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ABSTRACT

The role of linear transversal filters in signal processing Is discussed in

Section 1. Linear filters for signal processing must often have complicated im-

pulse responses , with large bandwidth and large time-bandwidth product. The

linear transversal filter , a delay line with weighted and summed taps , is ideally

suited for the implementation of such filters because of its simplicity of synthe-

sis. The filter’s impulse response is derived by the application of some con-

cepts from the theories of vector spaces and sampling, and is shown to be equal

to the tap weighting function. Thus , the synthesis procedu re consists merely of

sampling the specified impulse response at appropriate—in tervals and using the

sample values as the tap weights . ..—,

The utility of the transversal filter in signal processing is illus~rated by an

example from scatterer distribution mapping. The illustration is applied to two

hypothetical systems -- a sonar and an astronomical radar . In both these cases ,

it Is not possible for a single filte r to process the signal in real time. Signal

processing in compressed-time is discussed as an alternative to the use of a

large number of filters in parallel. If the processing filter has a bandwidth capa —

• bility in excess of the signal’s bandwidth , the signal can be time compressed and

processed serially in time. A generalized receiver , employing time compression ,
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fre quency translation and mul tiple-output-port transversal filtering is developed

from these Ideas. -

In Section II, a generalized transversal filter is described and analyzed. A

delay line with multiple arrays of taps , each array with a multiplicity of weight-

ing functions, has as the Impulse response between any pair of ports the cross-

correlation function of the weighting functions for the two ports.

A number of implementati ons of transversal filters employing a variety of

delay line types are described and some aspects of transduction and wave propa-

gation in bounded media arc presented in relation to these implementations.
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INTRODUCTION

Linear systems play a leading role in science and engineering. In particular ,

linear filters, which occupy a position of universal importance in the electrical ,

electronic , and communication sciences have been studied extensively. There

are three major classes of linear filters. The earliest developed was the

‘qongit~idthal ” filter, In which the signal is operated upon successively by the

structural elements of the filter. The ladder network and the meander line are

typical examples . Because of its Importance , and since it is the earliest of the

three types, the longitudinal filter is in an advanced state of development . The

second class is the “recursive ” filter , in which previous values of the signal are

modified and recombined with new values through feedback loops. The linear

feedback network is a typical example of the recursive filter , which also has

been developed to an advanced state.

The third and newest class is the “transversal” filter , in which the signal

propagates in a delay line with transverse taps distributed along Its length : the

output is formed by weighting and summing the contributions from the taps

(Fig. 1). The transversal filter , originally conceived for the equalization of

television signals , has been used extensively as an equalizing filter in telephone

systems. In these applications , electromagnetic delay lines , both distributed

and lumped , have been employed , but the total delay time available in filters with

practical physical dimensions has been limited by the large propagation velocity

of electromagnetic waves.
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The use of ultrasonic delay lines results in a reduction in size , since the

prop~~ation velocity for acoustic waves In solids is iO~ to iO~ times slower than

for olectromagiietic waves. With the variety of methods now available for tapping

microwave acoustic devices , the tapped ultrasonic delay line provides a practical

means for implementing transversal filters. As a consequence, the transversal

filter has many interesting and useful applications in microwave technology, as

wel l as in filtering technology in general.

This paper presents the theory and properties of transversal filters, along

with selected ultrasonic delay line implementations. It will be shown that the

transversal filter , especially as embodied in contiguously tapped ultrasonic delay

lines , is an ideal means of implementing linear signal processors. The paper is

in two sections : In the firs t section , a time-space equivalence , based Ofl SO~~ C

concepts from vector spaces and sampling theory , is applied to transversal filter

analysis and synthesis , and the use of the transversal filter in a particular

application — the mapping of a distribution of scatterers — is described in detail;

the s ’cond section presents the theory of ultrasonic delay-line transversal filters

and d”scrih~s some implementations by means of magnetostrictive, piezoelectric ,

anti op ton cous tic taps.

LINEAR SIGNAL PROCESSING

Physical signals can be represented as vector elements In the HiR ert space

of s j t ~trc integrable functi ons . A linear filter is a linear operator over this space

and if ~; impulse response is the kerne l of the operator. If the filter Is Invariant2
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under translation, its output is the convolution of the input signal with the impulse

response, which is also an element of the space. The output also can be repre-

sented at each point as the Inner product of the signal vector with a reversed and

shifted replica of the Impulse response vector [1].

A signal can be assumed without loss of generality to have finite bandwidth

in any physical system, and can be represented by samples taken at intervals

approximately equal to the reciprocal of this bandwidth . The sequence of these

samples is the sampled signal ; the original signal is reconstructed from It by

appropriate linear filtering [2]. The space of sampled signals is a linear vector

space whose vectors have the sample values as components [1]. By appropriately -

defining the signal’s bandwidth , W, and its length, T, it is possible to approximate

the sampled signal vector by a finite number , TW, of components [3] .

All of the preceding remarks about sampled signals apply equally to signals

in time and in space [4]. The taps on a delay line perform a spatial sampling of

the signal in the delay line and if the taps are ideal (i. e., if their Impulse responses

are s-functions), the sequence of tap outpu ts Is the spatially sampled signal . If

the tap outputs are weighted and summed , the summation yields a linear operator

whose kernel Is the weighting function . The sum can be rega rded as the output

of either a space-domain or a time—domain filter. This kind of linear filter is

called a transversal filter . Kallmann Introduced the transversal filter in 1940,

for the special case of a lossless , nondispersive delay line with lightly coupled ,

nonreflccting taps [5] . Since the signals In the delay line, at the tap outputs , and

at the output of the summin g circuit are time-vary ing, they can be filtered In the

time domain as well as In the space domain.3
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The tap weights, w1, can be regarded as the sample values , w(’r1) ,  of a

weighting function , w(t) , where rj is the delay to the i~ tap. These weights can

