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I. MANAGEMENT REPORT

A. Summary
‘3’0ur ZIn0 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 higher while at the same time obtaining better quality
films. Experiments have been carried out depositing Zn0 on gold, on Siog,
on Si, and on quartz. A}l 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 Zn0 on Si correlator
can be operated in a new mode in which the signal reference is fixed in
length but the amplitude 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 amplitude. 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 amplitude 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

3 cw interference when both the cw signal and a p-n code are read into

the device at the same time.

;1 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 final 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 ZnQ 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 observed earlier, but lowér forward voltages for turn-on.

Our work on the edge bonded transducers was begun before we had realized

that we might have a major breakthrough on the Zn0 technoloqy. 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 problem 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.
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B. Research Program Plan

We intend to concentrate more fully on the Zn0 on Si configuration
because of the excellent prospects of our Zn0O deposition system. The
results always seem to be reproducible and always seem to be understandable.
This is a major change. Therefore, we will be constructing ZnO on Si
correlators using both Schottky diodes and p-n diodes for the purpose. At
the same time, we will be proceeding with construction of GaAs convolvers
using the same Zn0 technology. We intend to test our new inverse filter
equalizer and demonstrate that we can indeed make a programmable adaptive

equalizer with a Zn0 on Si monolithic correlator.

C. Major Accomplishments

Our Zn0 magnetron discharge sputtering system appears to be very
successful. All our results obtained so far are extremely encouraging.
Our deposition rates are a factor of six higher than the earlier 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 Zn0 effort.

E. Fiscal Status

Total amount of contract $504,302
Expenditures & commitments 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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F. Action Required by ARPA/ONR 1
No specific action required.
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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, leading to reliable, high quality fast
depositions;

2. The Zn0 on Si correlators appear to be directly 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 heavily on the development
of the Zn0 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 filter out an

interfering cw signal to which it adapts. Since the time of the last progress
report, we showed that we could employ input correlation techniques to make a
more precise adaptive filter. With this method we were able to obtain a

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




(in this case 8 MHz). This work is described in an accompanying paper
which was delivered at the 1978 Ultrasonics 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 input
storage mode, and the signals to read out the stored signal were larger than
either of the input signals. This implies that the output reading system
acts as a switch 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 original system. It also
has the other major implication, for which we do not have a complete
explanation, 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 is of the order of 35 dB because of spurious signals on the
readout. This unexpected, completely linear behavior is extremely important,
for it makes the device an ideal correlator. We have demonstrated the
correlation times as long as 10 millisec . The results are described in
the accompanying paper.

Based on this work, we have invented a feedback configuration which should
enable the correlator to act as an equalizer to an arbitrary input signal.
With this technique, we can send in an arbitrary input signal, specify the
desired output, and by an iterative feedback technique, cause the correlator
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 filter.
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Therefore, the last few months have been spent in demonstrating that we
can build up a reference in this manner, and, in fact, can build up the
weighting gradually 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

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

in the near future.

B. Zn0 Technology

At the last Ultrasonics Symposium, Shiosaki et al. delivered an impres-
sive paper which described the latest Japanese Zn0 technology and demon-
strated that Zn0 on glass devices could be made routinely at high speed
and extremely reproducibly. Evidently such devices are now being produced
in production quantities for TV IF filters and watch crystals. The basic
technique he described involved the use of a magnetron sputtering 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, which we believe
has advantages over the Japanese one, and which we believe will be of great
importance not only to our own convolver correlator work, but also to the
technological capébi]ities of this country.

As we have described earlier, the problem has always been reproducibility
of the Zn0 films. Typically, we could and have made highly reproducible
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 Zn0 due to the electron bombardment, and the fact that the surface

temperature was therefore very dependent on the plasma discharge conditions,
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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 place, 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 initial results are extremely encouraging. Every run we have had
has given good quality Zn0; the only exceptions are always explainable.
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 that 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.__Edge Bonded Transducers !
We have also been developing 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 make broadband Zn0 transducers. Now

because of the improvement of the Zn0 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 concept, but we will probably taper off this effort.




D. GaAs Technology

The GaAs technology has also been going rather slowly because of the
concentration on the Zn0 technology. So as the ZnO station was not avail-
able for routine production 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 highiy 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 silicide technique. Some work was done in this direction,
approximately two years ago, 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 previous 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 series of sputtering runs on various substrates,
and under various deposition conditions, in order to determine the optimum
conditions of growth of Zn0 films. The substrates of interest are: oriented
gold, quartz, silicon, and gallium arsenide. The quality of the sputtered

films is evaluated using the following techniques:

-




* X-ray diffraction

* X-ray microprobe

* Scanning electron microscopy: surface and fracture edge

+ Reflection electron diffraction

* Acoustic measurements

Typically, 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 300° C
rf power : 1000 watts

target to substrate distance 7.5 cm

sputtering rate obtained 6 um/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 kf was 90% of its theoretical
value. In this case, however, the sputtering rate was 6 um/hour , approxi-
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 rf power can be applied 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
In0 target. The result also indicates that the vacuum station we built is
very clean. Another result of the X-ray microprobe is that the Zn0 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 decreasing the oxygen pressure. Thus, it should be
possible 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.SiOZ/Si was

not as good. However, a peak corresponding to a lattice spacing of 6 R
was observed on the diffractqmeter trace for the ZnO/SiOz/Si case. As we

do not know of any planes with such a large d spacing in any of the
materials tested, we suspect an error of measurement in this case, -and the
X-ray test is being repeated.

Figs. la, 1b, 2a, and 2b show the results of the S.E.M. of the Zn0
films on F.Q. and Si02/Si. Figs. la and 1b are S.E.M. of the surface of
the Zn0 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 Zn0 station. Figs. 1b and Zb are S.E.M.
of the fracture edge of the Zn0 films. Again, these films show the preferred
orientation of growth normal to the substrate in the 0002 direction. This

result is, of course, confirmed by the X-ray diffractometer data.

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 um/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 kf = 90% of theoretical) that we find it
. difficult to explain why it is so good. Obviously, increasing the power
improved the quality of the film as expected. We are presently carrying
out the rest of the evaluation step on the various films obtained.

The one problem 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 gradients 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 Zn0

is being deposited.

I11. EXPERIMENTS WITH THE STORAGE CORRELATOR

A.__Introductio

It has been our aim to arrive at a technique for employing the storage
correlator as an adaptive equalizer 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 able 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

at the 1978 Ultrasonics Symposium.

.« 12 -
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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 Tength is w(z) . Then, when the pip

signal is inserted into it, an output will be obtained of the form:

C¥(t) = [ X(t - z/v) w(z) dz (1)

where z 1is 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:
e(t) = Y(t) - D(t) (2)

The switch shown is then moved to its second position. The error signal
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 e(t) is therefore obtained in the device

and serves to up-date the weighting of the storage correlator. By this
means, the device iterates several times until a.final weighting is such
as to make Y(t) » D(t) . It can be shown that in fact this process con-
structs a Wiener filter. After the device is set, the weighiing 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
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Very similar configurations can also be employed to remove interfering
signals or to eliminate noise. As each iteration around the device takes
of the order of 6 us , it will be seen that the device can rapidly converge
on a final weighting. This compares very favorably with the similar process,
when carried out with a computer or microprdcessqr, 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 several seconds. The storage correlator appears
to be ideally suited to this purpose because it carries 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 amplitude of the storage progres-
sively 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 correlation mode, it is possible to build up a correlation peak. This
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 signal and finally correlate it
with later signals, if 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

A schematic of the set-up employed is shown in Fig. 4. An rf pulse
is generated periodically by the Rep. Rate Generator which is gated in turn
by the mode Control Generator which defines two modes separated in time,

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

« 1w
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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 applied 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 1is used to generate the carrier signal.
Level of applied signals as shown were taken from Fig. 4 where it was shown

that these are optimum values.

