complete demonstration of a new mode

of operation in which relatively large signals could be used in the i nput

storage mode, and the signals to read out the stored signal were larger than

either of the input signals. This implies tha t the output reading system

acts as a swi tch to turn the diode on or off, giving a destructive , but at

the same time a very efficient , read out. The switch only turns on at a

potential larger than that on the diode due to stored charge. This makes

the device extremely efficient , relative to the origina l system. It also

has the other major impl i ca tion, for which we do not have a complete

explana tion, that if the reference signal is kept large in amplitude and

fixed in time length , the output due to the input signal will vary linearly

with the input signal amplitude and with the time of correlation . This

linearity is observed over the complete dynamic range of the system, which at

the moment i s of the order of 35 dB because of spur ious s ignals on the

readout. Th i s unexpected , completely linear behavior is extremely important ,

for it makes the device an idea l correlator. We have demonstrated the

correlation times as long as 10 mi)lisec . The results are described in

the accompanying paper.

Based on thi s wor k, we have invented a feedback configuration which should

enable the correlator to act as an equalizer to an arbitra ry input signal.

With this technique , we can send in an arbit rary input s ignal , specify the

desired output , and by an i terative feedback technique , cause the correla tor

to adapt to produce the desired output. It is necessary to operate the

device in this manner to be able to repeat the reference input signal many

times and gradually build up weighting of the correlation-transversal fi l ter.

- 6 -  
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Therefore, the last few months have been spent in demonstrating that we

can bui ld up a reference in this manner , and , in fact, can build up the

weight ing gradual ly over many iterations. We have shown that Indeed we

can do this extremely well. For instance, we can store a Barker Code by

repeating it many times. We are now at the point of testing the inverse

fil ter; we hope to have demonstrations of such an equalizer inverse filter

in the near future.

B. ZnO Technology

At the last tJltr~asonics Symposium , Shiosak i et al. del ivered an impres-

sive paper which described the latest Japanese ZnO technology and demon-

strated that ZnO on glass devices could be made routinely at high speed

and extremely reproduc ibly. Evidently such devices are now being produced

in production quantities for TV IF filters and watc h crystals. The bas ic

technique he described invol ved the use of a magnetron sputter ing system

which we were already in the process of building. We therefore decided to

put a great deal of effort to perfecting our own system, wh ich we bel ieve

has advantages over the Japanese one, and which we bel ieve will be of great

importance not only to our own convolver correlator work, but also to the

technological capabilities of this country.

As we have described earlier , the problem has always been reproducibility

of the ZnO films . Typically, we could and have made highly reproduc ible

films on top of a gold film. But the films obtained on other substrates

were variable. The reason for this is the substrate heating caused by

electron bombardment from the plasma discharge, the production of traps

-in the ZnO due to the electron bombardment, and the fact that the surface

temperature was therefore very dependent on the plasma discharge condi tions ,

- 7 —



the thermal conductivity of the substrate , and the contact between the

substrate and the substrate holder.

The magnetron discharge has the great advantage that most of this

bombardment should not take olace , and therefore the substrate tempera-

ture can be far better controlled . In addition , as distinct from the

Japanese , we have a pure zinc source , and we can obtain much higher rates

of bombardment of the target because it can be cooled easily.

Our initia l results are extremely encouraging. Every run we have had

has given good quality ZnO; the only exceptions are always explainabl e.

This was not usually the case before. All tests that we have carried out

indicate that we have obtained high quality films , so we expect to be

making high quality reproducible devices by this technique.

The considerable attention that we have paid to this technology has

meant tha t we have not been producing devices during the last few months .

But we believe that this temporary halt in producing devices is more than

worthwhile because of the ultimate capability we should have for this

purpose.

C ~~~ Bond ed Transducers

We have also been devel oping other kinds of broadband transducers.

Initial effort on this edge bonded transducer was due to the fact that

we did not believe we could easily iiiake broadband m O  transducers. Now

because of the improvement of the ZnO technology , it may not be necessary

to develop alternative transducers , for we can deposit arbitrarily thick

films at will. Thus, we will carry out a few runs on the edge bonded

transducer conce pt , hut we will probably taper off this effort.

I
- 8 -  
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0. GaAs Technology

The GaAs tec hnology has also been going rather slowly because of the

concentration on the ZnO technology . So as the ZnO station was not avail-

abl e for routi ne produc ti on of surface wave transducers , we have not been

able to construct complete devices in the last few months. On the other

hand , we have improved our surface preparation techniques so as to obtain

far more highly reproducible surfaces and , in particular , more reproducible

Schottky diodes .

E. Schottky Diodes

At the same time , although it was not described in this report, we have

been constructing a secondary system for making Schottky diodes in silicon

using the platinum su icide technique . Some work was done in this directi on 1

approximately two years agog by our group at Stanford. We are now interested

in making Schottky diode on silicon devices because of the fast input

storage times. -

II. DEVELOPMENT OF ZnO TECHNOLOGY

In our prev ious report, we described the design of a new ZnO sputtering

system. The system has a planar magnetron discharge sputtering head used

to sputter zinc in an oxygen atmosphere and form zinc oxide on the substrates

of interest. The sputtering system has been built , and preliminary results

indicate that well oriented films and high sputtering rates are possible.

We are carrying out a ser ies of sputter ing runs on var ious subs trates ,

and under various deposition conditions , in order to determine the optimum

cond itions of growth of ZnO films . The substrates of interest are: oriented

gold , quartz , s i l icon , and gallium arsenide. The quality of the sputtered

f i lms is evalua ted us ing the follow ing techn iques :

- 9 -
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‘ X-ray diffraction

• X-ray microprobe

• Scanning electron microscopy : surface and fracture edge 
-- 

- .

• Reflection electron diffraction

Acoustic measurements

Typicall y, whenever a ZnO run is made, a bulk wave transducer is made

on a sapphire delay line , and its round trip insertion loss is measured .

Later, the X-ray and electron microscopy work is done on other samples

made in the same run. The results of all the tests are then used to change

the deposition parameters of the next run.

On the basis of our previous experience in the field and T. Barbee’s

preliminary results at the Center forMaterials Research , we used the fol-

lowing conditions as a starting point:

oxygen pressure 7 microns

substrate temperature 3000 C

rf power 1000 watts

target to substrate distance 7.5 cm

sputtering rate obtained 6 u rn/hour

The tuned round trip insertion loss of the ZnO/sapphire delay line was

typically 9 dBs at a center frequency of 1 GHz. This indicates that a

good quality ZnO film is obtained , as good as the best films obtained in

our previous sputtering station for which k~ was 90% of its theoretical

value. In this case, however , the sputtering rate was 6 jim/hour , approx i-

mately six times as fast as before. The sputtering rate obtained is twice

as high as already reported in the literature ; this is due to the fact

that we use a zinc target that is in much better thermal contact with the

cooling water. Hence, more rI power can be appl ied to the target.

-10 -
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The X-ray microprobe results indicate that zinc and oxygen are the

only elements present in the film. This confirms our prediction that

higher purity ZnO can be obtained using a pure zinc target, instead of a

ZnO target. The result also indicates that the vacuum station we built is

very clean. Another result of the X-ray microprobe is that the ZnO films

were slightly oxygen rich: 60-40: 0-Zn. We believe that the films are

indeed oxygen rich , but by less than the percentage indicated because of

the large correction needed in the calculation of the concentration of the

elements (195%). The oxygen richness can be corrected either by increasing

the power , or by decreas ing the oxygen pressure. Thus , it should be

possibl e to sputter even better films than already obtained .

The X-ray diffraction results indicate a strong orientation of the

films -in the (0002) direction as expected. The quality of the films on

gold and quartz were very good . The quality of the films on SiO2/Si was

not as good . However , a peak corresponding to a lattice spacing of 6 A
was observed on the diffractometer trace for the ZnO/Si02/S i case. As we

do not know of any planes with such a large d spacing in any of the

material s tested, we sus pect an error of measurement in thi s case , - and the

X-ray test is being repeated.

Figs. la , ib , 2a , and 2b show the results of the S.E.M. of the ZnO

films on F.Q. and SiO2/Si. Figs. la and lb are S.E.M. of the surface of

the ZnO films ; both figures indicate that the films are very smooth and

show no indications of relieved areas exhibiting small bumps as in our

previous films . This is an indication that indeed we are depositing

better films than in our previous ZnO station . Figs. lb and 2b are S.E.M.

of the fracture edge of the ZnO fi lms . Aga in, these films show the preferr ed

orientation of growth normal to the substrate in the 0002 direction. This

result i s , of course , confirmed by the X-ray diffractometer data . J -

— 11 —
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We have tried one run with the same conditions as before except for

the rf power which was increased to 1250 watts. A sputtering rate of

7 urn/hour was obtained , and the tuned round trip Insertion loss of the

transducer was 6.5 dBs. This latter result is so much better than our

previous runs (9 dBs with k.~! 90% of theoretical) that we find It

difficult to explain why it is so good. Obviousl y, i ncreas ing the power

Improved the quality of the film as expected . We are presently carrying

out the rest of the evaluation step on the various fil m s obtained .

The one prob l em that we have met so far in this station Is that of

knowing the surface temperature of the substrates. This knowledge is

Important because a stainless steel holder Is being used , and the indica-

tion of a thermocouple can be very different from the real temperature of

the substrate because of the larger thermal grad ients that can exist in

stainless steel. We are presently making thin film resistors that we

plan to use to monitor the temperature of the surface on which the ZnO

is being deposited .

III. EXPERIMENTS WIT h THE STORAGE CORRELATOR

A. IntrQdvctJgJi

It has been our aim to arrive at a technique for employing the storage

correlator as an adaptive equaliier or inverse filter. In the last progress

report, we described one version of this adaptive filter which we employed

to remove an interfering cw signal . By working In an input correlation

mode, we have been abl e to obtain as much as 30 dBs reduction of an inter-

fering cw signal introduced Into the device at the same time as a PN code.

This work is an extension of the earlier work we described in the last

progress report and is dealt with in an accompanying paper which was delivered

L 
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More recently, we have been able to arrive at a new design to program

the device as an inverse filter or equalizer and have been pursuing tech-

niques to allow us to accomplish this purpose. The basic device configura-

tion required for the inverse filter is shown in Fig. 3. As will be seen

from the schematic , the method is relatively simple. It requires a test

signal X(t) to be inserted into the device repetitively. Suppose the

weighting of the device along its length is w(z) . Then, when the pip

signal is inserted into it , an output w ill be obta ined of the form:

Y(t) = f X(t - z/v) w(z) dz (1)

where z is the distance along the device and v is the acoustic velocity.