- 
‘ also be regarded as the sample values , v(~ .), of a corresponding space weighting

function , v(~) = w(EJc), where is the distance to the 1th tap and c is the propa—

gation velocity of waves on the line. It is assumed that all taps have the same

Impulse response, u(t) . Thus , the time—varying function that appears at the out-

put of the 1th tap when an impulse is applied to the line is u(t) weighted by w. and

delayed by 
~~~
. The impulse response of the filter , h(t), Is the summation of these

individual impulse responses.

h(t) = ~~~ w 1u(t - T j ) .  (1)

For all of the implementations of transversal filters to be discussed in this

paper, the taps have a bandpass filter characteristic , and the reconstruction of

w(t ) from the sample values , w~, is accomplished by the filtering action of the
I

taps, or by this action combined with that of a simple compensating filter at the

Input or output of the transversal filter. If u (t) is redefined to include this com-

pensation, when required , then the right hand side of (1) is identical in form to

the expression representing reconstruction of the function w (t) from the samples

~ [2), and (1) reduces to h (t) w (t).

The output of a transversal filter for a general Input signal is then the con-

volution of that signal with the filter ’s tap-weighting function :

y(t) = [x*wJ (t) (2)

where y(t ) is the output signal , x(t ) Is the inpu t signal , and * denotes convolution.4
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Thus transversal filter synthesis, in terms of Its time—domain s~~ -: ~J’ic~ 1ion ,

h~t), Is extremely simple. The synthesis procedure consists merely o~ npiing

the specified h(t) at intervals corren onding to its bandwidth, using thcf es :~mplc

values as weights on appre’~riately spaced delay—line taps , and summing ~Lc out-

puts of these weighted taps.

Scatterer Distribution Mapping

As an example of the applications of transversal filters to linear si~ . ;d  pro-

cessing, the mapping of scatterers distributed in range and doppler w i l l  h~ tic-

scribed~. Such a mapping is of interest- in sonar [6], radar [7], and r~ 
-
~ as tron—

omy (8) . A finite—energy signal , s(t), Is transmitted and the scattered -~~~r~ y i~

received in the presence of white Gaussian noise. For the detection of ~ (L) in

such noise , both a matched filter and a correlator are optimum [9] . A i ’~~ e~~d

filter (Fig. 2) is a linear filter whose impulse response, h(t), is the ti~~c-rcverscd

replica of the signal to be detected: h(t) = s(-t). A correlator (Fig. ~) multiplies

the input, consisting of signal and noise, by a locally formed replica or the signal

and integrates the product.

The mapping of a distribution of scatterers is a more complex prc~l ~ ri than

that of simple signal detection; in this case, the matched filter and CW rJ~tor

are not always optimum.

I.  
_ _ _ _ _ _ _ _ _ _ _ _ _ _

1The echo location In range and Doppler of a point or distributed ta rgc~ is a

special case of scatterer distribution mapping.5
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Nevertheless , even when they are not optimum , they often provide acceptable

performance and when they do not , sligh tly mismatched versions may provide

nearly optimum performance . [10] . As a consequence , these processors are used

extensively.

The mapping of a distribution of scattercrs by either of these processors can

be expressed in terms of the resolution function , ~ (r , v). This function rep -esents

the response of the processor when matched to S ~t) for an input , s~. ~ t)~ which

is a version of s ~t) delayed by T, with Doppler p, where ~ = 2(ll/c)f 0, H is the range-

rate, c is the propagation velocity, and f0 is the mean frequency .2 Since x(T, v)

is the response of a processor matched to s (t) = s~, 0(t), it is the convolution of

T V
1ths0,0

x~T,v) s * s;~ ~3)

2The approximation made here , that t~’ = 2(ñ/c)f 3~, is valid when the tota l range-

rate interval of interest is small relative to c/2TW. In this case , Doppler can

be approximated as a constant frecjuency shift of all the signal’s spectral com-

ponents . This is the case which is usually treated in the literature , where the

uncertainty function , ~~ and the ambiguity function , 1x 12 , a rc studied rather

than 
~~
. When the range—rate interval is not small relative to c/2T\V , the

Doppler shift of each spectral component is proportional to the component ’s

fr equency and the mapping becomes more complicated than the simple version

given here.

6
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- where s (t) = s (—t).

To map the point T0 ,L) 0 in the range—Doppler space , the processor is matched

not to s (t) but to ~~~~~ ct). However , the processor when so matched responds

not only to the signal scattered from the point T0, I’~ , but also to scattering from

other points in the T- L) space. The output of the processor for scattering from the

point r, ii, when matched to the point T~~ v~, is xo(T, v) = s * s~ xo(T , v) is a
T, 11  T0, V0

version of x(T, v) whi ch has been translated from the origin to the point T0, p0 and

has suffered a sligh t distortion in shape in the process of translation. If 
~~ is

concentrated in the region of T0, i~~, or equi valently if x is concentrated at the

origin , then the processor output will be a good estimate of the scattering cross

section , averaged over the region of concentration. Thus the size of the region

around the origin in which x is concentrated determines the resolution with which

the i-— i-’ space is mapped [11] - [13] . The nominal resolution for a signal with

bandwid th W and duration T is i/w in r and l/T in v.

The map of the scattering distribution th at results from such processing is a

function of r and v and can be regarded as having bandwidth in both these variables;

the nominal bandwidth in r is W a.~d in i is T. A straightfo rward extension of one—

dimen sional sampling theory to two dimensions leads to the result that TW samples

per unit square in the ~~~~~~~ space (i .e . ,  one sample for each resolution cell of si~ c

l/w in r and l/T in P) spa:: the entire space. The continuous map of the scatter—

Ing distribution can be recovered from these samples by appropria te smoothing.

Al though the nomina l reso lution in T and ii is i/w and i/T for any signal

with bandwid th \V and durati on T, the theory of signal design leads to many choi r

of si gnal form , wi th corresponding variat ions in the form of x (r , v). A selection7



I 
- 

- - -

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

- 

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

- -_

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

-

~~~~~~

from among these choices must be mad e on the basis of prior knowledge of the

scattering distribu tion as well as the desired mapping resolution. Signal design

is an act ive a rea of cur rent research [1-1). The mapping may require ~~~ signal

w i th  time—bandwidth product TW , if the resolution in the r , v space Is to be 5 =

1/\V and - - l/T. If the f i l t er  synthesis procedu re Is to be sufficiently versatile

to  l iovi de  a processor with the required resolution for the mapping of any scattering

d i - ~tr ibution encountered , then this procedure must be capable of synthesizin g a

filte r to match ~ j~~sigiial with this time—bandwidth product. When the TW product

l~C~~OiflCS l::”g~ , the f requency domain synthesis of conventional longitudinal filters

~i~~tched to arbitrary signals specified in the time domain becomes increasingly

diiiic ult. On the other hand , the synthesis of transversal filters remains simple,

since the procedure consists merely of selecting the tap weights to correspond to

the sample values of the impulse response.