C. Results of CW Experiment 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. Correlation Peak Versus Number of Integrating Pulses

The function in Fig. 6 is non-linear and saturatéd very rapidly as an
exponential, 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 dBm 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 usec). Saturation at about

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

o 18 =
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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 able 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 limiting factor is the noise of the system. There is no

problem of spurious signals because these are generated by high level 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 inserted in the signal path of the acoustic
port, and the delayed Barker Code version is applied at the top-plate to
read out the correlation sfgnal. The storage correlator with a time band-
width capability of 24 (8 MHz bandwidth and 3 usec storage length) allows |

us to cdrre]ate and store Barker Codes up to 13 bits. So we made our |

« 16 =
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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 usec
RF Frequency 120 MHz
Acoustic level 4 v.p.t.p/500
Write-in and Read-out signal 8 v.p.t.p/50Q
Interval between signals stored 6 usec

2. Results Obtained

a.

The input dynamic range was measured as 30 to 35 dB which complies
with the cw experiment.

The larger the number of N for a given correlation peak output, the
narrower the write-in pulse can be made; this relationship is hyper-
bolic as in the cw case.

The output dynamic range 1is the output correlation peak as function
of the integration time /or number of store signals). We can see from
Fig. 7 that this range 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 usec integration time for a

1 psec write-in pulse) producing about 0.5v.

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

plate voltage in this case than in the cw case. We also need 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 usec pulses divided into

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

saturation will occur far before this level.
d. The sidelobe level was close to the optimum as will be seen from |
Table I.
TABLE 1: Barker Code Sidelobe Levels ;
Theoretical Value Experimental ‘
Length 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 well 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. Conclusion

The repetitive store mode offers a highly efficient way to store and
correlate pulsed signals, especially short signals such as Barker or Huffman
Codes, making use of the pulse compression capability of the device. 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 horizons in signal processing, as many successive complex operations of

convolutions and correlations can be made during the store mode time.
As we have discussed, an important application of this new method is
to design an adaptive filter in which the input signal will be trained i

with another signal by using the L.M.S. algorithm. The store mode will
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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 usec (the acoustic storage time), and so the adaption time should be only

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

adaptive Wiener filter.
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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
devices using Zn0 as the transducer material. A new magnetron discharge
Zn0 sputtering station has been built. This station is bclieved to be
capable of depositing Zn0 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 ﬁave not been able to
use the old station to fabricate GaAs devices. Judging from the good
results we have obtained, the new station should become available to us
very soon.

Because of the unavailability of the Zn0 station, or for that matter

the edge bonded transducers described in Section V, we have concentrated

- 19 -




on improving our Schottky diode technology. There were two problems with
our Schottky diodes in the past. The first is that the turn-on voltage
of the diodes could be 2 - 5 volts, much larger than the theoretically
predicted 0.3 - 0.4 volts. 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

a 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 problem by

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

GaAs and varying the annealing temperature required. Our most recent

recipe is 4000 K Indium/4000 K 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

i 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 u of the GaAs surface. This
etching step is necessary because the first 1 - 2 u of the surface is
usually more heavily doped than the rest of the epi-layer as a result of

the epitaxial growth. The etching solution we have used in the past is R |
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10 HZO 5 | HZSO4 - | H202 . Even with 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 H2504 il H202 ! H20 . The
result is very satisfactory. Mirror-like surfaces can be obtained repro-
ducibly with much less care. With such high quality GaAs surfaces, we
believe 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 storage correlator using the diode arﬁay structure.

V. EDGE-BONDED SAW TRANSDUCER

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

of the edge-bonded transducer, the structure of which is shown schematically

in Fig. 10a. Our preliminary experimental work on another contract has
indicated that there are three drawbacks associated with the fabrication
of this transducer structure at high frequencies:

1. The structure requires the deposition of metal electrodes on the
ends of the device. Since the mask aligner in our laboratory was
designed to handle planar sampies typically 10 - 20 mils thick,
photolithography presents a fabrication problem for our structure
where the sample is usually 3 cm 1long or more;

2. The electrode metallization tends to extend over the edge of the
PSN and become electronically shorted to the indium bonding Tayer.
The situation worsens at higher frequencies because the PSN is

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

to about 16 u thick. Since it is extremely difficult to handle PSN
samples at this thickness, the normal procedure is to bond a much
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 difficulties, we have proposed edge-bonded transducers
with two different configurations. The basic idea is to indium-bond thick
pieces (1 - 2 mm) of PSN to the ends of the substrate and fabricate trans-
ducer electrodes on ;he top surface of the PSN. The photolithography process
involves only a planar structure and; therefore, it is compatible with
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. 10b shows the first new electrode configuration proposed. An
electrode A/4 wide is laid on the PSN surface, separated from the indium-
bond interface by a gap A/8 thick. From symmetry consideration, the electric
field distribution in the PSN with V volts applied 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-finger-pair
transducer structure. Its principle of operation is similar to that of an
interdigital transducer (IDT). The acoustic Q of the transducer, which
is determined by the number of finger pairs of the IDT, is small. The reactive
impedance of the electrodes, which is mainly determined by the static capaci-

tance of the electrode, remains at a manageable level (~ 150 © at 100 MHz
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or ~ 300 © at 50 MHz), thanks to thehighdielectric constant of the
PSN (~ 700). The electrical Q of the transducer is equal to

l/mOC(SO + Ra) when R, and C are the radiation resistance and static
capacitance of the transducer, respectively. Taking both the electrical

Q and the acoustic Q into consideration, our rough estimate is that we
should be able to get 40 - 50% bandwidth at a center frequency of 100 MHz.

In spite of the high dielectric constant of PSN, the reactive impedance
of the transducer is still on the high side to make untuned operation less
than optimal. One other potential disadvantage is the loss of efficiency
because power is radiated into bulk waves. The obvious solution to these
problems is to use an IDT structure having more than one finger pair,
bearing in mind that the number of finger pairs should be broperly chosen
to achieve the desired acoustic bandwidth.

Since ~ 40% bandwidth is acceptable to us at the present time, we chose
to employ the 2-finger-pair transducer structure, as shown in Fig. 10c.
Assuming a dielectric constant of 700 and Av/v ~ 0.02 , the radiation
resistance and the rveactive impedance of the IDT are estimated to be 15 0@
and 125 Q | respectively. The untuned loss due to electrical mismatch at
these impedance levels is ~ 8.5 dB per transducer.

We have fabricated transducers with both half-finaer-pair and 2-finger-
pair structures. PYREX glass wasused initially as the substrate material
because the composite structure of PSN/PYREX is casier to polish. Fig. 11
shows the indium bond in detail, and it can be secen that the bond is extvemely
uniform.  We have successfully made two half-finger-pair transducers on the
same substrate, one at each end.  The center frequency of the transducer is
desianed to be approximately 50 MH: . Fig. 12 shows the imoulse response
of this delay line. The large bandwidth of the transducer is demonstrated

by the one-and-half-cycle impulse response. The untuned rf tone-burst
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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 midband. The insertion loss drops to 32 dB
vhen the transducers are tuned with inductofst Taking into account the
series resistance of the transducer electrode, the insertion loss of 32 dB
implies a radiation resistance of approximately 1 @ . 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 displayed more clearly.
Assuming a series electrode resistance of 10 - 15 @ , both the real and
the imaginary impedance of the transducer are close to what we would have
expected. We therefore assumed that the IDT 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 IDTs on both
ends of the delay lines. For reasons not understood presently, we cannot
reproduce the result shown in Fig. 13. The reactive impedances of these IDTs
are always higher than that of the IDT displayed in Fig. 13. The tuned
terminal-to-terminal loss is 35 - 45 dB for most of the delay lines tested.
Again, this indicates that the surface wave radiation.resistance is consid-
erably lower than we expected.