The required signal -D(t) is fed into an amplifier along with Y(t) so

that the error between the output and the required signal is found. This

- 

- Is:

c(t) = Y (t ) - D(t) (2)

The switch shown i s then moved to its second pos iti on. The error s ignal

passes through a delay line back into the device while at the same time,

the test signal X(t) is re-inserted into the device. The correlation

between the test signal and c(t) is therefore obtained in the device

and serves to up-date the weighting of the storage correlator. By this

means , the dev ice iterates several times unt il a final wei ghting i s such

as to make Y(t) -~ 0(t) . It can be shown that in fact this process con-

structs a Wiener fi lter. After the device is set, the weighting remains

essentially constant for the storage time of the device , and it can there-

fore be used as an equalizer for any signal entering it.

- 13 -



Very s imi lar configura ti ons can also be employed to remove interfer i ng

signals or to eliminate noise. As each i teration around the device takes

of the order of 6 jis , it will be seen that the device can rapidly converge

on a final weighting. Th is compares very favora bly with the s imi lar process ,

when carr ied out with a computer or mi cro processor , for our iteration times

are of the order of a few microseconds where the iteration times in a com-

puter might be as much as severa l seconds. The storage correla tor appears

to be ideally su ited to thi s purpose because it carr ies out all of the

processes required in almost the optimum configuration .

It will be seen that a basic requirement of the technique is to be

able to insert a signal and build up the ampl itude of the storage progres-

s ively with time. Therefore, as a first step, it was necessary to determine

if we could indeed do this. We had already shown that by working in the

input correla tion mode , it is poss ible to bui ld up a correla tion peak. Th i s

is near to what was required ; however, we felt that before proceeding with

experiments on the inverse filter , it was necessary to demonstrate that by

reading in a signal repetitively, we could build a stored signal up to its

final amplitude after many cycles of input signa l and finally correlate it

with later signals , i f need be.

Therefore , two main experiments have been tried in which cw pulsed

signals and Barker Codes were stored repeatedly and correlated with later

signals. 
-

B. CW Correlation

r . A schematic of the set-up employed is shown in Fig. 4. An rf pu l se

is generated periodically by the Rep. Rate Generator which is gated in turn

by the mode Control Genera tor wh ich defines two modes separa ted i n time ,

the store mode and the read-out mode. The period of this mode is 70 msec

- 14 -
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which allows enough time for the diodes in the storage correlator to discharge.

The time-length of the store mode can be set at will to nearly 70 msec , thus

varying the number of stored acoustic signals. On the top-plate , we apply a

train of write-in pulses , triggered by the Rep. Rate Generator and synchronized

with the acoustic signal. The pulse width can be changed at will , as well as

the delay of these pulses , relative to the acoustic signal . Finally, a read-

out pulse is appl ied to the top plate; this signal is generated from the

delayed falling edge of the store mode pulse and also controls the output

gate. The same rf source at 120 MHz i s used to generate the carr ier s ignal.

Level of appl i ed signals as shown were taken from Fig. 4 where it was shown

that these are optimum values.

-
~~ C. Resul ts of CW E~~eriment and Comments

1. Pulse Width of Write-in Signals as Function of N (Number of Input Stored

Signals)

The function is hyperbolic as we can see from Fig. 5. The correlation

peak is kept constant during the pulse width decrease process. The results

indicate that it is the total charge read into the system which controls the

storage phenomenon.

2. Correla ti on Peak Versus Number of Integra ti ng Pul ses

The function in Fig. 6 is non-linear and saturated very rapidly as an

exponenti a l , as we increase the number of stored signals. This is in complete

agreement with Ref. 1. The correlation peak is larger in our case by 6 dB as

the acoustic power input was 16 dBin instead of the 10 dBm was in (1).

The signal duration or integration time is the number of acoustic stored

pulses times the width of the write-in pulse (1 psec). Saturation at about

80% of the final value occurs after 20 psecs of integration time .

-1 5 -
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The optimum choice for the number of Integrating pulses -in a cw

correlation system is therefore determined to be between 20 and 100. - 
-

3. Linearity of Acoustic Port (Input Dynamic Range)

Very good linearity has been obtained over a 25 dB dynamic range as

the acoustic power fed to the acoustic port was increased . Good linearity

(within 1 dB of the linear curve) is obtained over a range of 30 dB.

We conclude that the dynamic range is 30 dB . The limiting factor for

the low signal is the spurious level which is above the noise level by 10

to 15 dB . Thus, as we reduce the spurious signals we should be abl e to

increase the dynamic range. The maximum input power to the transducer

determines the maximum input signal .

4. Linearity of Top-Plate -

Excellent linearity was obtained with the read-out signal power when

decreased by more than 40 dB , while the write-in signal was held constant.

In this case the limiti ng factor is the noise of the system. There i s no

problem of spurious signals because these are generated by high l evel read-

out signals.

D. Barker Code Correlation

1. Conditions of Experiment

We used the same set-up as described in Fig. 4, except that now two

Barker Code generators are inser ted in the s ignal path of the acous ti c

port, and the delayed Barker Code version is appl ied at the top-pl ate to

read out the correlation signal. The storage correlator with a time band-

width capability of 24 (8 MHz bandwidth and 3 psec storage length) allows

us to correlate and store Barker Codes up to 13 bits . So we made our 

- 
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experiments with a 5-bit , 7-bit, and 13-bit Barker Code. The parameters

used were:

Length of Barker Code 3 psec

RE Frequency 120 MHz

Acoustic level 4 v.p .t.p/5O~
Write-In and Read-out sIgnal 8 v.p.t.p/50c~
Interval between signals stored 6 psec

2. Results Obtained

a. The Input dynamic range was measured as 30 to 35 dB which complies

with the cw experiment.

b. The larger the number of N for a givefl correlation peak output, the

narrower the write-in pulse can be made; this relationship is hyper-

bolic as in the cw case.

• c. The output dynamic range is the output correlation peak as function

of the integration time ~or number of store signa ls). We can see from

Fig. 7 that this ranqe is about 20 dB , which compares well with the

input correlation mode experiment (see Fig . 6 in (1)). Storing one

single Barker Code produces a correlation peak of 60 mV ; saturation

is achieved after 320 pulses (or 320 psec integration time for a

1 psec write-in pulse) producing about O.5v .

The curve shown in Fig. 7 is fairly linear; this is due to a lower’ top

• pla te voltage in this case than in the cw case. We also iieed a larger number

of integrating pulses than in the cw case, for the same reason .

The advantage of the repetitive store method is that we can always

achieve the maximum correlation peak by increasing the number of the inte-

grating pulses up to a theoretical value of 23,000 (3 jtsec pulses divided into

- 17 -
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maximum allowable time for storing which is 70 msec). In almost all cases,

saturation will occur far before this l evel .

d. The sidelobe l evel was close to the optimum as will be seen from

Table I.