Suppose it is d esired to map a distribution of scatterers in the range interval ,

— ~~~ and the range-rate interval , ~R = — R~~, with a prescribed

resolution in range , 5R’ and range-rate , S~. Since ~~ = / and 6 = X0

the j ’ei 1:ii rcd signal duration and bandwidth are

T = X0/2S~ and W = c/2 5R ~4)

wliw o X0 is the wa velength corresponding to the mean frequency, f0. From the

second equation of (-1), a relation can be established between the system ’s frac—

li onal  band w idth  and the number of range resolut ion cells per unit  wavelength :

W/f 0 X~J2SR (5)

8 
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where \V/f 0 is the fractional bandwidth . From (4), the required s; a:~l

time-bandwidth product is given by

TW cXO/4O R O~ (6)

The time required to form the receiver output for a given ran ~~ , fl , and range—

rate , R , within a resolution cell of size 6R ~ b~ is the resolution e ’ 1~ processing

time , t~. The duration of the reflection from scatterers within thr  interval

~~R Is (2 ~~,/c) + T, and the effective resolution—cell processing t i i n . ~ f~~- a matched

fil ter , ~~~ j , is this duration divided by the number of range reso~ c i  Is ,

or tp [mf = [(2~~/c) 4- T] ôR/~~ R. However , for the co rre]: ‘r , t i c leso! a—

tion—cell processing time is simply the signal duration , tp [cor] = T. Thi~ time

between transmissions is the pulse interval , t~, and is available I n  i~~a , :i  pro-

cessing, so that the maximum number of computations pos~ tb le 1s’~o n - n  trans-

missions Is N 9 t 1/t~, and depend s on whether a matched fi l t er  or a (or l - lator

is bein g used :

N p [mtj  = t j/12 6R/c) + (T6~/~ R) ] (7a)

- N~[~0~] = t~/T. (7b)

The number of computations , N;, required to F:’an an aro~ ~ ‘R x L~ in t lic range

range—rate space Is the pr~ Iuct of the number of range reso lion r ¼ l 1 - , i R /ö~,

and the number of range—rate resolution cells , ~~/ó~ : N; (tY’~i ( ‘Y ö j .

The required number of computations can be executed during the ii~ ~~i :t l t~ only

If N,/N,. > l .

9
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Since N~ is the same for both the matched filter and the correlator , the ratio

Np [mt] /N~[corJ is a measure of the processing speed of the matched filter relative

to the correlator. From (7a) and (7b),

N 9[r~t]/N9[~0~] = a TW (8)

where a = 1/El + (cT/2z~R)] and 0 < a < 1. Only when a < 1/TW , does the cor-

relator have greater processing speed than the matched filter.

These ideas will now be illustrated with numerical examples from sonar and

radar astronomy . Although the examples are not intended to correspond to actual

systems, they are representative of the parameters that might be required for

ocean—floor or planetary mapping. 3 The system parameters , along with the signal

parameters required to achieve these system parameters, are presented in

Table I, and the corresponding processor performance parameters are presented

in Table H. Note that in the sonar example , ~ ~ is not small relative to c/2TW

and , therefore , the frequency shift approximation for Doppler is not valid over

the entire range—rate interval. However , the nominal range—rate resolution Is

still l/T. A method for treating this case by dividing ~~ into subintervals

which are small relative to c/2TW is discussed later.

3 Sincc both the general expressions and the numerical values are shown , other

systems can be compared either by direct calculation or by scaling.

10
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Table I

Symbol Sonar Radar Astronomy

SYSTEM PARAMETER S

Wavelength A0 10 cm 10 cm

Propagation Velocity c 1.5 x ~~ rn/s 3 X ~~ rn/s

Mean Frequency f0 15 kHz 3 GlIz

Range Resolution 5R 1 m 2.5 x ~o4 m
Range-Rate Resolution 0.05 rn/s 2 x i0~~ rn/s

Range Interval io~ m 10’ m

Range-Rate Interval 5 rn/s 2 rn/s

Pulse Interval t 1 3 S 3 mm

SIGNAL PARAMETERS

Signal Duration T 1 a 25 S

Bandiwidlth W 750 Hz 6 kllz

Time—Bandwidth Product TW 750 1.5 x

Fractional Bandwidth W/f 0 0.05 2 x 10~~
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From Table I , the ban dwidth and TW product for the sonar example are

750 Hz and 750 , and for the radar astronomy example are 6 kHz and 1.5 x 10~,

respectively. Ultrasonic transversal filters have been constructed with bandwidths

to 1 M H z  and TV! products to l0~, and filters are under development with bandwidths

to 1 GHz and TW products to [15~, [16~. Thus, existing filters have bandwidths

in excess of the requirements of sonar and radars with system parameters com-

parable to those assumed in the examples. 4 The TW product of these existing

filters is adequate for such sonars. Since the TW product is a measure of the

maximum possible mapping resolution , sonar resolution could be increased by

more than an order of magnitude beyond the value assumed in this example with-

out exceeding the TV! capacity of transversal filters currently under development.

Conversely, even these latter filters have TW capacities which arc an order of

magnitude smaller than that required for the radar astronomy example. It is

hoped that advances in the technology of microwave acoustic delay lines will pro-

vide the increase In TW capacity needed for such radar astronomy applications.

From Table II , the speed with which the matched filter can map the distribution

of scatterers is approximately 400 times that of the correlator , for both the sonar

and radar astronomy examples. However , the values of Np/N; presented in

Table II indicate that even the matched filter is approximately 100 times too slow

to accomplish the mapping in real-time , for either the sonar or the radar.

41t will be shown later that excess ban dwidth can be used to Increase processing

speed.

11
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The simultaneous use of a suffi cient number of individual filters , each matched

to a different Doppler modification of the signal , will permit real-time processing.

An alternative method that uses a single filter and employs tim e compression and

serial processing will now be described. If desired, a combination of these techniques

may be used.

If the signal to be processed is compressed in time by the factor k , then the

resolut ion cell processing time , t~, is reduced by this factor and the number of

computations, N~, during the interval t 1 is inc reased by this factor. Thus , time

compression by the factor k permits a k-fold increase in processing speed. For

the examples given earlier , real-time processing can be accomplished with a

single matched filter if k equals 77 for the sonar or 140 for the radar.

The bandwidth of a time-compressed signal is increased by the factor k and

the Implementation of a matched filter for a time-compressed signal must have a

bandwidth capability k times larger than the ban dwidth of the correspondin g real -

time signal. If , by a particular implementation , a transversal filter can be con-

structed which Is capable of producing impulse “esponses with a maximum band —

widthof ~Vm~ and a maximum duration of T~~ , the filter can be used for time -

compressed processing of any signal with bandwidth W and duration T such that

W <W ~, and TW � T W ;  the maximum compression facto r is k~~ ~ V,~~/W.

Thus , bandwidth capability In excess of the bandwidth of the real—time signal

makes possible the use of time compression. For the sonar and radar astronomy

example, the excess bandwidth of existin g filters makes possible values of k

large enou gh to permit real—time processing by a single fi l ter.