We believe thereason for the small radiation resistance is that the
PSN ceramics had bgen depoled during the fabrication process. This is
conceivable considering thaf 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

-2 .

s

e———



P — i B - i it i
e T TR e

e o e st ottt s e e

i
j
!
{

the surface layer (20 - 30 u at 100 MHz) of the PSN is acoustically active
with the IDT structure and any depoling due to the surface bombardment is
going to havé a large effect on the performance of the transducer. At the
present time, we are taking steps to investigate and improve the fabrication

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

avoiding any sputtering steps.
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FIGURE LEGENDS

la. 1800X S.E.M. surface of ZnO/SiOZ/Si
1b. 5000X S.E.M. fracture edge of Zn0/Si0,/Si

2a. 1000X S.E.M. surface of Zn0/F.qQ.

2b. 5800X S.E.M. fracture edge of ZnQ/F.qQ.
Schematic of basic device configuration required for the inversa filter
Schematic drawing of cw correlation experiment

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

13-bit Barker Code and stored charge pattern

3
4
5
6. Correlation peak as function of number of pulses
7
8. Output dynamic range

9

I-V characteristics of a Schottky diode on GaAs (Verticai:
0.05 mA/div) |
10a. Schematic of principle of operation of edge-bonded transducer
10b. Schematic of first new electrode configuration proposed
10c. Schematic of 2-finger-pair transducer structure
11. Indium bond between PYREX and PSN (400X)
12. Impulse response of the half-finger-pair edge-bonded transducer
13. Smith-Chart display of the input impedance of a tuned 2-finger-pair

edge-bonded transducer

e e e it



N b e N A




l.
'
<
L o
i o :
- ¥ o tos)
= —

o Rt Tt oo~y T — — —ng— e




in o

Y(t) - | Delay
3 filter output

SPRETIUURRENEP S = = SRt

X(t) —»—

! . 4

D(t) is a narrow pulse

Fig. 3




v "bid
dia _ J3sn z 3e juejsuod 3day st [eubLs sL3snode 30 yipLm asing
3d
3d0ods - \_ :
T | J3suw (/ |
& 33ey _ 3n0-pead mgopm_
: : M and3nQ _II'_,L|
403234402
abeuols 3400 )y .
e dwe
C om\.a.u.>aoﬂ au 05 34
93e|d doy /:d°3°d ¢ 5 i
el arey -doy 403B43U3Y *4
YOo3LMS JdMOd 1043U0) 3poy
. 94
924Nn0S 4d =531
L043u0) 33ey
Indinp
"9°d ; Ae|3q *Bray
e 3n0-peay

T — S e e




1
_‘i
‘ Pulse Width in usec
6 | Correlation peak is constant
5 i
s l§ ;
3 }- i 3
2 I ]
i
1
| | ] | RSO Yocopini) IS e R ey | 4
10 20 30 40 50 60 70 80 90 100 '
I
g Fig. 5 i
]
| |
1 |- ]
Pulse width of write-in signal is kept
constant at 1 psec
0.5
1 L1 1 | : ™ Number of _
10 20 30 40 50 60 70 80 90 100 integrating ]
~ puises
Fia. 6 ‘ y
|
\ s
|
| §




M s b




Correlation peak [v)

A

| | | VR RO S|

10 20 40 80 160 320

Fig. 8

¥ Number of

integrating
pulses







ACOUSTIC SURFACE WAVE SUBSTRATE

INOtUM BOND

Va AU ELECTRODES

SUBSTRATE

smasm TRANSDUCER ELECTRODE
(///d GROUND ELECTRODE

SUBSTRATE

Fig. 10b

Fig. 10c




g s

——

PYREX INDIUM PSN
BOND

FIG. 11

FIG, 12 '
|




13

Fig.




IIT1. APPENDICES

July - December Publications

A. P. M. Grant and G. S. Kino, "Adaptive Filter Based on SAW Monolithic
Storage Correlator," Electr. Lett., vol. 14, no. 17, 17 Aug. 1978,
pp. 562-564.

B. J. E. Bowers, B. T. Khuri-Yakub, G. S. Kino, and K-H Yu, "Design and

Applications of High Efficiency Wideband SAW Edge Bonded Transducer,"

presented at 1978 Ultrasonics Symposium, September 1978, Philadelphia,
Pennsylvania.

C. H. C. Tuan, P. M. Grant, and G. S. Kino, "Theory and Application of
Zinc-0xide-on-Silicon Monolithic Storage Correlators," presented at

1978 Ultrasonics Symposium, September 1978, Philadelphia, Pennsylvania.

.26 -

|
i
i
!
]
s




Appendix A

ADAPTIVE FILTER BASED ON S.A.W.
MONOLITHIC STORAGE CORRELATOR

Indexing terms. Correlators, Sienal processing, Surfacegcoustic:
ware devices

Design ot g wideband adaptive hilter incorporating @ surlace-
acoustic-wave monolithic  zinc-onide-on-ulicon  storage
corrclator i eportied. Iy operation v demonstrated with
eapenimental measurements of ¢.wonterlerence suppression in
a sunulated spread-apectium system: These processors, which
are capable of adaptive hiltening over 1-20 MHz signal band-
widihs an real e, oller siemlicant advantages n terms of
complexity and power comsumption over equivalent deatal
systems.

Introduction: Adaptive tapped transversal filters' which
operate by iteratively adjusting the tap weights with a
feedback control loop to achieve some desired filter response,
have many diverse applications. They can be used in narrow-
band (kHz) systems for monitoring low-level foetal heartbeat'
or for equalisation of the distortion in a telephone channel.?
At wide (MHz) bandwidths adaptive filtering is used for
inverse filtering to improve the range resolution of a radar®
system or to suppress c.w. interference® in a spread-spectrum
system.

This letter describes a new realisation of an adaptive filter
based on an analogue wideband (1-20 MHz) surface-acoustic
wave (s.a.w.) programmable monolithic storage or memory
correlator.® 1t operates by storing dircctly a sample of the
input signal, to implement a narrowband filter, which is
subsequently used to null out the interference. A prototype
adaptive filter is demonstrated suppressing narrowband
interference in a simulated spread-spectrum receiver.

Adaptive filter application in interference suppression: Spread-
spectrum reccivers often experience very high levels of inter-
ference, which prevent demodulation of the received message
even after matched-filter processing. Wideband interference is
suppressed by spatial processing in an adaptive array':%®
while narrowband interference is suppiessed in an adaptive
transversal filter. One possible implementation of this latter
processor is shown in Fig. 1.

nput a /A=|
1

Fig. | Adaptive spread-spectrum receiver

a Wideband signal with high-level c.w. interference
b Adaptive narrowband filter
¢ Fixed codced transversal filter

Here a programmable notch filter is realised by loading
and storing a sample of the input signal in an saw.
correlator.® As the narrowband c.w. interference is
considerably larger than the wideband coded signal, the
correlator impulse response comprises a burst of c.w. whose
duration equals the delay across the semiconductor interaction
region. Thus it implements a filter with a narrowband sin x/x

frequency response which is automatically set on the inter- |

fering frequency. When incorporated as in Fig. 1, the s.aw.
device filters out only the interfering signal at 2, which is
suhsequently amplified to overcome the loss in the filter and
added in antiphase with the input signal. This implements a
wideband filter with a notch centred on the interference
frequency. Provided that the notch is narrow with respect
to the wideband coded signal then there is mimimal distortion
in the wideband signal.” After interference cancellation, the
coded signal can then be detected in the receiver matched
filter.