TABLE I: Barker Code Sidelobe Levels

Theoretical Value Experimental
~~~~~ of Barker Code of Sidelobe Level Value Obtained

5-bit 14 dB 14 dB

7—bit 17 dB 16 dB

13-bit 22.2 dB 20 dB

Fig. 8 shows a 13-bit Barker Code correlation. Notice that the output

signal is wel l above noise.

e. The storage time defined as the time when the output correlation

drops by 3 dB was measured and found as 58 msec.

E. Conclus ion

The repetitive store mode offers a highly efficient way to store and

correlate pulsed signals , especi al l y short signals such as Barker or Huffman

Codes , mak i ng use of the pulse compress ion ca pab i l ity of the dev ice. The

optimum correlation peak can be obtained by increasing the time of integra-

tion up to the limit of the discharge of the diodes. The method opens up

new hori zons in signal process i ng, as ma n y successive comp lex opera tions of

convolu ti ons and correla ti ons can be made dur ing the store mode time.

As we have d iscuss ed , an important application of this new method is

to design an adaptive filter in which the input signal will be trained

wi th another signal by using the L.M.S. algorithm . The store mode will

- 1 8-



--

allow enough time for the filter to adapt to the training signal , and the

weighting function of the device will be updated after each iteration

created by one single pulse. Each iteration can last in theory as short as

3 psec (the acoustic storage time), and so the adaption time should be only

100 - 500 psec . Our next step will be to use this method to construct an
.4

adaptive Wiener filter.

F. References

1. H. C. Tuan , P. M. Grant, and G. S. Kino , “Theory and Application of

Zinc-Oxide-on-Silicon Monolithic Storage Correlators ,” presented at

- 

- 1978 Ultrasonics Symposium , September 1978, G. S. Report 2872.

IV. GaAs CONVOLVERS AND CORRELATORS

The aim of our GaAs work is to fabricate both monolithic convolvers

and storage correlators. Initially we intend to demonstrate working

dev ices us ing ZnO as the transducer ma ter ia l .  A new magnetron d i scharge

ZnO sputtering station has been built. This station is bc~ieved to be

capable of depositing ZnO film of higher quality at a faster rate . Test

runs have been carried out to search for optimum deposition conditions , and

preliminary experimental results are extremely encouraging . Since some

of the electronic equipment on the old rf diode sputtering station has

been disconnected to be used on the new station , we have not been able to

use the old station to fabricate GaAs devices. Judging from the good

resul ts we have obtained , the new stati on should become av ai lable  to us

very soon.

Because of the unavailability of the ZnO station , or for that matter

the edge bonded transducers described in Section V , we have concen tra ted

- 19 -
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on improv ing our Schottky diode technology . There were two probl ems with

our Schottky diodes in the past. The first is that the turn-on voltage 
—

of the diodes could be 2 - 5 volts , muc h lar ger than the theoreti call y

predicted 0.3 - 0.4 vol ts. The second is that we could not obtain consis-

tently a mirror -like GaAs surface after the etching and cleaning steps

required in the fabrication process. The result of this is that the

reverse breakdown voltage and the reverse leakage current of the diode

varies considerably from run to run.

The first problem is believed to be caused by the non-ohmic contact

on the back side of the GaAs . We have investigated this probl em by

depositing different combinations of metal films on the back side of the

GaAs and varying the annealing temperature required . Our most recent
4 0 0

recipe is 4000 A Indium/4000 A Gold and an annealing temperature of

275° C - 300° C. Fig. 9 shows the I-V characteristics of a diode with such

a back side contact. The turn-on voltage is about 0.35 volts. The break-

down voltage is about 125 volts. The detailed I-V measurement reveals

that a series contact resistance still exists. We believe this series

resistance can essentially be eliminated by being more careful with the

annealing process. Instead of annealing the samples in a controlled

environment (like forming gas), we have been annealing them on a hot plate

in the air environment . Presently, a small furnace for this purpose Is

being set up in the laboratory .

• The second problem , we have found out recently, is caused by the etching

solution used to remove the first 1 - 2 p of the GaAs surface. This

etching step is necessary because the first 1 - 2 p of the surface is

usuall y more heavily doped than the rest of the epi-layer as a result of

the epitaxia l growth. The etching solution we have used in the past is

- 2 0-
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10 H20 : 1 H2S04 : 1 H202 . Even wi th extreme care in mixing and stirring

the etching solution , good consistent surface conditions were difficult to

obtain. The surfaces look cloudy on many of the samples. Recently, we

have changed the etching solution to 5 H2SO4 : 1 H202 : 1 H20 . The

result is very satisfactory . Mirror -like surfaces can be obtained repro-

duc i bly with much less care. With such high quality GaAs surfaces , we

bel ieve a diode array with good performance can be fabricated .

In the next six months , we will make improved GaAs convolvers using

the non-linear conductance effect of the Schottky diodes , as we have dis-

cussed in our last progress report. Because of the improved etching

technique, we are quite optimistic about fabricating the first monolithic

GaAs stora ge correlator us ing the d iode arra y struc ture .

V. EDGE-BONDED SAW TRANSDUCER 
-

We have described in our last progress report the principle of operation

of the edge-bonded transducer1 the struc ture of wh i ch i s shown schema ti ca l ly

-in Fig. lOa . Our preliminary experimental work on another contract has

indica ted tha t there are three drawbacks assoc iated with the fabr ica tion

of th is transducer struc ture at h igh fr equenc ies :

1. The struc ture requ i res the depos iti on of metal elec trod es on the -

ends of the device. Since the mask aligner in our laboratory was

des igned to handle planar  sam pl es typically 10 - 20 mils thick ,

photolithography presents a fabrication problem for our structure

where the sample i s usua l ly 3 cm l ong or more;

2. The electrode meta llization tends to extend over the edge of the

PSN and become electronically shorted to the indium bonding l ayer.

The situation worsens at higher frequencies because the PSN is

thinner ;

- -21 -



3. For a desired center frequency of 100 MHz, the PSN has to be polished

to about 16 p thick. Since it is extremely difficult to handle PSN

samples at this thickness , the norma l procedure i s to bond a muc h

thicker PSN piece to the substrate and lap it down afterwards. A

second lapping process is also needed to level the PSN with the top

surface of the substrate. Because of the stress involved in the

two lapping steps , the thin PSN sometimes cracks .

To overcome these difficulti es , we have proposed edge-bonded transducers

with two different configurations. The basic idea is to ind ium-bond thick

pieces (1 - 2 m) of PSN to the ends of the substrate and fabricate trans-

ducer electrodes on the top surface of the PSN. The photolithography process

involves only a planar structure and , therefore , it is compatible with j
existing alignment facilities and conventional planar technology . As thick

PSN pieces can stand the lapping process, it is far easier to level the top

surface.

Fig. lOb shows the first new electrode configuration proposed . An

electrode X/4 wide is laid on the PSN surface , separated from the indium-

bond interface by a gap X/8 thick. From symmetry consideration , the electric

field distribution in the PSN with V volts aopl ied on the electrode would

be identical to that of a structure when the shorting plane at the bonding

interface is removed , the substrate is replaced by PSN , and an identical

interdigital electrode at a potential -V is placed )~/8 away from the

interface. For this reason , we call this structure a half-fin ger-pair

transducer structure. Its principle of operation is similar to that of an

interdi qital transducer (IDT). The acoustic Q of the transducer , which

is determined by the number of finger pairs of the lOT , is small. The reactive

impedance of the electrodes . which is mainl y determined by the static capaci-

tance of the electrode , remains at a manageable level (— 150 ~ at 100 MHz

- 22 -



or 300 ~ at 50 MHz). thanks to the high die lectric constant of the

PSN (— 700). The electrical Q of the transducer is equal to

1/~0C(5O + Ra) when and C are the radiation resist ance and static

caeac i tance of the transducer . resrt~ct iv~ lv . Takinq both the el ect ci cal

~ •~nj the ac~u~ tic Q into cens idera t I ~n • our rc’uqh e~- t ici •~ te is tha t we

should be •~bl e to get 40 — ~0~- bandwidth at a center frequenc~ of 100 HP:

In sp ite of the high diel ectric con stant of PSN, the r e ac t ive  impedance

of the transduc er is st i l l  on the high side to make untuned o~erat ion less

than optimal. One other potential disadvantage is the loss of eff iciency

because power is radiated into bulk waves . The obvious solution to these

probleris is to use an lOT structure having more than one finger pair .

bearing in mind that the number of finger pairs should be properly chosen

to achieve the desired acoustic bandwidth.

Since — 4m. bandwidth is acceptable to us at the present time , we chose

to employ the 2-finger-pair transducer structure , as shown in Fig. lOc .

Assuming a diel ectric constant of 700 and \v ’v ~~~- 0.02 , the radiation

resistance and the reac t ive impedance of the IDT are estimated to he 15 ~
and 125 ~ , respect ive ly.  The untunc ’d loss due to electrical mismatch at

these impedance levels is 8.5 dli per transducer .

We have fabricated transducers with both hal 1— fi n~er—pa i r and 2—fin g er—

pair structures. PYRE X qiass was used m i  t ial lv as the substrate materi al

because the composite st ructur e of PSN ~NR[\ is easier to polish. ig . 11

shows the indium bond in detail , and it can be seen that the bond is c\t re~ie 1 y

uniform . W~ have successfu l iv made two hal f— f Inner—pa i r transducers en t he

s,n ie substrate, one at each end . The cen ter frequency of the transducer is

des i(med to be appro\imate lv 5t1 NH: . I lii. I .~ sh ows the linnul so response

of this delay lin e . The 1 arge bandw idth ~f the t rari~ducei’ is demonstrated

by the one—and—h a l f—cycle impu l so response. The tintuned r f tone— burst

— —



________ ~~ ~~~~~~~~~~~~~~~ ~_k~~ 
.‘.— —w.,-— r7-~~~~r’~~~ pV~~~~~~~~~~

— 
“~~~~~~~~T 

—- - -

measurement gives the 3 dB response from 35 MHz to 70 MHz . The

larger-than-expected 70% bandwidth is probably due to the parasitic

capacitance of the BNC connectors. The untuned terminal-to-terminal

insertion loss is 47 dB at niidband . The insertion loss drops to 32 dB

when the transducers are tuned with inductors . Taking into account the

series resistance of the transducer electrode , the insertion loss of 32 dB

implies a radiation resistance of approximately 1 c~ . This is considerably

lower than we had estimated .

Fig. 13 shows the Smith-Chart display of the input impedance of a

2-finger-pair 100 MHz IDT fabricated on PSN. The transducer is tuned so

that the impedance near the center frequency can be displ ayed more clearly.

Assuming a series electrode resistance of 10 - 15 1~ , both the rea l an d

the imaginary impedance of the transducer are close to what we would have

expected. We therefore assumed that the 101 is working properly. Unfor-

tunately, we had only one good transducer on this delay line and cannot

measure the terminal-to-terminal insertion loss. We have fabricated more

indium - bonded PSN/PYREX delay lines , having 2-finger-pair lOTs on both

ends of the delay lines. For reasons not understood presently, we canno t

reproduce the result shown in Fig. 13. The reactive impedances of these lOTs

are always higher than that of the lOT disp l ayed in Fig. 13. The tuned

terminal-to-terminal loss is 35 - 45 dB for most of the delay lines tested.

Aga i n , this indicates that the surface wave radiation resistance is consid-

erably lower than we expected .

We believe the reason for the small radiation resistance is that the

PSN ceramics had been depoled during the fabrication process. This is

conceivable considering that the fabrication process does involve sputter

etching and sputtering of metal films , both requiring the bombardment of

the PSN surface by energized particles. It should the pointed out that only

-24 - -
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the surface layer (20 - 30 ~i at 100 MHz ) of the PSN i s acou s ti c~lly active

with the IDT structure and any depoling due to the surface bombardment is

going to have a large effect on the performance of the transducer. At the

present time , we are takinq steps to investigate and improve the fabrication

process. This includes finding new ways to deposit the metal electrode , -

avoiding any sputtering steps.

I

I
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FIGURE LEGENDS

Ia. 1BOOX S.E.M. surface of ZnO/Si02/Si

lb. 5000X S.E.M. fracture edge of ZnO/S102/Si

2a. 1000X S.E.M. surface of ZnO/F.Q.

2b. 5800X S.E.M. fracture edge of ZnOIF.Q.

3. Schematic of basic device configuration requ i red f’w the invers-9 fi l ter

4. Schema tic draw ing of cw correla tion ex per imen t

5. Pulse width of write-in pulse versus number of integrating pulses

6. Correlation peak as function of number of pulses

7. 13-bi t Barker Code and stored charge pattern

8. Output dynamic range

9. I-V characteristics of a Schottky diode on GaAs (Vertical :

0.05 mA/div)

1Oa . Schematic of principle of operation of edge-bonded transducer

lOb. Schema tic of first new electrode con figura ti on pro posed

lOc . Schematic of 2-finger-pair transducer structure

11. Ind ium bond between PYREX and PSN (400X)

12. Impulse response of the half-finger-pa ir edge-bonded transducer

13. Smith-Chart disp lay of the input impedance of a tuned 2-finger-pair

edge-bonded transducer
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Appendix A
ADAPTIVE FILTER BASED ON S.A.W. t h ese ad apt iv e piocessois at 1-10 Mhl sigitil baadwidiI~ .
MONOLITHIC STORAGE CORRELATOR We are pa ,t ,~uIaiIy tflle t es t ed in using tI ,c ,inc.ox ide-on’

silicon st ’nige ciir,cl j ui ,e ’ whisk, we are dcveliiping in our
lahoratuty . 1 t ,,s device Cuniptr~cs -a silic,,n w~tcr will, dillusedl,,4,-~, in~ t,-nnt (o,,da i ,,, ~~~~~~~~ ,une. Surfecea,-outtic-

..ar, ~ , i , , -1 pu diod es which is ,,vc rla,d by a I -t, pm th ick sputte red zinc-
— - - — — - . - —  aside f lIrt, w iiidi vuppcirls tht — sa .w propagatii’.t. It cll rrc i i rly

Lks,v” oi ski ,nd ..d .1,t,se 1,1, , i  i,,~ oi p ral un g a Sw l~~ C oh lets pit~gtj utiniahle traitsve,sal I i lte t ir ig lOt W3,ct tun is ut-. ieu,ot,, - -~ j ve mo n,,i,tt ,,s ,,nc- ,,s,,leofl-,,jicofl st,~r,i55
1 Iis ~~~~ i i , , . ,  , i,-,,,. nstiate t . 5  4 ps dur.,t, ,i .,tid 14 Pu l l .  han dwt ,l t l ,

c~p~ri”~~nl.~i me,suwnwni~ i i ~ w n,, - i rre nse s uppressv n in Ilie l e t  v,l~et ,ie ado pted tot t he piac tical vCr itication u t
, s ,,,i,,I,isd s r re~d-~i~~ I , ’ n si u r n  I “ese pi .essoi s . ~.h,th IhC adaptiv e til le r ~s sh ow n in i-ig. 2. h ere t he switches are
u s  ap..ble ut .idapl, ~~ l,il ~ , ‘5 .- o s ,, I —2 11 Si II, s iynaI nd- 

~~ ~ p~)~j ~~~ I n  ~~~~~ s t ’ i t ge while the ~dipt ive filterwi di1~s in seat 1,1, 5 , 0 th?  s,~njji ant athan la~ cs ui lej ius 1
oinp te5,I  y and e’~~ ~

r s,i ~u.lI~i li - n o.er e 1uuv aie ,t t, ~’ti.,I Opera , on s 
~~~~ 

t ied in pos Itio n 2 , where 11w tiolil lines
show ibs s ig n_ il pa it , - We el ect ed to lit ilise a si, ‘ i t  I I ps)
gated hul\ t ii c w . in p lace of a high-voltage impulse to