12
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Since kr&, is proportional to W1,~, then W~~ is a figure of merit for the filter’s

processing speed , and since the maximum possible number of resolution cells per

unit cell is proportional to the signal’s time-bandwidth product , ‘1W, then Tm~ Wr~

Is a figure of merit for the filter ’s resolution capabilities. Using current ultra-

sonic technology , filters and time compressors have been built which , for most

sonar systems , ha ve a k~~ greater than 10~ [17] , and microwave acoustic devices

are unde r development that will make possible values of ~~~ greater than i06 [18].

However , in many radar systems the signal bandwidth limits k~~ to small values

for these same filters. It is hoped that additional d evelopments in microwave

acoustics will soon make larger tim e compressions possible.

A Gene ralized Linear Receiver

The use of time compression with matched filtering is illustrated by the

linear receiver shown in Fig. 4. The matched filter shown in Fig. 4 has multiple

outpu t ports , whose signifi cance will be discussed later. A range—delayed and

~~ppler-modified signal , s~~j 1(t), is lo be processed by the receiver whose band-

width , W,,, mus t he wide enough to accomoda te the possible Doppler shif ts of the

signal ’s spectral com ponents. By means of singe—sideband (SSB) mod ulation , the

receiver shifts the spectru m of the Input signal downward by the amount
5

f 4 f 0 - W;/2~ from the receiver ’s passband to i ts baschand , as shown in Fig. 5a.

~The factor 1/2 appears here because the signal bandwidth is two-sided , so that it

conta ins both positiv e and negative frequencies , whereas for handpa ss receivers the

bandwid th , W;~ is traditionall y ~;i nglc—siclod .

13
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Fig. 5. ReceIver Spectra. (a) Real time ; (b) Compressed time.
The dotted curves represent the signal spectru m for the
case = 1 (zero Doppler).
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The receiver ’s input is so shifted bc -
~ - c  the requ i ‘d sampling rate is often lower

for baseband signals than for bun t l~~’ ~- ;ti .~ls [ 2 ] . ‘l’hc .lowest possible samplin g

rate is desirable , since the time cc . ‘cs~. -~r chosen for ilhistratio~i is a sampled—

data device for which the largest ct~~~~,~~~:~S1Ofl m eter , ~~~ is obtained when the

sample rate is lowest. If the spcc~ ~ - -
~~~ o[ the original signal is S~f), then the

spectrum of the Doppler —modified v r~ i n  i~ SQ3f), where ,8 1 + 2R/c . it

follows that the spectrum of the g~~~ . i ’ ~~e 1,ascij :~nd is S~~f — 14) and the spectrum

of the time—compresse d baseband s , i t s  ~(j /~f — fdl/ k), as sh~ wn in Fig. 5h. A

second SSB modulato r shifts the tin - nn 1 rc~~. cd si~ ici l  upward by the amoun t

~ 
to the frequency band of the m a t c l - - i ]  ~~~~~~ sh~ ted S1)cc trum is

S([~flf — f 4)/k] + f ) .  The comp~c~~ i~;c~~r k has licc ’n chosen so that after time

compression the signal bandw id~h ~ 
- c ~ponds ic the filter bandwidth, k

If a single sample is taken fro m e : i ’ - c e l l  o~ si:~c ô,~ x 6 ~ in the ra nge range-rate

space , the resu lt ir~ set of samplc~ i~ - ;c~f ie icn t  for an approximate description of

thescatteringclistribution . Since a ~- t 1 - c ~ f i l t e r  processes all values of range for

a single value of Doppler , this spae~ -:~n bc’ utapped with filters matched to the

values of R at the centers of stri .p~ (~~ ~v~ l~h ~ p: ’rallcl to the H = 0 axis.

Therefore , a total of ~~ /ó~ indivi du l matched filte rs are required for real-time

processing. When a filter operates ~n conipres sed lime with a compression factor

k , compressed blocks of signa l cr l . r processed serially at a k—fold greater rate.

• Thus , ~vhenk ~~~~~~~ serial ) ) r o (~~ r i  can hr substituted for parallel processing

and only a sing le fil ter is r e (j n i i e L

6This shift is not required if the : t e ~ - d  f i ! t e r  op u r u t c a  at base -band.
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— - - —• Time cDlnpression unrl I ~ : ~~ccrsal 1ilIc~ ’ng are the features that distinguish

this receiver from a cOn V ent  li ~ ; cri ictiodyi ic ’ receiver which employ s only

frequency translation and b : l i ~ - S  filtering. Frequency translation , usually

accomplished by SSB modulaL ’ . - cLa i~rs t i c  fractional bandwidth of the input

while leaving its duration unch -cd , whereas I ime compression changes the

duration while leaving the f i r :  and ~vj d~i u changcd. Thus this generalized

receiver provide s complete [
~ . lv  in ni i 1 / . i ~ the 1)erfOrmcuWC characteristics

of the matched filte r and m a 1  l i c  the cIL ient . application of transversal

V 
filters , implemented with m~~h -  n a - c  ~u as t  ~i d~’vi es , to the processing of signals

with spectra anywhere in thc i .~ ~~~~— ace r c m ~~. f r o m seismic through radio to micro-

wave frequencies.

Time Compression

Time compression is a’.- ’ I c i  by s~ur ie2 ; the signal in memory and retrieving

It at a rate greater than the ~ 
V a S la rge [1 i)] . Although t ime compression can be

achieved with analog devices O~~~. i t ig  on Conlilmous signals [20) , [21], sampled data

devices arc usually employed. ‘i ~~ - . pr incip le  of time compression can be illustrated

by a transversal filter ~viih p ui ~ i a m l y—weightcd taps (Fig. 6) which are separated

by time intervals of d uration / ~~ 
— / i~ — ~ , where ~ T~ is the sample i n t e r v a l

In real—tim e, &r ~ is the I )  e v i  in compressed t ime , and p is an integer

greater than or equal to TW. A - ins tant  whcii  the oldest sampl e In the line passes

the last tap, It appears at  t ic - ‘~~a1. of the f i 1lc~ . ~~ seconds later , I-he nexi —to—

Oldie-st sample PaSs( s the j m - ~:t -I L z t  t ap  a n t  appears at the outpu t of the f il ter ,

ii;

__.—~~~~~~~~ ~~~~~~~~~~~~~~~~~~ • .• —~~ — —
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V and samples continue to pass their corresponding taps and appear at the output

until (p — 1)b; seconds later , at which time the newest sample passes the first

• tap and appears at the output of the filter. Thus p samples have appeared at the

output of the filter in the proper sequence, but with a separation of ~ ; 
instead of

~~Tr; they have been compressed in time with a compression factor k =

A pause of duration ~k_pVI.1) ~ T~ follows , (luring which the next—to—oldest sample

propagates the remaining distance to the last tap. The oldest of the p samples

has passed out of the delay line , all samples have propagated a distance corres—

ponding to 
~~Tr along the line , and a new sample has been introduced into the

line. The process just described now repeats. Thus the output of the time

compressor consists of blocks of p compressed samples -
~~. itli a gap of dura t ion

~k— p4 l)~~; between blocks. Each block contains all of the samples from the

previous block except the oldest , wit h the samples shifte d within the block by