Interference cancellation with sa.w. storage corrclator:
Wideband s.a.w. devices offer the capability of implementing

these adapuive processors at 1-20 Mz signal bandwidths.
We are particularly interested in using the zinc-oxide-on-
silicon storage correlator® which we are developing in our
laboratory. This device comprises a silicon water with diffused
pn diodes which 1s overlaid by a 1:6 um thick sputtered zine-
oxide film which supports the s.a.w. propagation. It cucrently
olters programmable transversal tiltenng tor wavetorms of
4 us duration and 8 MHz bandwidth

The test scheme adopted tor the pracucal ventication of
the adaptive filter 1s shown in Fig. 2. Here the switches are
set i postion 1 for signal storage while the adaptive filter
operation 1s performed in position 2, where the bold lines
show the signal path. We elected 1o utilise a short (<1 us)
gated burst of c.w. in place of a high-voltage impulse to
energise the storage diodes. This assures complete saturation
of the diodes, and removes the adaptive filter sensitivity to
input signal amplitude.

For an mput sinusoid coswr inserted at port A which
interacts with a short storage pulse of the same frequency at
port B, after a delay Ty through the inactive region n the
device, the stored signal is given by the relation

K Jcos w(t —x/v — Ty) cos wrt dt n

= K cos wix/y —Ty) )

c

! slore‘ \D—

filter 2

et s N e

5 2|
| ~

Fig. 2 SA.W. impie fon of narrowband interfercnce canceller

High-level c.w. interference
Wideband pn p.s.k. coded signal
Store pulse generator
Attenuator

S.A.W. storage correlator
Cancelled output

-anQnon

where K is a constant, x is the spatial distance of the stored
signal from the input transducer, and » is the propagation
.velocity. Thus the spatial stored charge pattern corresponds
exactly to the input signal. If now, after storage, a later time
sample of signal, cos wt is inserted into the device at port B,
the output at A, after passing thiough the same delay Ty, is

L p
F)=a fo cos w(x/v — Ty) cos w(r — x/v — To) dx A3)

= (a/2) cos wt 4)
where a is a constant of the device and L is the length of the
semiconductor interaction region. Thus the time delay T,
cancels out and the delayed filter output is always in phase
with the input. Provided that the store pulse saturates the
diodes then the filter will have a constant inscrtion loss,
mdependent of the input power level. Once the processor
15 adjusted at a particular frequency, w, the parameter a can
be determined and exact phase cancellation will be obtained
tor any input c.w. liequency within the bandwidth of the
device.

Fig. 3a shows the signal input to our s.a.w.-based adaptive
processor. It comprises a +10 dBm, 121-8 Mt/ c.w. signal
plus a - 10 dBm. 6-2 us burst of 31chip pn code, modulated
at § MHz rate onto 120 MHz carnier. The direct correlation of
this composite signat in the 31-chip matched filter, without
the adaptive processor, is shown i Fig, 3b. For adaptive
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filter operation a -4 ps sample o the ¢.w. signal was stored in
the. conelator by pulssag the top plate with an amplifier
£20dBm 200 0y buist ot the mput 1218 MHz wavetorm,
b 20 Cancellation was achieved by summing the +40 dB
amphiticd  tler output with the 30 dB attenuated input,
cnsunng that the signal phases are ananged as in Fig. 2. Thas
implements a tlat-amphiude-charactenstic filter with a single
notch at the mtedference tiequency, Our correlator, which
stored a 7 - S us nput sample, where T = L/v is the time
delay of an acoustic wave passing through the semiconductor

Fig. ¥ S A W adapuve filter demonstration

Horizontal scale. 2 us per large divicion

@ Input wavetorm prior to adaptive processing. It comprises a
120°8 MH2 ¢c.w. plus a S MHz clock rate 31<chip pa-p.s.k. coded
sequence, centered on 120 MHz at - 20 dB relative power level

& Direct correlation of (@) in 3t-tap saw. fixed coded matched
filtey

¢ Wavetorm after adaptive processing in s.a.w. storage correlator
which cancelled out high-level narrowband interference by
2041

d  Conclation of (¢) in 31-tap s.a.w. fixed coded matched filter

region, realised a 20 dB deep noteh whose width was approxi-

mately 250 KHz (1/1). A compatison between the input signal
trace (g, 2a) and the cancelled output signal trace (Fig. 2¢),
clearly shows the 20 dB suppression of the 121-8 MHz inter-
ference, leaving the wideband coded signal clearly visible. The
adaptive intedderence canceller permitted the correlation peak
from the final matched filter (Fig. 1) to be clearly detected
(Fig. 2d). We have also shown that after our processor is set
up and optinused 1t can simuftancously notch out one or more
mterfenng frequencies anywhere within the 8 MHz bandwidth

of our saw. storage correlator. This capability is achieved as
the cancelling signal trom the filter and the input signal are
always in antiphase with our storage arrangement

Concluston. We have demonstrated the potential application
of the saw storage conelator for the suppression of single or
multiple  ntetenng  signals.  The  processor  adapts
automatically atter storing a sample of the interfering signal.
With improved amphitude and phase matching we believe that
our  processor can achieve  30-40 dB  notch  suppression.
Further improvements can be obtained with adaptive feedback
conttol™* ot the tap weights. Thus we suggest that this
demonstiation 1 a list step to the more general adaptive
equaliser. Therefore we believe that current s.a.w. storage
conelators,™® which are equivalent to transversal equalisers
processing 1-20 MHz signal bandwidihs with 16-200 complex
tap weights, have considerable future potential for adaptive
signal processing i radar communication and imaging systems.
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Abstract

Fdge bonded transducers (EBTs) have the poten-
tfal to be efficient and broadband SAW transducers
for signal processing and nondestructive testing
applications. A normal mode thcory has been de-
veloped for the desipn of EBTs. EBTs have been
made for SAW propagation on Quartz and Silicon Ni-
tride cervamic, and the carly results are in good
agreement with theory.

.

‘Introduction

There has been a preat deal of interest in
exciting Surfacc Acoustic Waves (SAW) on nonpiczo-
elcctric media for both signal processing and non-
destructive testing applications.!*? For this
purpose, typically, piczoelectric films such as
Zinc Oxide (Zn0) are deposited on the nonpiczo-
electric substrates, and Interdigital Transducers
(D7) are used. The oadn problem with such trans-
ducers §s thedir Jow efficicency and small bandwidth.

" Lardat et a1’'" showed experimentally that Edge

Bonded Transducers (EBT) can be employed to yicld
a higher efffcicncy and larger bandwidth than an
IDY, and have the additional advantage that they
can be used with a nonpieroeclectric substrate. In
this work we have developed a quantitative theory
to predict the design parameters ot EBTs.  We have
also buflt EBTs and the carly results tend to con-
firm our theory cxperimentally.