Introduction Adaptive tapp ed transversal filters ’ which energ ise the st orage diodes. h its assures comp lete sat urat ion
operate by ite tat ivel y adjusting the tap weights with a Of th e diodcs , and renioves the ad aptive tiller sei is itivn y to
feedback control loop to achieve some desired filter response , input Signal aittp hitudc.
have many diverse applications. ihey Cull be used in nartost - For an input sinusoid cuss wi insert ed at pu’ri A wl,j~h,
band (kllz) systems for tuonhtori ng low-level foetal h eartbeat ’ interacts with a sh ort storage pulse of the sait ie t I t ’q UCitC % at
or for equalisation of the distortion in -J telephone channel. 2 port B, alter a del ay 1’0 through the ,rijct ,sc tegi~ ii iii lIt.’
At wide (Mh z) bandwidths adaptive filtering is used for device , the stuied signal is given by itie reij i,,,,,
inverse filtering to ituprove the range resolution of a radar 3
system or to suppress c.w . interference 4 in a spread-spect ruuti K fctis ~~ — xfv — T0) cos ~ ,t di ( I )system.

This letter describes a new realisation of an adaptive filter
based on an analogue wideband (1-20 Mh z) surface-acoustic ~ cot s.t(x/i- — T,) (2)
wave (s .a w .) programma ble m onolit hic storage or mem ory

¶ 
correlator . ’ It operates by storing direct ly a sample of the

Cinput signal, to implement a narr owba nd f ilter, which is
St or e 

-

subsequently used to null out the interference. A proro~ype
adaptive filter is demonstrated suppressing narrowband
interference in a simulated spread-spectrum rece iver. -

Adaptive filter application in interference suppressi rn: Spread-
spectrum receivers often experience very high levels of inter- 0 ________________

ference. which prevent de m odulation of the received message
even after matched-filter processing. Wideband it iterfere nce is 

~suppressed by spatial processing its sit adaptive array i 4 .b
while narrowband interf~rcnce is suppiessed in an adaptive
transversal filter, One possible implensentatic s n of this latter
processor is shown in Fig. I. Fig. 2 S.A. h~ irnptenie,irarion of iiarrowband ünerfen’nce ca,,cett~

p

.-‘put A. 1 • High-te net cv . interFerence
b Wideband pn ps.k. coded iignal
c Store pulue generator
d Attenuator

H e S A W .  st or age corr etator
I Cancelled output

Output W~il
w here K is a constant , x is the spatial dis tance of the stor ed

F~. t 4daprive spread-specinam receiver signa l fron t the input transducer , and 5 is s Ite propagation
a Wideband ti gnal with high-tevc t c.w . in icrt ere nse ve loc ity . Thus the spatial stored charge patterti corresponds- - b Adaptive narrow band filter exactl y to the input signal . If now , aut e i storage . a lat c i time
C Fitted coded tran iverma l filte, samp le of signal , ens ~,i is inserted into t he  device at port B.

the output at A , after passing through the same delay T0. is
Here a programmable notch filter is realised by loading -

corr elator. ’ As the narrowband cw . interference is ~~ t) = a I ens c.,(x/v — T0) cos u(t — xlv — T0) sL~ (31and stor ing a samp le of the input signal in an s a w .
.10 -

considerably large r titan the wideband coded signal , the
corre lator impu lse response comprise s a burst of c. w . whose w (a 12) cos Wi (4)
duration equals the delay across the semicondu ctor interaction where a is a constant of the devic e and L is the letigth of the
region . Thus it imp lements a filter with a nar rowband sin XIX semi co nd i iciom Interact ion legion. Titus the time delay T0
frequency response whic h is automatically set on the inter - - cancels out and the delayed filter out pu t is always in phase
feting freque nc~i. When incorpor ated as in Fig. I , the s a w , with t h e input. Provided that the store pulse s a tur a te s the
óev iee filters o’~t onl y the interfering signal at 2. which is diod c s th en the filter will have a Constant ins ertion loss ,
sihwquenrly arnpht’ied to ove rcome rIte loss in the filter and independent of ti le input power level. Once the proccss o i
added in antiph ase with the input signal, This imp lci t sen ts a is ad justed at a pa mti c u h at frequen cy, s.a, the paran ic te i a can
wid ehand fitter with a notch centr ed on the inte rheir ts ce he detc rtt ttne d and ex3c t phase canc ellalton will he obtained
frequency. Prov ided that the notch iv narr ow with respect to: any ilt piit csu - tue quen cy within die hatt dw ,dth of the
to t h e wt dcb and coded s ig tt al then t l tete it ns,nima l di stui rt ion devi ce .
tn the w ideb~nd signal , ’ Aft er interference cancellation, the l ig. 3o s hows the signal input to o u t  s a w - b a s e d  adaptive
coded signa l can then be detecte d in the receiver matched pras -esc o r. hr col t iprite t a +10 dRt n, Ill -R Mu ,  c w . sigr ta l
filter, plus a - 10 dBm, (i-I ps burs t ut 3 I-chi p pn code , modulated

at ~ MIh, tate uti t it , I .‘t) Put hi, car rIer - The du ecl correlation tsf
Interference ca,,ccflaiio,, with so. w. storage correlator: (hits s-u n ipas t me s igi ma l in t h t c 3 I-c hip niatched t il ler , wit hout
Widc band s.a .w , devices ot f e r t h e capability of imp lementing the .udaptuve tiruscessoi , ts shown in Fig, 3!, For adaptive
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s.d se . ‘.itst.tgc corre lato, iluis capability is achieved as p
,i~ i~-l ,, t h ’ s ps i l~- ‘ ,~ t ii5 ’ t o p lsl. i t C ss it hi au amp l ille u the c . i mtcchl tog sigti il It ott i the Iii let at id lhe i,s lnit stg t ial are

• ~t d B it t 2t is ) Its hit is t  oh t im e i t t  ptit I 21 -8 NIl, w ave I’oerii , ,il su .i~ in an It phi., Sc ss it hi out St at age an ange uti et u t
P ig 2. 1 ‘.i it 5 e’Ih ,t t t ’ ’ t t  ss ,us .ic hit’ vt’d is)- sit ittinitig the + ‘it) dli
Jt ii i.l it ie’ u h lilt e i •‘ti t ls t it w it ii I tic 3(1 dli at tei iua t~t l itipu I
cuusri i it ui~ iii .i t t lie stg i i.iI ph aws ,m t e’ at t •itigcd a s in Fig. ~ - This (liu-1:t u i  511 It .is e ilcu t ioui ~ t rated the potential applic at to ts
top ic ti me t i t S . i  Ii, ’ t .i it u i m hi t ride-chat .ict r’ i 1st ic (liter with a single u I  the s a w S t I’ m age nit t’l.it oi tot the suppression of single at
not~-h j t I lie i i s t . ’ i let e i~ ’e I t  cr Itic t icy . 0,t t car re lat or , whuich t tiui I tipk u ~

- let i lIg stgis.ils, T he pi ocessor adapts
SI oh ed a 1’ 4 u s  i t m i ui  it ~~ i~ ide . wise t e T I_/v IS the 1111W ati t o ils ,, t ic .il I a l ieu  St Oi itug a sample of the in Icr fr ring signal.
del iv . ‘ t an L ,‘slst i~ 5% .0 C pass t ui g th rrt r tg ls the scrtiieo iiulttc t ot Wit is i t t i p t . ts etl .i, t sp lit it dc nt sd ph ase nsa tehing we believe that

out pioccss ’’t t a n ,ichitcs’t’ .l0-.40 dli notch suppression.
Fri t ti ter inuip i to c- i mmcmt t c.n i be ou t_ u ned Wi lb adapt ive Icedback
Cot it to l ‘~~ r ut  thie t ip  we iglsts. ihus we suggest th at t ht s
d en i o nstia t iu tt i  us a lu st st ep to t h e  mote genera l ada ptive
eqt iahis t .’ t .  1i teut ’ hoi ~ we bel ieve that cu rr ent s a w , storage
- d Ials , ssi stc h are equivalent to transversa l equa lisers
piocessit ig I —2 0 MIle sigu iii l hatu dwt dti s s with 16—200 csstnp lcx
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I . ,