~~~ 
relative to the positions of the samples within the Previous block , and with

a new sample add ed . The-s r blocks can be reconstructed to form blocks of

continuous signal by the filtering action of the taps themselves , if the tal) im-

pulse response is properly selected. The description of the operation ~ 1VCfl

here is valid only when

(1~ 1/P)~~Tr <~~r~ < (9)

When thi s incqualit.y is not satisfied , the samples do not pass their corresponding

taps sequentially in time and the situation becomes complicated

The- compressed signal lies entirel y within eie or more of these l)lOckS only

when the input signal lies cut ii’ely wi t h in  the delay l in e .  Thele fol e if } T\V e~eti

of q adjacent h ine i r ;  , where q 
~ V p— TW 4 I , wi l l  contain th e ent I~~V ~~ r V I i a l ;  a l l  other

16
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blocks will cont ain only part of the signal or none at all. A filter matched to a

particular Doppler modification of the signal is connected to the outpu t of the time

compressor. At the end of a time interval (P-1)~~r~, equal to the duration of one

of the output blocks , the impulse response of the filer can be altered to match a

different Doppler modification of the signal. After another /
~Tr second s have elapsed ,

the filter can again be modified to match another Doppler modification. This process is

repeated at intervals of ~~~ until all required Dopplers have been cxaminedl by a cor-

responding matched filter. Since there are only q blocks that cont ain the entire

signal , at most. q modifications of the filter ’s response can be maci c befo re it must

be returned to its initial state. Otherwise , the filte r response that matches the

signal may not he formed during the time that the signal is present in the time —

compressor output.

The time—compression fac tor , k , ac ts as a fundamental limit on the number of

Dopplcrs that can be searched for all range values. The utilizatio n fa ctor , q/k ,

measures the degree to which a time—compressor ’s perfor manc e approaches this

fundamental limit. In the compressor used for illustration , k must he greater than

V or equal to p. Otherwise , the sample blocks would overlap and fewer than q Dopplers

cou ld be searched . The optimum situation exists when p can be made equal to k ,

for in this case the gap betwccn blocks reduces to ~~ and q has the maximum value

possible for a fixed value of k. Then q/k = 1 — (TW-1 )/k and , as k increases , the

utilization factor approaches unity . Thu s for the time-compressor illustrated here ,

both large k and large p are desirable .

17
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For most sona r systems , values of k greater than TW are necessary if all

required Dopplers are to be searched for all ranges , and t ime compressors with

sufficiently large k have been developed for sue-li systems [19]. However , for many

radar systems , the required time-compression factors are less than TW and the

time compressor choose-n here for illustration is not appropriate. For such radars ,

and for sonars with k< 1W, time compressors ~~th tat) intervals that  do not satisfy

(9) must be use-cl or other equivalent device s must he employed.

It may not be necessary to alte r the filter ’s response q tim es to search q

• Dopplers. Within a Doppler interval that is small relative to c/2TW , the modi-

fi cation of the signal as a result of Doppler can be approximated by a freque ncy

translation of the signal. If the Doppler interval , ~~ , sa tisfies this condition , the

search in Doppler can be accomplished by shifting the frequency of the variable--

f requen cy oscillator ~VFO) of the second SSB modulator by amounts corresponding

to ô~ , at time intervals ~~~~~, instead of by altering the filter ’s response. It is still

true , of course , that only q Dopplers can be examined. If ~~ is too large for the

frequency shift approximation to be valid over the entire interval , i t can be divided

Into subintervals in which the frequency—shift approximation is valid . Then the filter

must be altered to mate-li the Doppler modification of the signal for the Doppler value

at the center of each of these subintervals; within the subintervals , however , the

Doppler search can be achieve-cl by frequ ency shifts of the VFO.

Although this description of time—compressed processing is based on the

assumption that t he q diffe rent modifications of the signal are Doppler modi fications ,

the generalized receiver describe-cl here is not so restr icted . The q possible

18
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modifications of the filter ’s impulse response could also represent signal

modifications such as those resulting from acceleration. Even more generally ,

they could represent any set of q orthogonal signals , such as those corresponding

to q symbols of an alph abet for use in communication or q words in a coded message.

Although any type of memory can he used for a time compressor , computer-

type memories are usually employed; the signal is sampled at bascband , digitized

to form a binary number , and stored (19]. The ultrasonic delay line tim e coin—

pressor ~DELTIC), introduced by V. Anderson in 1956 [22] fo r the compression of

sampled signals digitized at two levels , employed a computer—type serial quartz

delay—line memory , which was a fore runnci’ of modern recirculating memory stores

(231. Configurations of the DELTIC eKist that produce blocks of samples identical

in form and compression factor to those produced by the transversal filter time

compressor (TFTC), both for the simple case illus trat e-cl lie-re - and for the more

complicated cases that occur when ~9) is not satisfied. Thus there is no differenc e

between the performance of a DELTIC and a corresponding TFTC. However , the

total delay time require-cl in the DE LTIC is approxinrntely ~ r, , whereas in the

TFTC it is p~i-, . Note that P~ Tr is greater than or equal to T, the signal’s duration ,

and the requirement that the TFTC have this much delay makes it impractical for

m any systems. It was introduced here for illustrative purposes because of its

simplicity . Conversel y, the DELTIC is practical for app lication to many systems

because of its relatively short d elay—time requirement s. lt .s delay — time advantage

Is Ol)tAifl Cd , howeve r , at the expense of requiring binary digi tal signals at the input ,

since the recirculati ng delay — l ine amplitude stability is generall y insufficient to

19
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preserve the sample amplitu des of analog or multilevel digital signals during the

number of recirculations requi red.

To use the DELT1C for the compression of analog or multilevel digita l signals ,

the samples must first be converted to binary coded numbers , and then compressed

either by an appropriate nwnber of DELTICS ope rating in parallel , or by a sing le

DELTIC operating serially at a corresponding ly increased spced[2-1].

Multipl e -Ou~put- Port Transversal Filters

For many implementations of transver sal filters , it is possible to realize a

number of simultaneou s outputs with a single delay line [25]. These multiple out . —

puts are formed from an array of tap weights , as shown in Fig. 7. Mu1tip lc_ out~ ;t

port filters may provide savings in system size and comp 1ex ity, and some teelur -~u

for their implementation are discussed in the second section of this paper.