A schematfc diagram of an cdge bonded trans-
ducer {6 shown fn Fig. 1. The depth and width of
the back contact controls the fmpedance and effi-
cicncy of the FRT, while the thickness of the
piczoclectric layver determines fta center frequency.
The ceramic plezoclectric layer is poled {n a di-
vection normal to the surface of the substrate and
to the divection of propagation of the surface wave,
00 as to provide mainly shear wave excitatfon,

Consfder the excitatfon of an acoustic vave by
a charpe distvibutfon corvesponding to the charge
on the clectrodes:

Plx,y,x) = [8(x+2/2) - 8(x=2/2))oly,z) (1)

1928 Vltranonicn Symposium Frocecdings
ILEE Cat. 27BCH ))abk-1SV
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as schown schematically fn Fig. 2. Following Auld
and Kino,® we can expand the clectvic potential
assocfated with the acoustic waves fn notwmal wodes
of the form:

ox,y,2) = Za“(x) 6 (.2) (2)
n

vhcve ap 18 the amplitude of the u‘h node,
aung Ty 18 the pover in the W mode and n the
voltage of the ath wode for a power Iy « Vol-
Jowing the treatment of reference 3 wo can write

ba“ v .
-;;-1 ’”n.n . — p(x.y.z)@n(y.x) dydz

(8 )]
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Becavse ve are dealing vith a mode whone
voltage diutribution s nonuniform over the croamm
section of the trannducer, it 18 nccennary to de-

! . $ [ ’ finc the dimenalonlcss paramcter a; for the po-
) z tontial of the acoustic surface wave modecs, by

3 writing

!  §

i . i e - ke ey ek h

M y f 3

M - o - h/ ol(y)lol(o) dy (7)

(1)

vhere {t has been assumed that @) 1s uniform
vith z and the charge density o(y,z) = Q/A .

Ve also define an clectrical impedance of the
mode in a standard way as

: g ¢,(0) ¢) (o)
; z, -
SUBSTRATE ! : 1 2p,

After solving Eq. (3) and inserting it in Eq. (4)
with the use of Eqs. (1) and (2), we find after
considerable algebra that we can express the re-
sults §n terms of the Krimholtz, Leedom, and
Matthael® cquivalent circuit for a bulk wave trans-
ducer, as shown in Fig. 3, where now the impedance
of the transmission line is defined as 2Zj , and
the transformer ratio as

BACKING (8)

MATERIAL

PIEZOELECTRIC
MATERIAL

FICURE 2. Planar cross section of a backed edge

bonded transducer. 2 g - ,
= : ¢ = 20, sin 8,1/2 @
'
i
| e s s
A varfatfonal expression for the electrical inmput BACK d d FRONT
dwpedance of the transducer,> can be written in ACOUSTIC Z,,vs "2 Z, Vs ) ACOUSTIC
. the form : ! i POBT ‘E_RT
¢ ; : el S
!
J ¢(x.y,2) p(x,y,2) dxdydz ; '
- 2 (‘) e i
JuQ ! Co
g /|
Yhe input voltage V at the terminals can be de- .
fived in terms of 2 and the input current ELECTRICAL ¢:1
I=juQ, as PORT
V = 21 = JuQz ()

The potential has two contributfons V=V +V
swhere V, §8 the potential due to the acoustic
wave, and V. the electrostatic potentfal duc to
the charge Q = ]o(y.z)dydz « So it follows that

V. = 1/Juc, (6)
® FICURE 3, Transmisaion 1inc model of piczo-=
where Co fs the geometric capacitance of the elcctric EBT (after Krimholtz,
transducer. Lecdom, and Matthael),

We keep only the terms In Eq. (2) correspond-

$ng to the backward and forward propagating surface
wave wodes denoted by a subscript 1, although the |
=expreanion can be solved more genervally. : ‘

3 -
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with the serica reactance in the circuit dcfined as

2. - jal 2, sin B L (10)

At the half vave reaonance (w = wy, R .t = ¥) , {t
follovs that the input fmpedance of Jno circuit is
Reo + l/JbCo » Vhere

2
R‘o - 4al21/5 (11)
wvith
14T 147
£ = L, —2t (12)
I-I‘L l«H"l
and T, , r are, respectively, the reflection

coet(lcicnts of the surface wave on the left hand
and right hand side of the transducer. For a
matched afr backed transducer S =1 .

It has been shown that for an acoustic surface
vave

: - 208viv
zl wew 3

mhcrc Av/v for a surface wave is defined in the
normal way and

g 2 1/2
o
€ = {6536y -

To as c c wh/2 , we can calculate the effec-
zive c]c?trical Q of the tuned transducer,
= 1/wyCoR,0 as well as its efficiency, by using

e 1»c quantity ”OCORaO as a criterion of quality.

Ve write
Av €
(uoc R ) - %niﬁlh =il (14)
EBT cs

For an interdigital transducer of N finger pairs,
it can be showm that with the spacing equal to the
finger width

w,C.R ) ¥ = 2.87NAv/v (15s)
( 070 a0 ASH
While for a bulk wave shen} wave transducer, it can
be shown that .
(uocon o) - K¥ns (16)
bulk
Wugk -klu+h9.

We now sake a rouph comparison of the optfi-
mized EBT with the other two transducers, We have
calculated (Av/v)/Kis for GaAs, Zw0), quartz, and
LiNbO3 and PZT-5A. The valuc of this parancter
varfce {rom 0.047 to 0.05); we take 0.05 an a
rcasonable average.

= . . ¢ 2 -
BT AT P T ]

Simi)arly the potentfal of a surface wvave fnr
most surface vave satceriola f{alls off approximitely
o8 exp-y/A . It then follows that with this
sssumpt fon

* 2
) cll (l - e-h“) Av
(oo 0 B i S e

(17)
€S h/A v

to be maximum h/} z 1.3

5'1C11~c

Thus Ior (WyCoR,0)
vith a very lat maximuu and vith

Hax(u C R } =~
00 a0 EBT

It follows that, as might be expected, the
EBT would have over twice the clectronic band-
width of the {dcal one finger palr transducer.
This is because of the higher value of R,;n ob-
tained with the air backing duc to the addition of
the forward and backward waves. MHere, however,
the capacity of the transducer is also over twice
that of ‘the single pair transducer, and a much
higher dielectric constant material such as a
piczoelectric ceramic can be employed to keep the
dmpedance to a value suitable for matching to a
S50-ohm circuit, with a transducer of recasonable
.width w.

6.5 Av/v 18)

Taking I(Av/v)lk1§] = 0.05 , wve see that
( 0 aO)}BT 0.25 kz ,1-2 3
(w CoR o) < A8

00 a0/bulk

For PSN vith kjs=0.35 this gives a ratio of
0.330. Thus the optimum matched EBT would have an
electronic bandvidth of the order of one-third of

i that of a bulk wave transducer of the same materi-
al. But by choosing a lover impedance medium for
surface wave propagation than that .of the trans-
ducer material, the bandwidth can be optimized to
approximately 60 of the equivalent bulk wave
transducer. Because the acoustic bandwidth of an
EBT transducer is of the order of 100X, very large
bandwidths can be obtained, with lower cfficicen-

‘cdes. A further contribution to large acoustic
bandwidth is the fact that for A/h < 1 , Ryo will
tend to be fairly uniform with frequency, while for
a bulk wave transducer R,0 * 1/w . So at the ex-
pense of a loss in cfficiency, it is possible to
deefgn cxtremely wide bandwidth EBTs.

Experfmental Desfgn and Results

Following the work of lardat, we decided to
employ PSN (potassium sodium niobate) as the trans=
ducer material. 7The high diclectric constant is
a vital requirement to obtafn an fnput fmpedance
of the order of 50 ohms with a reasonable width
trantducer. PFurthermore, SN {r the only ceramic
of which we¢ ave avare, which can be operated in
the 100 Milz range., Some of the material constants

=30

PP .
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for PSN vere taken from Jaffé and Berlincourt® and
some have beven measured by uw In scparate cxperi-
meate. Our estimates of ftw saterial conwtante
ave given in Table 1. We used thewe parameters to
carry out a calculation for n& and Av/v of PSN
weing a propram due to Marern,’ We had Jif(ficuley
dofng this because the ASW appears to have a

Jeaky wave when there 18 no short circult at the
surface. But we vere able to estimate Av/v to be
3.2 x 10", Figures S and 6 show the theoretical
fnput fnpcdance and the two-way untuncd insertion
Joss from a 50-ohm source as a function of fre-
quency and vidth of the transducer of an EET on
sflicon nitride (Stqh,) where we have chosen the
veflection cocf{ficicnts by using shear wvave fmped-
ance parancters. The transducer has a thickncss

L = 35 yo wvhich corresponds to a resonant fre-
quency of 44.) Miz. 1he depth of the back plate {s
h = 60 ym corvesponding to h/X = 0.86 .
mum chofce vould have had h/A = 1.3 somewhat
Jarger than this value.