Abstract
aco usiu c SU RrA C E ~ Av (

- - F4ge bonded tt’ancducer. fElt?.) have the poten—
tial to be rf flcicnt and broad ba nd SAW transd ucei.
tor signal processing and rsotsd esmt ructive Ica tim ig umDIuu ltoND
applica tions . A norna l mode theory h~s been de—
~c3op~d for the de sign of Ellis. Ellis have been
uade (or SAW pr op ap ,ation on Qu.-srtr arid Silicon Ni-
tride ceramic , ~nd the early result s are in good

~~~~~~~~~~~~~~~~~~~~~ c Ltc T RIc ’ - ~~~~~~~~~~~~~~~~~~~~~~~~

agreement with theory. , - ‘ -

- - In troduction

pThere h a S be en a grea t steal of interest In
exciting Surface Acoustic Wav cs (SAW ) on nonpiezo—
electric media for both signal proc essing and tson—
destructive test ing app li cat io ns. t ’ 5  For this UAltRI A ~
purpose , typical ly,  p iez o ete c tr i c fil ms such as
Zinc Oxid e (m O) are  dcpositcd on the notspiezo—
electric substrates , and lntcnd1r~itai Tra nsducers AU CIC CIROOCS
(3D?) are used. The in.-iin prot’ ieas w i t h  such t ra ns—
ducei s is t h eir low e f f i c i e n c y  and small bandwidth.

- Lardat et al ’’~ ~hsov ~ d exper imental ly that Edge
Nonded Transducers (115?) can he emp loyed to y ield
a hi gher cli Iciriuc y and largi ’ r h.-s n5twidt hs than an
ID?. and have the ,-iddltion,il ads’antagc that t h ey  Lw ~~~~ PONDID ‘IRAWS OL iCIK
~an be used wi t h, a tson p ic~o elec t r ic  s ut ’ s t r at e , in

- I this work we h ave developed a qu amini t ativ e theory
to predict the desi gn paramac cers 01 Ellis . We have

• *l~o bu ilt Ellis and the earl y results tend to con—
first our theory cxpcn imentiilly . 

- 
FrCUKE 1

A setseusatic diagram of an edge bonded trana—
ducer is r.hnvsi lii 11g. 1. The depth ~nd width ~~ as sc)ucsvn ac hcnatlcahl y In Fig . 2. FollowIng Mild
the hack con tact ccsnts-ols the lnped ,imsc i. amid cU t— and kitso,5 we can c-xpand the elect r ic potent ia l
ciency of the i’ ll? , ~-hule the th t i ck isess of t ie 

s~~oci nuled wit h the acoustic waves in msos’stsai nodes
pie zootvct ric la yer d” t es -miisi ’s It s  cen ter frequency . 

of the fora t
The cera mic pt c zoelectri c lay er is poled iii a di—
reel ion norn.s l t o the surface of the sut ’m strat e m i d
t o t h e  d i tec i ion of prop.sgatioiu of the s ur f ac e wave , 

•(x,~ ,~) E ~~~ 
(2)

so as to provid e ma inly shear s’,uvu ex cilat lot s .
‘ n

Consider the excitat ion of an acou stic wave by
a charge dt~ t ttt .ui ttoii ces -tcspeisdliug to the charge whie~e 5n Is the itttiphitud~ of the 15th mode,

a11a,1P~ is t tue l’os-er in t lii’ it t~ anil e ~usd •ut I tie
•n list elec t rods’s : volt age of liii’ til ls iuode (ui a rower P~ , Ecu ). —

loving t h e lti’ at ms-nt of refe tenc e S wo cats write

t6 (ii4 LI?) — 6(x—L/2)3o (y ,s) (1) 
*

~~fl 
~~~~~ 

• —Jp(x,y,’)
~

(y,z) dy ds
3918 hIl iraimumiles ~.yumi It uss ium h’roci-e.hiisgs ‘Pu
11.LE Cat. DUtCh) 3)46- IMP 

- 

. ‘ 
. (3)

L 

‘
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~
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‘ $ecau.. we are deahi n~ wi th a mode vho.~- - 

- ~oJtage d is tribution lii nonun iform over time crop s
section of thie tran sducer , It Is necessary to de-
fine time dimensionles , parameter °l (or the po—

* t.ntial of the acous tic surface wave mode., by

a * 
writing 

- .I - .  -

~
i a 

~
f. •1(y)/~1(o) dy (7)- .4

______ 
I •~~~~ _____ 

0

where it has been assumed that I, uniform
with s and the charge density o(y,z) —

~~~~~~‘‘.~~ tt.ECT RODCS We also define ’an electrical Impedance of the
mode In a standard way as

1::: -
.~~ • (o) •~(o)

- 

‘ ~ 1 (8)

~ 

- BACKING ~~~~~~~ 
.
~ 

SUBSTRAT E - - 
2P
iI -MATERIAL 

:..‘:‘;\~i: After solving Eq. (3) and Inserting It In Eq. (4)
with the use of Eqs. (1) and (2), we fi nd afterPIEZOELECTR IC

MATERIAL t considerable al gebra that we can express the s-c—
I suits its term s of the ICr lnm ho ltz , Lctcdom , and

Matthael’ equivalent circuit for a bulk wave trans—
- - i 

- . .. - . ducer , as shown in FIg. 3, where now the impedance
of the transmission line is defined as Z~ • and
the transformer ratio as

TICVRE 2. Planar cross sec tion of a backed edge - - -

bonded transducer. a 2o sin 8~tI2 —. -
.

- - -

- I

-oC-
.

d FRONT4_ variational expression for the electrical input 
- BACK d ACOUSTIC

PORTthe form - . - - 
-

-
-

Sstpcdance of the transducer ,t can be written in ACOUSTIC Z~ ,V5 ~~~~~~~~~~~~~~~~ ~V

if +(x,y,z) p (x ,y,z) dxd ydz

jwQ
2 (4) - 

Co

V • II -

The inpu t voltage V at the terminals can be tie—
h ued in terms of 2 and the input current ELECT RI
1~~~~tmQ , .s PORT

The potentIal haø two contribut ions V — V~ + “c 
‘

where V5 is the pot en t ial due to t he acoustic
wave, and V~ the electrostatic potential due to -
the charge Q Jo(y,z)d ydz . So it follows that

V •
c 

I/j51C0 (6)
fiGURE 3, TransmissIon line model of pieso-.

i4s~r~ C0 is the geometric capacitance of the electric EtiT Carter Krlinti o ltz ,
4 transducer. i.tcdom, mind Hac thaei),

- I We keep only the terIn N lii Eq. (2) corre spond— -

- . ing to the backwa rd mind forward propagating surf .uco
wave modes denot ed by a submmcr Ipt I , alt hou g h ttto

~~ esprc.aIon cmiii he solved more gem ieiall y . -
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vith Lb. •erle. reactanc , in thu. circuit dcfined as Similarly the potential of a sur (sc, wave far
most surface wave materi al s fa l ls off appros lmtIciy

2. 
a Jo~ 21 11 (10) •s exp-y IA . It then follows tha t with this

asluapt Ion

At the half wave resonance (ma a ma0, ~ t • a) , It -— - — - 

£11 (i_ —hi/ l 2
follows that thu s Input impedance of time circu it is -

~
+ 1/jwC0 • wh e r e  (woy

~
o) a 16 (17)
EST eS b/A v

* — 4ci~Z1/$ (11)
.0

with Thu. (or (w0C0R,0) to be maxinuje h/A 1.3
with a very tiat maximum and wiLts S — 1,tli ca +r i+i •

3 • L 4 (12) Iiax’mim C It 6.5 Isv/v (18)1— 3 + 0 0 aO EST
and £.,, r~ are , re spec t ively, the reflection It follows that , as might be expected , the
coefficie nts of the surface wave on the left hand ES? would have over twice the electronic band—
Lad right hand side of the transducer. For a width of the fdcal one finger pa ir transduc er.
*atched air backed transducer S — 1 • This is because of the higher value of R~q ob—

tam ed wi th the air backing due to the addition of
It ha. been shown that for an acoustic surface the forward and backward waves. Here , however ,

- - 
the capacity of the transducer is also over twice

- that of -the single pair transducer , and a much
Mgher dielec tric constant material such as a

(13) piezoclectric ceramic can be employed to keep the
impedanc e to a value suitable for matching to a

- . 
. . ‘ ‘ 50—ohm circuit , with a transducer of reasonable

*4ier e Isv/v for a surface wave is defined in the - width v . -

asormal way and -
Taking ( (IsvIv )/k1~ 1 — 0.05 , we see that

- 

T2 h/2 •
c — (~~1c~3 — C13) 

- 

- 

~
IitOCO

R O)FDT 
0.25 k~5

/~
2

~o as C — w h/t , we can calcula te the effec— (uuiO
C
O
RaO)bulk

‘ive e~c~triciI Q of the tuned transducer , 
-Q ~/woCoItao as well as its e f f i c iency, by usin g For P$N with k~5 a~0.35 this gives a ratio of

- 
if ia quantity wgjC0R50 as a criterion of quality. 0.330. Thus the optimum matched EDT would have anWe write electronic band w idth of the order of one—third of

- tliat of a bulk wave transducer of the same mater !—( w~c0p 8
- 

2 lv t11 *1. Bu t by choosing a lower impedance medium for— — — (14) surface wave prop agation than that -of t h e t rans—V v tS ducer material , the band width can be optimized to
appi’o~1maLc1 y 60% of th e equivalent bulk waveTor an Interd igital transducer of K finger pairs , transducer. Because the acoustic bandwidth of an

it can be shown that with the spacing equal to the EDT transducer Is of the order of 100 , very large
finger wid th bandwid ths can he obtained , withi lower effi cien—

- cicie . A further contribution to large acoustic- 

~ma0C R ) ‘ a 2.87NIsv/v (15) bandwidth is the fact that for A/h < 1 , R3o will
0 *0 ASW tend to be fairly uniform with frequency, whi le  for

a bulk wave transducer R,,~ ~ 1/ma . So at thuc cx—
While for a bulk wave shear wave transducer , it can pense ot a loss In effici ency, it is possible to
be shown that ‘ design extremely wide bandwid th EDIs.

(w0c0R 0) 41 2/sS (16)
ii - ~~perimental Design mind Result ,

where ~ 2 _ k~5/ (l4k~5) Following the work of tarda t , we decided to
employ I’SN (pot .i~scium ~odlum tsloh -st e ) as thu e t raits—

We now au-ike a rough u coimuparlr.on of the o pt i— duce r m ateri a l. The hu gh d i c lectr ic con s tant 1st I -
• mired EIuT vii hi thu e us her two i r .uuus ~d cice ra • 1.’e have 

a vi tal i-cqu I rerscnt to c .Imta in .an Input inp~d.sntC
calcula ted ( t w I v ) / k C s  for CaAst , ZnO , quartz , and of the order of 50 ohimms~ wit h a reasonable widt hsLit4huO3 and h’7.T—SA. ihe value of this parancter tran sducer. Furthermore , I’SN is the ouul y ceramicvarie , from 0.047 to 0.033; we t ake 0.05 a. a of wh ich we ni-c au-are , wl u i~ Is can be oper.i cd litreasonab le average. 

- the 300 lUtz range. Bor ic of t h e materi a l co netali t i

-32 -
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f.r PSN we t .  •sk t n from JaIt ~ and N .rltnrourl and 
- -

I. PSNI$15N,some have bet-n mu-a ssured by us. in sep.sratr rip en —
meats . Our ret i.s.sl.-s of II. su* l~~r ta t constants BsSOgsm
are g iven in L ab ie I. We used these par.rnete r . to
carry Out a calcu lat i on for mu and Isv/v of PS~

a i.,ni-iam due to W -ireru ,.~ We had difficu l ty
~~~~~ 

IMU.
4.Ing this 1st-cause the ASW sppe ars to have a
Jeaky wave vlsi- n ther e Is no sh ort circu i t at the W i Zssm
•wr (acc. But we were .blc to estim ate Aviv to be

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
s )

3.7 30 ’. flt unro S and 6 sh ow the t h e oretical
Input lmped.snc. and the two -way untun s-d Inmertl on
3os. from a SO-otum so urce as a f unc t ion  of fcc—

~uen cy and u - l dt hi of ih u e tr. ,n’.ducvr of an I t T  on
silicon nitr i de (S1 1t.4) where we t u.sve ch os en the

ance pa tamete r s. The tran sduc er has a tlut ckuicas
refl e ction c oe f fici e nt s by usin g shear wave loped—

& — 35 pm which c or re~po ndx to a resonant i re—
quency of 44.3 111hz . the dept h of the back plate is
hi • (.0 pm corr esponding to h/A — 0.86 • The opt !—
n choice would have had h/A — 1.3 somewhat
larger tha n thi , value.