Such a filter can replace a bank of filters operating in parallel t-o providk nuil -

time processing. In addition , multiple—output— port matched filters are usefu l in

Increasing the ef fective speed of serial processing in compressed time. If such a

filter operate s with a time-compression factor , k , and has in output—ports , and cac~

port represents a different one of the impulse responses need ed for the search in

Doppler , the-n the filter has an effective processing speed of k x in. For a system

with fixed Doppler se-are-li requirements, the addition of multiple - output-ports

reduces the time compression required for Doppler search , and thus reduces f l u

bandwidth capability required of the filter.

All of the earlier statements concerning the application of sampling in space

an d time to tr ansve r sal filte r s appl y also to mu ltiple—output—port transversal

20
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fi lters. The tap weights , w~ , can be regarded as the sample values , w4 (r~),

. . . . .thof a weightin g function , w~(t) , where t~ is the delay to the 1 tap and the sub-

script j indicates the port at which the output is observed. These weights can

also be regard ed as the sample values , v~(~ 1), of a corresponding space weight—

big function , v~(~) wj (~/c) , where 
~ is the distance to the 1

th tap and c is the

propagation velocity of waves on the line. The ~th output has impulse response

h~(t) = ~~~~~~ — r~) (10)

where w~ is the weight of the ~
th tap for th e ~th output and u(t) is the tap impulse

• response. The filtering action of the taps , with compensation as required , reconstructs

w~ t) from the sample values w~ , and (10) reduces to hat) = w 3(t). Thus , for a

general input signal , the ~th outpu t of a mult iple—output—port transversal filter is

the convolution of that signal with the filter ’s ~
th tap weighting function:

y~(t) = [x *w~] (t ) (11)

.th - . -where y~ t) is the j output signal and x(t ) Is the input signal. The synthesis of

multiple-output -port transversal filters is comparable in simplicity to that for the

single-output-port filter.

Conclusion

V 
Because of the extreme simplicity of its synthesis , the transversal filter is ideal

for applications , such as linear signal processing, where a complicated impulse re—

sponse with large a t ime—bandwidth product may be required. Existing ultrasonic

delay line transversal filters have many applications in sonar , radar and radar astronomy

21



systems, and microwave ultrasonic delay line transversal filters under development

can be expected to have m any additional applications. Since generally the physical

size of these devices decreases and the processing speed increases as the maximum

bandwidth Increases , it is to be hoped that the operation of ultrasonic delay line

transversal filters will be advanced still further into the microwave region.

In many systems , real— time signal processing is impractical because the

number of simultaneous operations to be performed exceeds the system ’s capabili ty.

If the bandwidth capability of theV S~~~al—p r ocessi i~g f i l t e r  exceeds th e bandwidth

of the signal to be processed , the signal can be time—compressed by an amount ,

k , proportional to the bandwidth ratio. When (li e input sign al  is thus compressed

in time , the processing can proceed at a k -fold grea ter rate . Thus linear filters

operating in compressed tim e make possible significiant increases in the effective

speed with which linear signal processing can be performed , and transversal

filters are ide-al for this application because of the simplicity of the synthesis

procedure required to obtain an arbitrary impulse response.

Some implementations , to be described in the second section of this paper ,

make possible the construction of transversal filters with multiple output—ports ,

at each of which appears simultan eously the response to an impulse at the inpu t-

port , each response correspondin g to one of a set of mutually orthogonal functions.

If the filter has in such ports , and processes at a k-fold increased rate-, as in the

generalized receiver described here, it is equivalent to k x in single-output-po rt

filters operating in parallel In real -time.

22
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It should not be inferred that the uses of trans versal filters discussed so far

arc the only ones for which they are suited. The case with which time -domain

synthesis of transversal filters with large T\\T product can be accomplished , and

the availability of compact implementations empl oying microwave acoustic delay

lines , make transversal fillers , in conjunction with time compression and frequency

translation , useful in a \vidle range of application s encountered in diverse disciplines .

Besides the many applications to scatterer—distribution mapping in the fieldi s of radar ,

rada r astronomy , and sonar , there a rc also mapping applications in seismology ,

nondestructive test ing, and medical ins t rument  at ion . In addition , there are signif—

leant applications in int crfcr ometry , spectral a n a lv s  is , com mu nj e at i uns , adap tive

filtering, and delay—line tC( lul la lOg , as well as in laboratory instrument ation.

A number of implem cnta lions of t ransvc rsal fi I e rs and t ime  compressors

employing ultrasonic delay li nes arc currentl y ava il al) le , some of which are

discussed in the second section of this paper . Although the-se devices have made

possible the solution of a number of important signal—processing problems , there

are still m any important problems for which ultrason ic t ransvers al  f i l te rs  and time

compressors with higher speed (W) and large r capacity (TW ) arc required. Because

of the frequencies at which these needed devices must operate , they fall ~sVit h i Jl the

domain of microwave science and engineering. The special t a l ( I I t s  of (he worker in

microwaves might fruitfully be applied in advancing this ted-hnolog~~.
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I

ULTRASONIC TRANSVERSAL FILTERS

In the first section of this paper , the Kailmami transversal filter was de-

scribed and some of its properties and applications were discussed. In the sec-

ond section , a generalized transversal filter is introduced and analy zed , some

features of delay line trans duction and propagation are discussed in the context

of transversal filter implementation, and a number of practical implementations

employing magnetostri ctive , pie-zoeleetric , and optoacoustic taps on a variety of

ultrasoni c delay lines are descrihcd.

The Generalized Transversal F i l t er

In the Kallrn ann f i l t e r , it is assumed that th~ desired signal is propagating

along the delay line- where taps , which do not per tu rb the propagating wave , spa-

tially sample , weight , and sum t ia ’ signal - No consideration was given to the

methods of tran sduction by which the- wave was launched. There is often an

pivantage j r~ using a transducer compose(l of a weighted array of elements. if

its elements arc reciprocal , the array can be used both for launching and tapping,

which is a use ful featur e in some applications. The uti l i ty of f i l t ers  with multi-

ple output por ts was discussed in the first  sectina of the paper , where a method

emplo) ing a two dimensiona l weighting func tion applied to a tap array was de—

seribed. Anothe r nn ’the l uses-a sequence of weig hLd arrays along t i e  line. A

n a tui  a l extension ~s a fi l le r w i t h  both mt i l t i p h -  output  ports and multiple input

ports - most general f i l t e r  wou ld be compos d of a sequence of nonoverlapping

2 : 
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arrays along a delay line with absorbers at the ends of the line to prevent ref lec-

tions , with a two dimensional weighting function applied at each array location

to form multiple ports , and with each array reciprocal and usable as both an

input and an output array . Since several of the implementa tions of transversal

fil ters described here have one or more of these features , the generalized trans-

versal filter incorporating all of the-ni is discussed. First , however , an applica-

tion of such a filter with three sequential ports is described.