Table 1
PSN propertics estimated from our measurcments and
Berlincourt and Jaffé
E 10
c
0 10

c
12 10
10

G
10
10

« 20.9 x 20'° n/n?
- 11.6 x 10
- 11.7 x 10
- 18.3 x 10
-3.8 x 10

= 4.65 x 10

Cys
¢

44
. °6o
: *"122' i
% e ,
--1.722 u Ic
- 7.86

= 11.3

‘1
€3
s

tlS = 0.59
Av/v = 0.17

p=4.5 x 10’ lxg/-3

At 40 MHz with £ = 35 ym , h = 60 ym ,

1/wgCo = 50 ohms , the optinum value of Co for
an untuncd llansduccr. when
v = 2/5w h or v « 12 pmm.

0 ll

Because a) and 2y vary with frequency the
frequency dependence of the transducer vesponse is
different from that of a bulk wave transducer when
the bandwidth 18 large.  As can be seen fvom Figs,
& and S, the I db bandvetdth with approximately
14 OB veturn Joss should be of the order ot 702,
Under the same condittong vith o S0-ohn source
a acvfer tuned 2 s wide transducer sould have
soncvhat Jess bandeidth, of the order of 501, Ve
note that K,ovpCp tor this transducer fu 0,10,
a vesult fn apreenment with that ebtalned by our
rough estimate of kq. (16).

The opti-

PIN/SIN

We2mm

0o 60pm
I O Mpum
'o‘ 44.) M

~6000
Xyot.
FICURE &, Theorctical input impedance of EBT
t vs frequency for different values
' of beam width.
! . 'é’i
N . -
|
\ $0r- PSN/SIyNg
'
| KeGOum
; g 3um
R 155443 MHz
)
M)
. BWe 30 MH3 —
.o r_. 0% _1
-
tso- WelSmm
»
-
«
“
"
£
§ 20}-
£
-
A
a4.)
1 (vg)
FICURE $. Theoretical untuncd two-way fnscrtion

3 -

Josa of ENY ve frequency for different

valuce of beam width,
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o
Recause of our fntercet fn Nondeatvuctive '

Evaluation, ve have bullt an edge bonded tranaducer
on SiyNi.  The beam width wve usned wan 2.0 e, for
which the theorctical untuned Insertion loua s

2) di. Ve aecanutred the larertieon lons by neanuring
the amplitude of the reflecttion (rom a Y0° corner,
The veflection coctttctent of a 90° corner in a
material vith a lotuson's ratto of o = 0.2% , fa
equal to =12 40" We measured a total tevatnal-
to-teminal fuscrtton Jonw ot ~43 d8 which compares
favorably with a theoretical predictton of =15 db,
The fractfona) bandwidth vas meatured to be 253,
vhich 18 nuch smaller than the theovettically pre=
dicted value of 203, Yhe topulse vesponse of the
transducer 18 conpared to theory in Fig, 6 shich
showe a reasonable agreement,  Contact was made to
the transducer by bonding a )} mtl goldd wire acroaa
the width of the back plate. This contact vesulted
fn the tvatling echo in the fmpulse vesponse of
Fig. 6 and heace the decveased bandwldth of the
transducer. Ve are presently making better nasks
to overcome this problem and construct more eff{f-
cient and broadband EBRYs.

O P AT TeTYOT T e ey

L .- o ———— —_— -

e

——t e o tet v
- ey .--...‘.-

;

‘ — e £
E o it O.L:

v oA
EXPERIMLNTAL

THEORCTICAL

FICURE 6. Conparinon of ;hcorcllrul and experd-
wental dmpulee vesponses,

A noreal pode theory han been developed to dew
sign EBYs,  Our theory fn 0 good agrvement with

vur predintnary vresulte and those of other wovkers

n the (1edd,
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THEORY AND APPLICATION OF ZINC-OXIDE-ON-SJLICON MONOLITHIC STORACE CORRELATORS

H. C. Tuan, P. M. Crant, and C. S. Kino
Edvard L. Ginzton Laboratory
Stanford Unfversity
Stanford, California 94305

Abstract

A nevw thecory has been developed for the stor-
age mechanism of the P-N diode which takes into
account the minority carrier lifetime. Close
agreement {s demonstrated with experimental results
from a single diode model. The theory is extended
to the SAW monolithic storage correlator and is
found to fit closely to measured results.

Potential applications for storage correlators
are also surveyed. Operation in the input correla-
tion wmode, with time bandwidth (TB) products be-
tween 10° and 10%, offers application in program-
mable Fourier transformation, spread spectrum syn=-
chronization and adaptive filtering. An adaptive
signal processor is described which is capable of
suppressing narrowband interference in a spread
spectrum system.

1. Introduction

In last ycar's symposium we described our theo-
retical and experimental work on airgap‘ and ZnO-on-
84 surface wave corrclators.’ We showed that we
were able to obtain storage by inserting a signal
into one acoustic port and applying a short pulse
to the center electrode. At the time, we postu-
lated that with a p-n diode system it is possible
to obtain efficient storage with very short pulses,
of the order of 1/2 rf cycle long,and carried out a
theory based on this hypothesis. Later, it was
found that these results did not agree well with
those of others, or with our own results on the Zn0O=-
on-Si correlator. The reason {or the discrepancy
is that the particular MESA diode configuration
couployed had very short recombination times. Fur=-
thermore, as has been suggested 'by tmtage,
the recombination time under forward bias s much
shorter than in the backward bias regime because
the recombination trap involved is not at the cen-
ter of the band.

In this paper, we first describe results ob-
tained on the Zn0-on-Si corrclator with more con=
vent fonal p-n diodes fn which the recombination
time 4o of the order of°300 nS = ) uS. The results

1978 Ultrasonics Sympostium Procecdings
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obtained, when the diodes are excited directly
through a capacitor, are in excellent agreement
with our theoretical predictions. Furthermore, the
variation in the amplitude of the stored output as
a function of input amplitude agrees extremely well
with the theory, which has been extended from the
original airgap thcory that we carried out carlier.

Last year, we described the use of the ZnO-on-
81 storage correlator in an input correlationmode.'"?
In this mode, two signals are simultaneously ap-
plied to an acoustic port, and the center elec-
trode respectively. The individual diode stores a
component of signal which is proportional to the
integral of the product of these input signals as
a function of time. So, in fact, the correlation
of the input signals is read into and stored in
the correlator diode array. As the input signals
can be read in over a period much longer than the
.time delay through the device, i.e., to the stor-
age tiwe in the device, it {s possible to corre-
-late signals with very large time bandwidth pro-
‘ducte. However, at that time, we and others be-
1ieved ‘that this mode was basically highly non-
lincar and that correlation could only be obtained
over a very limited dynamic range.