Table I

P311 propertie . estimated fro s t our measurements and
Jerlincour t and Jaff .~

• 20.9 x 10
10 

~~~
C12 • 11.6 ~ io

10 
~lol. 

-

c13 • 11.7 
x io10

- 
C33 

— 18.3 1010 
} ICURE 4, TheoretIcal Input impedance of EDT

vs freq uency for different values
a 3.3 1010 of beam width.

- 
C66 — 4.65 1010 

- 
- 

-

I
- 

-
- 

£ — 306 
- - 

- 

- 

~ .G0~am
• —1.72 512/C 

- - - - - - 
• • 

- 
- 

, ~~~~

• 50- 

\\
~

s”I,,,’/
• 7.86 ‘ ~0 . l0.44.~~Mfti

— 13.3 
-

~~
- I,

k35 — 0.S9 
- -

r DOAv/v — 0.17

p • 4.51 ~ 10~ kg/rn
3 

- 

- 

W~ I.5mm

I-

.5

?0-
At 40 19hz with I —  DS p. • h 6 0  turn ,

— 50 ohms • the opt m u . value of C0 for 
-an un luned trauus duc er , when

v • f/50ma0c~ 1h or w — 12 • .

Scea use a~ stud 21 vary with frequency the
ircqu r-ncy depc sudcnce of the tran sudsucer ri’spousce Is
dUlcrc n t t russ th a t ci a bulk wave traus-iu luce r when
t he bandwidth Is large. As can be sm-s ’ ms l ion ii g.. 

_________________________________________

4 and 5, thu e 3 SI lt h .jsu,hu-’tJ t Ii vii hi .uppt ox im.utel y
14 iIB res in is loss ~h~uid be of th e osd , r oh 702. (MN,)

Under the sane cusud ii lu s ss ~ ~-i thu .s SO- Ch -u i.ous cc
a series tusui-d 2 Sm wlJ~ t r.u n~s st u cer w-us ,i,I h ive

no te  that K IO.~,tO lui r th is t ran - -Ju ce r is. u. 10, loss of kilT vs ti- ,-q uency b r  d iti e r e us t
ao.ewh ,at ie-u ~ bssu ,lwld t h , ~s( t lui• or der s .f 502 . W. FICVKE S. Thci ure t tcal untuned two -way ins ert Ion

• rest shi lit .ugrei ’sent wi l l s  that obiausu , -d by ou r Ys t ues of benri wijth ,
rough. est imate of Eq. (ho). 
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on $$ 3K4 . Ihie t i-am w i d th s we us,.-d was .‘.U russ, for
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This work van support ed p a rt ly luy ~~
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The ir f i ec t lost cs ’ s- I l  it is-s it s. •s cor ner in a 110110h4— 16- t~ Oh q stud p.ir t h y  be t t ie Nat io~ a I Sc Lent c
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abstr act obtained , when the diodes are excited directl y
through a capacitor , are in excell ent agre ement

A new theory has been developed for the stor— with our theoretical predictions. Furthermore , th s e
age mechanism of thus P—N diod e which takes into variation in the amp litud e of the stored output as
account the mi nor ity carrier lifetime. Close a function of input amp litud e agrees extremely well
agreement Is demonstrated with experimental results with the theory, which has been extended from t h e
fr o. a sing le diode model. The theory is extended ori ginal airgap theory tha t we carried out earlier.
to the SAW monolithic storage correlator and is
found to fit closely to measured results. Last yea r. we described the u se of the ZuiO-on—

Si storage corr elator in an input correl ation mod e. 5 ’ 2
Potential applications for storage corr e lators In this mode , two signals are simultaneousl y a p—

are also s urveyed. Operation in the input cor re la— pl ied to an acoustic port , and the center d cc—
tiom node, with time bandwidth (TO) products be— trode respective ly. The individual diode stores a
tvcen lO~ and 10’, offers application In program— component of signal which is proportional to the
nable Fourier transform ation , spread spectrum syn— integral of the product of these input signals as
chronization and adaptive hitering. An adaptive a function of t ime. So , in fact , the correlation
s ignal processor is described which is capable of of the input signals is read into and stored in
suppressing narrovband interference in a spread the correlator diode array . As the input s igna ls
spectrum system. can be s-cad in over a period much longer than the

- -tine delay throug h the device , i.e. , to the sto r—
- age time in the device , it is possible to corre—

1. Introduction - - late signals with very large time bandwidth pro—
- ‘ducts . Itowever , at that time , we and others be—

in last year ’s sym posium we described our theo— h ewed -that this node was basicall y hig hly non—
ret ical and experimental work on airgap’ and ZrsO—on— linear and tha t correlation could only be obtained
Si surface wave correlators .~ We showed tha t we over a very limited dyna m ic range.
were able to obtain storage by insert ing a signal.
into one acousti c port and applying a short pulse Recently we have carried out a series of cx—
to the center electrode. At the t ime , we postu— periment s which demonstrate that In fac t t h is de—
lated that with a p—n diode system it is possible vice can be operated linearly in the input corre—
to obtain efficient storage with very short pulses . latioss mode. The output signal obtained by inte r—
of the order of 1/2 rf cyc le long ,and carried out a rogating the device with a short readout pulse , is
theory based on this hypothesis. Later , it was linearl y prop ortional to the amplitud es of each one
found that these results did not agree well with of thue input si gn als and to the corre lation time ’
tho se of others , or with our c.wau results on the ZnO— employed . These results have been carried out with
on—S I corr elator. The reason for the discrepancy correlation times in the range 30 tasce to 100 msec .
is that the p a rti cular MESA diode coui fi gu ration However , the most Ziutear results are obtained wiLn
employed had very shuor t rccomb inu tion t imes . Fur— correlation tins’s of less than 10 macc . We have
t hermore , as has been suggested -by Lsutage ,3 performed these nwast,remcnts both with single ire—
the recombina tion t ime under toward bias Is much quesu cy rf puls e- s and by coi - relat in g £SK codes up to
shorter than in the backward bias regime because 10 macc . Similar tesultS h ave also been obtained
the ri-combination trap involved is not at the ccii— with chirp ,uigsi .ils. where we were Imple me ntin g a
tsr of the band , variable t-e solut ion Fourier trnuus torn , but they

viii suot be dcsciih ed in th ia raise r. Finally, by
in this paper , we f i rst describe result s ob— applying the se techniques , we have been able to

ta m ed on t he l~nO—on — Sl s- u r rs- i . ut t ’ r  s- l i l t  more cc ,,— co nnt s - sic t .,s u adapt lye t i l l e r  to remove a hig h lev e l
vc nt lon ah p-n diodes in vhlcht Cl ue ri-combin a tion inte rferin g t’W sIgnal from a P5K cods’. hhe re we
time I. of the urde t o( 300 nS — 3 xiS. The re-suit . c a t t y  out i np ust cc , rc h ut ls ’s i  o f the inp ut signal .

and fo r m a ,uai- rowband I il t~-r vhs ictu reu :pou uds on ly to
1978 UI t ras~’su ics.  Sv nh I’us ium Es ecei’d Iuugu s the ~W sig nal • ‘hhs Is ;uj u-rowh.auud f I lt  s-c c.-u,u then he

IEEE Gal. h itch 1344—IS U ~ped In a h.u lst gt’ c i r c u i t  to el im ina t e the inter -
fering CW sign al.
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11. Theory of the ZnO-oiu-St Monolithic The shift between the theoret ical curve and the es—
Storage Correlalor periu senta l curve at low pulse amplitude is parti a lly -

due to the par as it ic capa citance betwe en Cite pI. at e
The basic storsge element of the usonolithic electrode and the n—regions between diode. and par—

storage corre la tor is a p—n diode In ‘erie. with a tial ly dui- to the fact that the ac tual deplet ion
capacitor. Since the p-n diode is a minority car— capacitance of the diod e is larger than tha t cal—
rkr device , it normally cannot respond rapidly culated from the area of the p4—regi on.
enough to store 100~ of the Injected charg e from a
bort pulse. in our ZnO corre tator the correlation ‘50

efficienc y obtain ed with this so—called “fla sh ’
mode of operation is always 15—20 dli low er than -

that obtained with C lue rf w ritIn g mode. We have “52

developed (lie theory of the transient charging of
the p-n diode which t akec account of recomb tnation
of minority carrier , injected into the neutral re— “~~~~~ “ f,~~4OOnsec
giom. — /

~~~-S6 / 1
When the positive pulse I, applied to a

capacitor-d iode circuit it turns on the diode and
minority carriers (ho les) are inje cted from the ~~ - 

1,
p—side of the junction to the n—side , and diffuse I,
into neutral region . Since the store pulse is ~‘ ‘I
usua lly short ( 5 —  10 ns ec) , the diode can stay for— ,.~~~~~ 4.
yard biased only for a few nanoseconds , and after
that it becomes reverse biased . Most of the minor— 0 -

Sty carriers thi-n return to the p layer and the 
~ -62

associated current discharges the series capacitor
Consequently, these carriers do not cnuatribu te to - Id

I 
— EXPERIMENTAL

the long-term storage effect of the device. The ~ —64
only carriers tha t can contr thute to the long—term u
storage effect are the ones which have been recoas—
bined during this short period. —66

Thus If Q~(t) is the total minority carriers THEORETICAL

- 
- charge stored in the neutral region , th en the —68

amount of charge Q which remains in the capaci— ‘

tore af ter the cha$ing process is over is simply
- —70 s i s i u i s

0 I 2 3 4 5 6 7
dt (1) PLAT E PULSE AMPLITUD E (VOLTS)

— - f t -

0 p FIGURE 1——Theoretical and experimental stored out—

where T is the recomblnation ~~~~~~~~ 

put of corrclator with 5 uS input plate
p - pulse and read out signal of 2V p—p.