A filter that is matched to a time—re versed version of the transmitted signal

Is f requently used for detection or scatterer distribution mapping. The genera-

tion of the signal to be transmitted is straight-fo rward when the signal is simple ,

but when it is complicated and has a large T\V product , sophisticate d techni ques

of generation may be required. One method is to sample the signal and store

the samples in memory , to be retrieved and reconstructe d into the signal at each

transmission. Another method is to generate the signal recursively by the appli-

ca tion of an appropriate algori thm to an elemental signal. For signals with

large T%V product , the former method requi res a large memory , as (lOCS the

latter method because of its complicated algorithm.

An attractive- alternative is to use the same generalized transversal filte r

for both signal generation and signal processing. Consider a transversal fi l-

ter with two transducers separated by a tap array. If h(t) is the- response at

the output of the tap array when an impu lse is applied to one of the transd ucers ,

then h(—t) is the response when the impulse is applied to t h e  other transducer.

Thus , if h(t) is the required signal for transmission , it can be obtained at each

-- -. 
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transmission merely by apply ing an impulse to the appropriate transducer; the

other transducer is the input of a filter matched to h(t). Such a three—po rt trans-

versal filte r is illustrated in Fig. 8. If the transducers and taps are reciprocal ,

an alternate method is to use the- tap array as the filter input , wi th the trans —

ducers acting as outputs. If the response at one transducer due to an impulse-

applie d to the tap array is li(t) , then the response at the other transducer is h(—t) ,

and again the filter can be use-cl for both the generation and the matched filtering —

of h(t). For the case of reciprocal transducers and taps , the impulse response

between any pair of ports is independent of which port of the pair is used as the

input. If the taps and transducers arc lightly coupled and nonreflect ing, the im—

pulse response between the transducers and the tap array is related to tho tap

weighting function in a manne r analogous to the relation for the Kallmann filter:

— h13(t) h31(t) w (t) and h~~(t) = h~- ( t) = w(—t) , where the subscripts 1, 2 , and 3

indicate the left end port , the- right end port , and the tap array port , respectively

~see Fig. 8), and where w (t ) is the tap weighting func tion expressed in the time

domain.

An additional advantage of using the same filter for both signal generation

and detection or mapping is that the constraints on variations in the total delay

time of the line can be- relaxed. When an independent signal generato r is used ,

the total delay time of the transversal fi l te r ’s delay line must be- held cons tant.

to a small part of the d e l a y  time - between taps ; otherwise , as the total delay t ime

Is changed by temperature variations or other causes , the- transversal f i l ter  will

no longer match the transmitted signal. To achieve- the necessary stab il it ,

26
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isopaus tic (constant delay ) materials may be required. h owever , if the same

transversal filter is used both for signal generation and detection , then as the

total delay time drifts , the matched filte r tracks the gc~ erate d signal. The only

constraint on the total delay time drift is that it be small during the time interval

between transmission and reception of the echo or scattered signal when it is

compared with the delay time between taps.

Before proceeding with the analysis of the generalized transversal filte r ,

sonic aspects of transduction and tapping must 1e  examined . In the Kallmann

filter , discrete distributions of point tap s are \veightcd and summed to form the

output. In the generalized transversal filter , i t  i s desirable to consider continu—

ous as well as discrete distributions of elements both for launching and for tap-

ping.

From the theory of samp li n~ , any continuously (hstr ibutccl array of elements

can he represented as a (1 se i~ 
- - a rra ‘ , with the clement spacing approximate ly

equal to c/W , where c is th~ propagation vcl oci t y of waves on the line and \V is

the maximum l)andlwidth of signals to be propagated along the l in e .  Conversely,

a discrete array of elements with  such spacing and appropriate reconstruction

fi l ter ing as is provide d by properl y compensated elements is equivale nt to a con-

tinuousl y clisi r ibuted array with the same \ve i ~h t in g  fimetion. \Vhcn elements

have this s~ sI c i n g,  the y  arc said to be “contiguous.  “ The clement ~vci~ l .ts can be

regarded as components of a vecin r . Thi s vect or  is  the- samp le function , cor-

responding to a continuous weighting funct ion .

27
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The proper t ies  of au i i~~~- j 1ii : i l  c l c i t : en ~ of U ( 5 ( 1 t ~ t ( ~~U I i \  ( O i l  ~~ - (~-~b c i ’s’d

in li-i ja s of i t s  eff ect iv e lcn~jh . If an i : i i u lse is iplied to such a t -  el~ - - : - ~~, the

resulting wa’.& ; i t t ; i _ ~ t i i i ~ , ~~~~ t i -  ! I : y  l ine  is the clemcnt ’~ i 1 i , ~ 1. - e~- - 0 ‘;

the leng th (~~ this WU\ e is the e fh e~ \ & ‘ l € f l ~ i3 . of the ( ‘lemcnt - \\‘l~ n • -

wave pro c~~ :t t i  ,~~~ a h o ;  the ii ne passes such an element , the rcsul - ( 1  -
~ ~ i t  S

the cle~ .ent  ‘s impulse  1 spoflst ; the cffec-t i~ e element length is ii s t l t c  m i —

pulse response dura t ion .  If the element is reciprocal so tha t i t ea ~ ~ ~~~ both

as a launch and as a receive element , it has the same ef fe ct iv e  ~~~~~ in hc,~i~

modes. An element whose effective length is substantially lcss P r ’  e~ V ’ (a l l  he

approximated by a point element with an impulse response that  is a c~ ~ f1 ’r - c i ion .

li the effective length is comparable to c/W , the element can be a’- ; . - :;“nter i as a

point element whose impulse response is the same as that of the O ( -
~~ 

‘ - - I e i ;-ment .

If the effective length is substantially greater than cj ’\V , the c h i c  e. - i  he repre-

sented as an extended , distribute d a r ray .

The relation between the launch and receive array wei ght ing  f~’ - i T ~ lOS 00( 1

the generalized transversal fi l te r ’s impulse response is obtained h :  ~~~~
- analysis

paralleling that given in the first section of this paper for the NaIi ’isu i~ f i l ler .