Recently we have carried out a series of ex-
periments which demonstrate that in fact this de-
vice can be operated linearly in the input corre-
lation mode. The output signal obtained by inter-
rogating the device with a short readout pulse, is
lincarly proportional to the amplitudes of each one
of the input signals and to the correlation time
employed. These results have been carried out with
corrclation times in the range 30 uscc to 100 msec.
However, the most lincar results are obtained witn
correlation times of less than 10 msec. We have
performed these measurements both with single fre-
quency rf pulses and by corvrelating PSK codes up to
10 msec.  Similar results have also been obtained
with chirp signals, vhere we were implementing a
varfable resolution Fourfer transform, but they
will not be described in this paper. Finally, by
applying these techniques, we have been able to
conatruct an adaptive filter to remove a high level
{nterfering CW signal from a PSK code.  Here we
carry out input covrelation of the fnput signal,
and foim a navvowband filter which responds only to
the CW signal, This narvowband filter can then be
uecd In A bridge circult to climinate the inter-
fering CW signal,
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11. Theory of the 2n0-on-Si Monolithic
Storage Corrclator

The basic storape element of the monolithic
storage corrclator {s a p-n dlode {n scrics vith a
capacitor. Since the p-n diode ia a minority car-
rier device, it normally cannot respond rapidly
enough to store 1002 of the injected charge from a
short pulse. In our 2n0 correlator the corrclation
efficicncy obtained with this so-called “flash”
wmode of operation is always 15-20 dB lower than
that obtatned with the rf writing mode. We have
developed the theory of the transient charging of
the p-n diode which takes account of recombination
of minority carriers injected into the neutral re-
gion.

When the positive pulse is applied to a
capacitor-diode circuit it turns on the diode and
wminority carriers (holes) are injected from the
p-8ide of the junction to the n-side, and diffuse
{oto neutral region. Since the store pulse is
usually short (5- 10 nsec), the diode can stay for-
vard biased only for a few nanoseconds, and after
that it becomes reverse biased. Most of the minor-
4ty carriers then return to the p layer and the
associated current discharges the series capacitor.
Consequently, these carricers do not contribute to
the long-term storage effect of the device. The
only carriers that can contribute to the long-term
storage cffect are the ones which have been recom-
bined during this short period.

Thus if Qp(t) is the total minority carriers
charge stored in the neutral region, then the
amount of charge Q_  wvhich remains in the capaci-
tors after the charging process is over is simply

: 2 Q0
X Qe - de Q)
0 ‘p

wvhere Tp is the recombination time.

We have worked out both analytic and numeric
solutions to calculate the function Q_(t) . The
total charge stored is found to be inversely pro-
portional to the square root of the minority car-
rier lifctime. We have also checked the theory by
measuring the response of a circuit which consists
of a 1 m? p-n diode .in serics with externally
connected capacitor and resistor. The agrecment
betwecen the theoretical predictions and the experi-
wmental results is excellent.

To calculate the correlation cfficicncy of the
device, a normal mode ‘analysis similar to the one
described by Borden and Kino' has been developed
for the monolithic storage correlator. When this
theory is combined with the new charging theory
for the p-n diode, 1t predicts very well the per-
formance of the device, Fig. 1, where the correla=-
tion output is plotted against the amplitude of the
parrow pulse used.  The chofce of 300~ 400 nsec as
the minority carrier litetime has been justificed by
mneasurement in the RF writing mode where the corre-
lation output astarts to saturate after the duration
of the RF writing signal exceeds about 400 nsec.

The shift between the theoretical curve and the cx~
perimental curve at low pulsc amplitude is partially
due to the parasftic capactitance between the plate
electrode and the n-regions between diodes and par-
tially due to the fact that the actual depletion
capacitance of the diode is larger than that cal-
culated from the area of the p*-region.

-50

-s2}

-62}1

-64}

CORRELATION CUTPUT (dBm)

66 —— EXPERIMENTAL

-== THEORETICAL

| -T0 1 1 1 R ) 1 )

| o | 2 3 4 5 6 7
! PLATE PULSE AMPLITUDE (VOLTS)

! FIGURE 1--Theorctical and cxperimental stored out-
: put of correlator with 5 nS input plate
pulsc and recad out signal of 2V p-p.
P. = 10 dBm.

IIX. The Input Corrclation Mode

We have initially carried out tests on the
device performance in this mode using CW signals.
When using CW waveforms, instead of coded wave-
forms, the stored charge pattern occupies the
whole length of the diode array and the largest
possible cutput dynamic range is obtained. Thus,
we can examine the device operation more accurate-
ly. In the past, it was always thought that this
fnput corrclation mode was useful only when the
signal levels are carefully controlled. The unders
lying reasoning behind this proposition is con-
firmed by our measurement, as shown in Fig. 2,
Here the plate signal and the acoustic signal arve
varicd at the rame time 80 that their durations
arc alwvaya equal, The corvelation output measuved
fn this manner {8 a good Indication of how fast
the charging process is.  As can be seen, when the
plate sfgnal {s 1 V pep, the corrclation output is
close to bedng lincar with the fategration time.
But as the amplitude of the plate signal {s in-
creancd, the covrelation output becomes highly

“ 3
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monlinear with rcapect to the intopration time. In
other vorda, the time required to saturate the stor-
age effect dropa draatically with increasing plate
eignal levela. Theae high amplitude measurcacnts
aiso conf{irm the measured results® with atrgap cor-
relators vhere the read out corvelatfon amplitude
d1d not significantly alter betveen 1 »$S and 10 m$S
{nput corrclation pertod.

READOUT (Vi) AT 10msec: 3v p-p

THE TOP PLATE SIGNAL (Vp) IS ALWAYS
OF THE SAME LENGTH AS THE ACOUSTIC
SIGNAL

Py * 10 dBm

Verdvp-p "’-’/t“:ﬁ
£;5:===a>~ g

Vp :3v p-p

¢

°
S
:

Vp 2 2v p-p

o
LX)

Vp = Iv p-p

CORRELATION OUTPUT VOLTAGE
(ARBITRARY UNITS)

o

L 1 - | 1 1
(] 2 4 6 8 10

SIGNAL DURATION (msec)
Charging characteristics of the diodes

with acoustic and top plate signals of
sanc time duration.

FIGURE 2.

We have recently found an alternative highly
lincar mode of operation, which was sugpested by
Raleton.® MNere the length of the reference plate
signal is kept constant while the duration of the
fnput signal is varied. This corresponds much more
closely to the requirements of signal processing
eystems. The results of such measurements are
shown in Fig. 3. Lincar responses as a function of
time and the acoustic input voltage are obtained
for all the plate signal levels used. 1t {s noted
that the cutput as a tunctfon of the integration
time 18 cssentfally constant for all plate signals
Jarger than 2V p-p.  This 2V p-p can thus be con-
sidered as a threshold signal level beyvond which
the output is fnsensitive to the plate voltage.

For shorter intepration perfods, a larper thresh-
old sfgnals level is required, but stil) f¢ is
wmuch less sensftive to VF than 1t was thought to
be. J

It sahould be noted, in addition, that the sat=-
uratfon value of the plate voltage s essentially

dictated by the value of the reading voltage Vl .

=30 -

READOUT SIGNAL (Vg) :AT I0msec; 3v p-p

INPUT ACOUSTIC POWER; — |0dBm
06 - === 5dBm
g TOP PLATE SIGNAL : DURATION FIXED
4 0S5} AT 10 msec
-
£
5Z 04
a>
2%
q
gg 03
e
a9
w™ 02
o
[+
o
(8]
O.l
(o]
(o] e . q 6 8 10
ACOUSTIC SIGNAL DURATION (msec)
FICURE 3. linear integration with the storage cor-

relator vhen top plate signal fixed at
10 wS duration.

Iypically saturation begins to occur when Vg - Vg
< 1V . We note that again this implics a very
different mode of operation from that normally em-
ployed, vhere it is usually assumed that Vo<<V .
In cither case the output is also proportional to
Ve . It would seem recasonable to assume, then,
that when Vg >> Vo, the action of the reading
signal is to switch on the diodes, rather than
operating them as back biased vavactors as in the
theory of Rorvden and Kino. In this case, the
switching point is determined by V, + Vp , so all
the output s obtafned across the capacity of the
plezoclectric layer rather than divided between
the Zn0 and the diode capacity. This mode of op-
eratfon, then, in addition to being a highly
lincar one also provides optimum etficiency and as
it uses large signals provides the largest output
possible.