We have worked Out both analytic and numeric 
‘
~~ — 10 dOn .

solutions to calculate the function Q~(t)  . The III. The Input Correlation Modetotal charge stored is found to be inversel y pr o—
portional to the square root of the minority car-
rier life time. We have also checked th e theory by We have in i t ial l y carried out tests on the

measuring the response of a circuit vhicit consists device perfcirin .iiuce in this mode- usin g CW signals .

of a I suit 2 p—n diode ,un series with externally k~ cm using CW waveforms , instead of coded wa ve—
connec ted capacitor and resistor . Tlu~ agreement 

fo~~~, the stored chat-ge pattern occupies the

between the theoretical predictions and the experi— whole lcngt hu of the diod e array and the largest

mental results is excellent , possible t’utptut dy namic range is obtained. Thus ,
• we can examtuue the device operation more accurate—

To calc ulate the correlation efficiency of the ly . In t h e pa st , it was always tluoug ht that th u s

device, a norma l mode analys is similar to the one Input correlation mode w.I s u~efu i only when the

described by Rordeit and Kiuuo t has been developed signal level s arc carefully eo iu tro lled. Ttue under—

for the monolithic storage correlator. Whuen thi , lying reasoning behind thut a proposition is con—

theory Is combined with t he uuew charg ing theory firmed by our su’asurt-mont , as shown in FIg. 2.

for t hue p-n diode , it pr edicts . very well thu e per— there (lie plate signa l mitsui the acoustic ,slgit.u i are

fornuin ee of the device , Fig . 1 , whit- ri’ the corre la— 
varied at tits’ s ume time so that their duua t Ion ~

tion outpu t Is ptoltt-d aga inst (hue muuuplttuuh s. of the sire always equal. The corr ela tion output measured

narrow pulse si ted. The cisolcc of 300 — 400 stat-c as in th is in.usuu uer Ii. a good hs u .il c at Ion of how Ins t

the minori ty carrier life tim e has hs’cn juu ,ttifit’J by the char gisag process Is. As can be .e,n, whscsu the

measUtt -itse flt In t hti - RE w r iting mod e, where t h e corre— p late slg sual Is I V P~P. the eortela t ~~ tssstput is

lation outpu t start . to satur at e alt e r hui ’ duration close to hicung lint-ar with the hsut.’gra tion t issue ,

of the RE writin g signa l exceeds about 400 ~~~~~~ 
hut as (hi’ amp lit ude of Clu e plate uslgstal is in-
creased , l i i i-  cm -relat ion output becomes huig lu ly

1~
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sonlinear with respect to the in tegr at Inn time, In
other words., CIsc ti me req ,siri-d to ,,aturuut.’ the sCot— READOUT SIGNAL (Vg):AT IOmsec ;3v p-p
age effect drop s. d ras. t lr s l hy w i th incr eas Ing plate
.Ignal level.. lIst-se hui~~hs amplitudsu ms-as ure use -nts INPUT ACOUST IC POWER: — IOdBm
also confirm t h e measurs-d rcsults.’ wit h a ir ga p cor— 0.6 S dDnurelator , where the read O u t  s- ..rru- l st lout am pl itu de
did not .IguaIft cusntly alter between 1 mS •sud 10 .5
Inpu t cor r cla ti - n period . hi TOP PLATE SIGNAL : DURATION FIXEDI,

~ 0.5 AT lOmsec
READOUT (Vg) AT lOmsec : 3v p-p

THE TOP PLAT E ~hGNA L (V p ) IS ALWAYS i—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

a: 
-SIGNAL

~ 0.3 -

hi ~~ P0’IOdBm .‘~~
Ut

OF ItiE SAME LL~ GT H AS THE ACOUSTIC ~ z 0.4 -

0,~ w~~~~0 2 -  ‘Ii’
V~;4vp- p ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

a:
a:0~ - 0

t- 0.4
). U) ~~

- U 

--0.~us~~ z 

(V

P ;3V P.P 

________________________0 ~~~~~~~~~~~~~~~

03 
_ _ _ _ _ _ _ _ _ _

VP ‘2v p -p

- - 0 2 -  4 6 8 10

02 

1 
~~pieally saturation begins to occur when V g — V p

I ACOUSTIC SIGNAL DURATION (msec)
Id

FICURE 3. Linear integration with the storage cor—
rela tor when top p lat e signal fixe d at

0.1 1 0  mS duration.

< lV • We note that again this implies a very
C

- - 0 2 4 6 6 hO different mode of operat ion f it - i n that saoruu. tllv cue —
ploy ed , where it is usuall y assumu’d thuat V g .- ’~ V~ -

SIGNAL DURATION (m ;ec) in either case the ot stpt st Is also proNrt ieuual to
V~ - It would seem reaso nable to assume , thui’ut ,FIGURE 2. Char g ing ch.-ura cte risti cs of the diodes tl~a( whuesa V g “ ‘  V , the action of the rc’.sding

with acoustic and top plate signals of signal Is to sw i tc~ out Clue diodes , rath er than
sane time dur ,u t ion.

- 
operat h ug. thu- n at; back biased vat -acto r s as in the
t hcou- y of ho t - den ~suud Kino , In t h i s  case , Clue

We have recentl y foutud an alternat ive high u ly switch ing po int is dets’i-ni uts ’d ~~ “a + v~ , so sill
linear mode of operation , wh u ich was su ggested by the output is ohtmiin ~d ac ross the eapia c iCy of Ch ic
Ralston. 5 Here the ls’sagtl u of th t- refer ence pl a te piesoe- l t-v tr lc laye r rat h tcr than divids’d hetw~s-ua
signal Is kept cen sta sa t while the durati on cii the the ZnO and the diode cap a city. Thu is suede of op—
inpu t signal Is vari. -d. Thui s corrcs;sinds much more era louu , the n , in addition to bein g a highly
closely to the rcqu irvtu ue iut s of sign .t l proces sing I iutcar one also puov ides opt m u m  t~t ilc ie su cy and as
systems. The results of such mea surements mit -i’ It uses large si gnal s pro visii -s tht e lauges t output
shown In FIg. 3. L (sae .ur responses as a fesnct lout of possible.
time and the .-ucoust ic input v.’ It ,ugi’ are ~t’ta isted
for all Clue pl a te si guu.uI levels u sed. It Is no ed It should be pointed out that (he volt age
tha t the s’ut pest it s a Iunct tout of the m t  i’grat ion levels me.estsu- s-d In Fi gs - I — 3 are t e-rmt ital va l ise-eu -

time is csli ent tally ~~‘ Iast .au u t for a ll pl.ute’ slg saals. Isse to in du sc I ance ci the lead s~eitsuec ing the teran i—
larger ths.un ~V p—p. ThIs ~V p-p cnn thuu ~ t ie’ con— sial to the i’ l.ite - el ectrode , the surtusal voltage on
s idercd as a thresh o ld sigit.u l level bu’ye’,td wh ich the clec trods ’ should I.e t educed by a inc tor ot .7

t he output is Insen s i t ive to t hc pl. ute vo l t .uge ’ . for our s t r u c tu re .  T h e v o l t age appeat - is ag ac ross
t’or slum Icr Int eg r .tt lout per ioJ~ . a large r ihu t es h— the d h ide is fu e l  bet - ued uc ed by th~’ hire~-u-nce of
old sigutal s ls-vs’l is req u ir ed , bus t s t I l l  i t its series resistance disc to (hue Si sie sb stuute .
m u d s  less usi~uust t lvi ’ to V~, - 

t itan it w as th uousg ht to
be. Tlucssc iu’ ;-uul t~ indicate that our stotztge cot--

rela tor Is hig hly ,uuti.tble for usyns-lironl,,a t ion in
It •hould be nst t s-J • in usd J Li ion , t hat lIst ’ l i nt— s pread spt ’ c I r im syst u-us , which rt’qusi s .~a a large

ura t Ion value of the ph il e u-t ’ l 1 .sgt ’ is eums esut t at  I y t ine h~uusIwIuI t It I’t ,‘tIuti ’ L ~t’s is-d t -te r i s . I  .i(Or •

dic ta t ed by t he value of th e readIng voltage V~ . previous a t tem pts  to rc sihirs ’ this with u SAW device. 
- -
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have used eith er a case -ade of mat -clued I t i te r s ’ or — — _________

s single prOgt.InuiLubie suu.ut~~hoJ I ilI,- r lot towed by ci INPUT -OUIPUT LINEARITY IN INPUT
ru-circulating de’lay line ints’grator. We show CORRELATION MOflE WHIR
here tha t the storage’ currs’iatoi c.siu be used dt— INTEGRAIING OVER m sacrect ly ut t h e - Inpu t corr.’hutiosu reode fur correlating
the large tim e bandw idth pr~du et Psi’udo Noise (l’N)
Phase Shift Keyed (PSK) or PH frequency hoppu’d
wav efo rm s used in spread spe ctrum sysr .ms . We .54 - -

have perfor med dctatle ’d mi-OsurementS on thus’ cot-re- SIGN A L I NP U T  ~~ 
-

latot- operation in Input correlation mode’ when pro— ACOUSTIC PORT-
cessing S ~U4z bandwidth PN-l’SK signals to study Its — 56 -

linearity with coded signals. I

The PN—PSK teSt signal input was amplif ied to  —
~~~~~ •-

the maximum power level for opt- rat hug our traits- w
ducers (+16 d8m) and fed Into the c -

~~i , Liter u, - ,’ u s —
tic port - The local refcrr-nce signal • a delay ed 

~~ 
-

~~~~ 
-

PN-h’SK code, w as amp l i f ied to +28 dlim and Inse t t ed -~~on the top plate. This wro te  the cot te ’ lat te uu peak • READ OUT PULSE
Into the diode’ .trr.ey as a stored charge ’ p.-ut te’ rn , -~~~~ - ON TOP P L A T E
whic h was subsequently read out with a 200 suS 0
bi ght 

~‘ewer (+32 dltm) rf re’cujoest psulse.. Figuru ’
4 show s the read out corr eizu t ton peaks fur three 

~ REFERENCE INPUT
diff erent delays betwe en signal and refere nc e ON TOP PLATE
ports , when inte grating for 1 utS (lii -. 000) . The 2
power of the outpsst corretat Ion peak .e(tu’r re’adt’eut
was uuu-’zesur , -d as — S4 dltm . about 40 dli above the’
noise lev el .
________________________t ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - “ ~~~~‘ —~~~~ —- ~~~ ‘~~~~“ - ‘~‘I 0 —70 -
LIN EAR DYNA M uC RANGEI j >20d B

~~~~ ~ - ~~~ - ~~~~~~~~~~~~~~~ —~~~~~~~~~~ 
,r— --’-~’~.-’.~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0 45 .10 *15 .20 425 .30 435

I - INPUT POWER (dBm)

I FIGURE 5, Storage corr elato r I (neat- Ity uuu’.-tsure— 
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sing coded w .uv eforues . This was done by se lec t ingJ varies linearly with integration time when pi-oces—

I  a g iveiu maximum inte-gratton rime (e.g , I mS) and
• ~~~~~~~~ - se t t hiug the referen ce l’N—h’SK codt - to this desr.ttion[ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - The desrat ion of the signal samp le was agautu vet ried

f rom 0 to 1 mS . wh ile maintaining the same’ re la—
tive delay between st gstal and reference , autO the

—— —~~~ -— ~~~~
—-— 1 cot relat ion peak amp! ite ud e’ was agmi tu showsu to vary

l ineau -ty with inpu t sigs ;al duration . Fi g. 6. Fu’-—YICLIRE 4 Large t ime hatu dwi dth prs ’dcue t Ph ISE (leer nue’cusuuremt’nts have been made for  2 .5 reS ~ndmatc hed f i lter. Scale 1 uS per divIsion. 10 mS integration periods. Here the correlat ion
peak anupi I tuds’ at maximum integration t lut e wet s
essent hat ly ide’nt heal to the’ previou s I ins r~susI I ,

In order to nsccr aIuu the opt inure  de~-t ce nit — 
as was shown pre’vI~usly in thee ’ upper cesrvu’ of Fi g.. 2.crating powe’r level and ve r i fy t I tu s - cu r u ’pc rati oue

each of the 3 input powers were’ istdt’pcsie hceu ly us - -

duced and the ce rrela ti ou t ps-ak power me.tsesru-d , IV. SAW Storage Cot - re lat o r  App lic at i on inFIg, 3 It c l ea r ly  shows hine ’.ur itv iii all tht ve’s’ 
Adaptive Fil teringinput ports , exee -pt at t hut- Is ig hu I i’ve is cii Or Lye

power c’n the top p la te wits-n thu .- diode’s c u e s ’  s~ut e u - This sec t ion de’st’rihes cc new real Ir.-a t lout cii
rated . The’ c~ r re la to r  has an “c-f feet lvi” lice -c t 

~teiapt (ye’ C r,cuusvu’r sul filter or equal irer 5 based ont he n los s of 70 dli whu k-Is is Otis- preeionui ue,utut l\ to 
the storutfe’ cet r ielmit or. It ops’u-.-utes by slut tug di—

filling I .se ror loss • ~ WI thu t he ’ i npss t ;towe’i ~ rec Clv cc sanup i i’ of the iuupu t at gut cu I to lisp I e-esent a
select ed • we hays’ thus shown that s-c cure sips’s-a t Intl s~ss s ou.-bausd lilt u’ s- , s-Is k-Is Is sush’at’que’nt I y essed ?o
the device at cletse’ to its opt Imusm t- u lsue ’a suppress ut,-u u t-owhastd ln(s’rfcreute-i- itt a stmui la tu ’d

spread spectrus m re celve t- . These receivers oft enWe have ~lsio invest igetted wlt,’thu’ t- In the Inhiut expu’ rieutce very hig lu l~ vu’tsi of int er let-estee , whit-hcotrelatlon mode’ this ’ corre lcut Ion peak amp li tude! 
preven t desnodusl~ t ion of the’ re’ce-ived message’ even
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after matched filter proc-easing. W ideband inter— The teat sehente adopted for the practical
ference is suppressed by spa tial processing in an verification of the adaptiv e filter is deta iled In
adaptive arr ay s while narrowbased interference can Fig. 7. Here the switches are set in positIon 1
be suppressed in an adaptive transversal filter, for signa l storage while the adaptive fitter oper—

ation is performed In position 2. where the bold
— lines show the signal path. We have previously t0

U(ASUREMtNT OF uN T (GRA TION LuNF A R IT Y (N utilized a short (< hiS) gated burst of CW to en—
INPUT CORR ( L AT SON Moot erg ize the storage diodes and have shown that it

AND permits the filter to notch out interference sig—
READ nals by —20 dli when used wi th burst PN- PSK coded

OUTPUTê L I spread spectrum signals.

INPUT SIGNA L :O -Im 5eC5 ,u 6dem
t-S4 dlml 5(FtR(NC ( SuGNA Lj m nec ;. 28 dam Figure 8 shows more recent results , which

0.7 ktAO OUTc200 n seCc .32 8$m have been obtained with a continuous PN—PSK spread
INPuT AND M(F(a cNcr~PN-P ss cooro ./ spectrum coded signal , by storing with Input cor-

relation techniques. Tue upper trace shows the
signal inpu t to our SAW based adaptive processor.

a

t 05 It comprises a +10 dhm , 120.9 i-lI z CU signal p lus a-I
—20 dB 31 chip PR code , modulated at 5 l~f llz rat e

04 Onto a 120 MHz carrier. The direct correlation of
this composi te signal in a 31 chip matched fil ter ,

o..

0.3 wi thout the adaptive processor , is shown in trace
(b). For adap tive filter operation , the input

02 Signal was stored in the correlator by input cor—
relation , by amp lifying the input to +20 dIm and-I

0. 5 OUTPUT DYNA MuC RANGE 20dB applying it to the top plate. Cancellation was
achieved by summing the +40 dli amplified filter0 0 ~~~~~~~~~~~~ ~

i__
0 0 1 0.2 03 04 0.5 0.6 0.1 0.8 09 so Output with the 30 dli attenuated input af ter  ens u r—

INTEGRATION Tu uc i msec )  ing that the signals are arranged in antipha se.
This imp lements a flat amp litude characterist ic

FIGURE 6. Measurement of device linearity su ch filter with a single notch at the interference Ire—
input signal duration. - quency. This correlator , which stored a T 3 i’S

signal sample , realized a 30 dli deep notch witase
width was approximately 330 Mhz correspond ing to

One possible implementation of this latter
processor is shown In FIg. 7. Here a programmable
notch filter is realized by loading and storing a ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .- — — -~~~~~~~~~~

sample of the input signal in a SAW correlator .
As the nar rowband CU in terference is considerably
larger than the wideband coded signal , the corre—
lator Impulse response comprises a burst of CU
~ihose duration equals the delay across the semi-
conductor interaction reg ion. Thus It implements
a filter with a narroubeund (sin x)/x frequency
response which is automatically set on the inter-
fering frequency. When In~orporatcd as in Fig. 7,
the SAW device outputs only the interfering signal 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

which is subsequentl y amp lified to overcome the

I I ’  :.:j- .::Li.L~
Ij : -;-. ~ - - -loss In the filter and added in antiphase with the

input signal. This imp lements a w ideband filter
with a notch centered on the Interference frequency.
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FIGURE 7 SAW inup l ementat ton  of narrowband inter— - .1:3
ference canceller.

FIGURE 8. SAW adaptive filter demonstration.
Scale 2 ~S per division.
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th. recipro cal of-the dev ice transit tim e (3~~.cc). 6. J , II. Collin s , P. N. Crasut , and 6. J. Darby,
A compar ison between the Iss isut s Igna l erace (a) and “Applica tion of SAW Devi ree to Spread Sl’ce-trum
the ca ne~ 1lid output sIgnal , trac e (e), cle a rly ~ouznunlcati onso ,” Wave Electronic. I No. 5/6,
shows the 30 da Suppr e ssion of the 120.9 1-1hz in— pp. 311—34 2 (June 1976).

— t er le rence ’, Iu’ .uv i ng t he  wt d ,’b ;inul cudu ’ d sIg ’u~t l ju st
vl.I bIe. the ad aptIve Is u t e r t e r e n c e  cu s rs r c i l e - r per— 7. j . H. Ilannan, et s I., “ Code Sync hronization
~1tttd hue corre lat ion peak from the f inal tsitchucd Sys te m Us ing Cascaded SAW Convo ivc rs ,” Paper K)
filter to be cl.- .irly elvtec t , -d , tr. t cc (d). We Iuav e t his conference .
also shown th.a t a f te r  our po oc cas or  Is set up and
optimi zed it c.lfl simuiltaneososly noiri t out ost e or 6. D. P. Morgan , et al. , “Spread Spec trum Syut-
more In te rf e r In g freq ucs uc ics anyw he’s -e v i t h i su  the chr o nirat Ion t lsi ng a SAW Convolver and k s ’ c ir —
8 )Dlz bandwidth of our SW stor ag e corre i.s e ,c. culat lug Loop,” Proc . IEFE 64 , #5 , pp. Thl— 75)
This ca pab i l I t y  Is .,c luts ’v cd as th e’ cancel l in g (1-lay 3 9 7 6 ) .
si gnal truss the F i l t e r  and the  input si g nal are
always 1st ant ipts .-use with oar ator.ige arrastgement. 9. 5. IJidrow , ot al. “A daptive Nois e Cancell a-

tion : Pri s uc i p les and App l i c at i ons ,” Proc .
IEEE 63, ~l2 , pp. 1692— 1716 (197)).

V. conc lusions
10. P. H. Grant and C. S. Ktno , “Adaptive Filte r

This paper has presented new results on the Raae’d on SAW Mono l ithic St orage Co rre la t o r ,”
opera tion of the SAW storage correlator in input to be published in Elcctvonicm Letters (1978).
correlation mode which tuiuow exceptional line.-srit y
betw een the input and output potta , with varyi sug
istput power levels. ft Is extremely encouraf.ing -

to obtain ttsc-se excel lent  results .is it appears -

t1~ t this mode , which offers list’ realization of
very large coriel ator time bandwIdth ps -oduc t , wil l
be pot entia l ly most useful fo r si gna l processing.
The app l ication of the devi ce for correlation of -

large lU product (5 ,000) I’N’-l’SK codcd wa v e’ t or m and
adaptive f i l ter ing f ur the suppres sion by 30 dli of
a narrovttand jamming s ig nal ls .-ua also beesu demon—
strated . It is In the latter area of adaptIve Ill—
tering that we bcli eve the wideband storage cor—
relator w i l l  be most sig n iuf c ns n t I’oti u f o r equ ahi —
sat 1cm in commtinl c,-uf lusts .,nd inverse ’ I il t c r i u ug in
radar and acoustic im5ging systems.
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