It should be pointed out that the voltage
levels measured in Figs. 1 -3 arc terminal values.
Due to fnductance of the lead connecting the termi-
nal to the plate electrode, the actual voltage on
the electroade should be veduced by a factor of 2.7
for our structurc. The voltage appearving across
the diode 18 further veduced by the presence of
sevies resistonce due to the §1 substrate,

Thewse results indicate that our storage cor-
reloator §s highly suftable for synchrontzation in
spread spectvum system, which requires a larpe
time bandwidth product coded corvelator, Most
previous attempts to realize this with SAW devices




Tuan, CGrant, Kino

have used efther a cascade of matched filters’ or

a single programmable matched filter followed by a
recirculating delay line integrator.® We show
here that the storage correlator can be used df-
rectly in the input correlation mode tor corrvelating
the large time bandwidth product Pseudo Noise (PN)
Phase Shifc Keyed (PSK) or PN frequency hopped
waveforms used in spread spectrum systemns. We

have performed detailed measurements on the corre-
lator operation in input correlation mode when pro-
cessing 5 MHz bandwidth PN-PSK signals to study {ts
linearity with coded signals.

The PN-PSK test signal input was amplified to
the maximum power level for operating our trans-
ducers (+16 dBm) and fed into the corrclator acous-
tic port. The local reference signal, a delayed
PN-PSK code, was amplified to +28 dBm and inserted
on the top plate. This wrote the correlation peak
into the diode array as a stored charge pattern,
which was subsequently read out with a 200 nS
high power (+32 dBm) rf readout pulse. Figure
4 shows the read out corrclation peaks for three
different delays between signal and reference
ports, when integrating for 1 mS (TB = $,000). The
power of the output correlation peak after readout
was measured as =54 dBm, about 40 dB above the
noise level.
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“FIGURE 4. Large time bandwidth product PN-PSK
matched filter. Scale 1 uS per division.
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In order to ascertain the optimum device op-
crating power level and verify linear operation
each of the 3 input powers were independently re-
duced and the correlation peak power measured,
Fig. 5. 1t clearly shows linearity in all threc
input ports, except at the high levels of drive
power on the top plate when the diodes arve satu-
rated. The correlator has an "effective" inser-
tion loss of 70 dB which is due predominantly to
filling factor loss.* With the input powers we
selected, we have thus shown that we are operating
the device at close to ils optimum values.

We have also investigated whether i{n the {nput
correlation mode the corvelation peak amplitude
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FIGURE 5, Storage correlator lincarity measure-
ments,

varies linecarly with integration time when proces-
sing coded waveforms. This was done by selecting
a given maximum integration time (e.g., 1 mS) and
setting the reference PN-PSK code to this duration.
The duvation of the signal sample was apain varied
from 0 to 1 mS, while maintaining the same rela-
tive delay between signal and reference, and the
correlation peak amplitude was again shown to vary
linecarly with input signal duration, Fig. 6. Fur-
ther measurements have been made for 2.5 mS and

10 mS integration periods. Here the correlation
peak amplitude at maximum integration time was
essentially identical to the previous 1 mS result,
as was shown previously in the upper curve of Fig. 2.

IV. SAW Storage Correlator Application in
Adaptive Filtering

This secction describes a new realirzation of
adaptive transversal filter or equalizer? based on
the storage correlator. Tt operates by stoving di-
rectly a sample of the input signal to implement a
narvowband filter, which is subsequently used to
suppress narvowband interference in a simulated
spread spectrum receiver.  These receivers often
experience very high levels of interference, which
prevent demodulation of the received message even
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after matched filter processing. Wideband inter-
ference is supgressed by spatial processing in an
adaptive array’ while narrowband interference can
be suppressed in an adaptive transversal filter,
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FIGURE 6. Measurement of device linearity with
input signal duration.

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 narrowband CW interference is considerably
larger than the wideband coded signal, the corre-
lator impulse response comprises a burst of CW
whose duration equals the delay across the semi-
conductor interaction region. Thus it implements
a filter with a narrowband (sin x)/x frequency
response which is automatically set on the inter-
fering frequency. When incorporated as in Fig. 7,
the SAW device outputs only the interfering signal
which is subsequently amplified to overcome the
loss in the filter and added in antiphase with the
input signal. This implements a wideband filter
vith a notch centered on the interference frequency.

STORE
PULSE
GENERATOR

e "

b
FILTER 2

ATTENUATOR

FIGURE 7. SAW implementation of narrowband inter-
ference canceller.

The test scheme adopted for the practical
verification of the adaptive fllter is detatled in
Fig. 7. Here the switches are set in position 1
for signal storage while the adaptive filter oper-
ation is performed in position 2, where the bold
lines show the signal path. We have previously'®
utilized a short (< 1uS) gated burst of CW to en-
ergize the storage diodes and have shown that {t
permits the filter to notch out interference sig-
nals by -20 dB when used with burst PN-PSK coded
spread spectrum signals.

Figure 8 shows more recent results, which
have been obtained with a continuous PN-PSK spread
spectrum coded signal, by storing with input cor-
relation techniques. The upper trace shows the
signal input to our SAW based adaptive processor.
It comprises a +10 dBm, 120.9 MHz CW signal plus a
=20 dB 31 chip PN code, modulated at 5 MHz rate
onto a 120 MHz carrier. The direct correlation of
this composite signal in a 31 chip matched filter,
without the adaptive processor, is shown in trace
(b). For adaptive filter operation, the input
signal was stored in the correlator by input cor-
relation, by amplifying the input to +20 dBm and
applying it to the top plate. Cancellation was
achieved by summing the +40 dB amplified filter
output with the 30 dB attenuated input after ensur-
ing that the signals are arranged in antiphase.
This implements a flat amplitude characteristic
filter with a single notch at the interference fre-
quency. This correlator, which stored a T = 3 uS
signal sample, realized a 30 dB deep notch whose
vidth was approximately 330 kHz corresponding to
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FIGURE 8. SAW adaptive filter dcmonstration.
Scale 2 uS per division.
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the reciprocal of ‘the device tranatt time (I uscc).
A comparison between the taput wmignal trace (a) and
the cancelled output aignnl, trace (c¢), clearly
shows the 30 dB suppression of the 120.9 Mtz {n-
terference, leaving the wideband coded aignal just
viaible. 1he adaptive interterence canceller per-
mitted the corrclatfon peak from the {taal matched
filter to be clearly detected, trace (d). We have
also shown that after our processor is set up and
optimized {t can simultancously notch out one or
wore interfering frequencices anywhere within the

8 Mz bandwidth of our $AW storape correlator.
This capability fs achieved as the cancellfng
eignal from the filter and the input sipnal are
alvays in antiphase with our storage arrangement.,

V. Conclusions

This paper ka6 presented new results on the
operation of the SAW storage correlator in {nput
correlation mode which show exceptional lincarity
betveen the input and output ports, with varying
dnput power levels. 1t is cxtremely encouraging
to obtain these excellent results as it appears
that this mode, which offers the realization of
very large correlator time bandwidth product, will
be potentially most useful for signal processing.
The application of the device for correlation of
Jarge TB product (5,000) PN~PSK coded wavetorm and
adaptive filtering for the suppression by 30 dB of
a narrowband jamming signal has also been demon-
strated. It s in the latter arca of adaptive fil-
terfng that we believe the wideband storage cor-
relator will be most signiffcant both for equalf-
zatfon in communicatfons and inverse filtering in
radar and acoustic imaging systems.
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