The analysis is d eveloped for distributed launch ari-ays as ivell as f~~ ~~-~t ributed

receive arrays. As in the case- of the Ka l lmann fi l ter , the d S lav  I i  c i~ a s:- a mcd

to l)( lossless and nondispci’sive and the array elements arc as~ ’nt (~ 1- . 1’ -’

lightl y coupled and n onrc ficet ing.  The impulse response- of t h e  f ib ’  I d a  ivcd

by the integration of continuously (list .ril)utedl weigh ting f un c t l i r~; ~~~ evea , by

regarding the r esult ing e~:In-ess ions ei ther as SUcltjcs in tegr al  - - ‘ S  - ~ o h s
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of generalized functions , it can be shown that the expressions apply to discrete

as well as to continuously dis tributed arrays.

Consider a particular continuously distributed array , say the kth array on

the line. Associate-cl with this array is the weighting function , w ,k (t). The sub-

scr ipts indicate that W jk (t) is the weigh ting function for the ~th 
member of the set

of multiple ports associated with the 1çth 
array. An impulse applied to a differ-

ential element of this array generates a wave on the line with amplitude

— [z — ~]/c)d~ , where ~ is the coordinate of the clement , u~(t) is the

impulse response of the clemcnt , z is the coordinate at which the ampli tud e is

measured , and c is the propagation velocity of waves on the line . The element

generates waves propagating in both directions along tile delay line and the direc-

tion of increase for ~ and z is chosen according to the direction of propagation of

whicheve r of these two waves is being considered, It is assume-cl that all ele-

ment s of the array have the same impulse response , u~(t). The amplitude of the

wave at the- coordinate z clue- to the entire distribution of elements in the- launch

array is _

a(t , z) = j  w~~~ /c) Uk(t - Iz - t1/c)d~ . (12)

Next , SUPP OSe - that - z is the coordinate of a di fferential element of the mth

array . Associate -cl wi th  this array is th e weight ing  function , w 1~ (t). The sub—

scripts indicate that iv1~ (t) is the - weighting func t ion for the 1th 
mc nibe r of the set

- tli . -of m u l t i p l e  ports associ a ted  w i t h  th e in array . If an impulse wave PflSSCS this

element at time ?ero , the response of the wei gh ted element is w (z)u ~(t)clz ,
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where u~(t) is the impulse response of the element. As before, it is assumed

that all elements of th e inth ar ray have the same impulse response , u~(t) , not

necessarily equa l to u k( t). When the wave , a(t , z), passes this element , the

response is wt~(z)f a(X , z) u~(t — X ) d X d z .  The impulse- response between t h e

j  port of the k array and the 1 port of t h e  m array is obtained by substi-

tuting (12) in this expression and integrating the re-suit over z:

h j kim ( t) = fff w~~(EJc) w1~(z/c) u k~X - [z - ~]/c) u~(t - X)d~ clXdz . (13)

The right—hand side of (13) is the quadruple convolution,

h
3
~~~~~(t) = ~: \V H * U k * U~ 1 (t) , (14)

where ~v~~(t) = w~k (— t ) is the time-—reversed version of the weighting func tion for

the launch array and * denotes convolution. A factor , c , which is a consequence-

of integrating the- t ime domain weighting functions with respect to the spatial var-

iables ~ and z , has bee-n omitted from (14) since it can be absorbed in the weight-

ing functions. This expression for the impulse response- is valid for both contin-

uous and discrete weighting functions. For the discrete case , the convolutions

with respect to the weights are sums instead of integrals.

The frequency transfer function is given by the Fourier transform of (14).

I1
J k I~~

(f
~ 

= W~k (f)W ’I (f )U k ( f)U~(f) , (15)

where the upper—case sv in l ,u ls  denote the Fourier trans forms of the correspond—

ing lower- ( U S t  symbols and 11 superscript ~ denotes complex conjugation.  Thus ,

the i c I I ) ( Sc;’ l e t u cen the por t- I  of a I m i r  r 
~ rra ,’.s of a generalized transversal
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filter is equivalent to the response of fou r cascaded filters which correspond to

the launch array reversed in space or conjugated in frequency, the receive array ,

a launch array element , and a receive array element.

U k and U~ set the maximum possible bandwidth of signals to be filtered. If

consideration is restricted to signals whose spectral components lie wi th in  the

limits imposed by U k and U~, the fil tering effect of the array elements can be- ne—

glected. For discrete arrays , lT~ and U~ also set the spacing required for contig—

uous elements. If the elements are so spaced and if consideration is restricted j 
-

to signals with corresponding bandwid th or less , then the effect of the elements

can again be neglected. Thus for both contiguousl y tapped arrays and for contin-

uous arrays , when the preceding conditions arc satisfied , (14) and (15) reduce to

h Jk~ (t) 
[
wY; * WI. J (t) (16)

and

H jki~~~(f) W3~(f)W 1~(f) . (17)

From either (1B) or (17), it can he seen that the impulse response , h~~im(t )~ is

the cross—correlation between the receive array wei ghting function , \v~~t), and

the launch array weighti ng function , w 3k ( t). As in the case of the Kallmann

fi l ter , if u k and u~ serve as reconstruction filters , the- discrete distributions of

weights can he replaced by the cont inuous functions for which the weights are

• samples.
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-- -----------For a general signal, x(t) , applied to the ~th port of the kth array , the out-

th thput at the 1 port of the m array is

yj ~t:~t) = * ~~ * W~~ 1(t) . (18)

When the elements of both arrays are reciprocal , Yj kt ~ 
= YI~ k ’  since in that case

h
~~kn 

h
~~~~jk .

The net effect of the additional complexity of the generalized filter is to cas-

cade the filtering action of the launch array with tl)at of the receive array . Thus

the analysis and synthesis of the generalized transversal f i l ter  are simp le exten-

sions of the analysis and synthesis for the Kallmann fi l ter, In the synthesis

procedure , the designer has a choice in the part itioning of a specified impulse

response or frequency transfer function between the launch and receive arrays.

Some implementations which d emonstrate the advantage of this flexibility are

describe-cl later.

Propagation and Transduction

The foregoing theory of transversal filters is based on the assumptions of

nondispersive- propagation and lightly coupled and nom’eflecting transducer and

tap elements. Since- one of the most attractive feature-s of this theory is the

si mplicity of transversal f i l ter  analysis and synthesis , these assumptions are

desir able from a practical point of ~‘iew. When they are not satisfied , the analy-

sis and synthesis become d i f f i c u l t  (c. g. , [26]).

There are a number of other practical considerations in the implementation

of transversal f i l ters .  The bamT-~’ iclth and T\V—product requirements of the
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particular applica tion are significant factors in the choice of an implementation

for a transversal filter. The- bandwidth has an important relation to the physical

size of the filter. For most applications , the length of an array in the filter is

approximately equal to cT/k , where k is the time compression fa ctor. Since

k = W~~/W , where W~~ is the- maximum possible bandwidth for the- filte r , the

array length becomes L = cT\V/W~~~. Thus , for a fixed TW product , the length

of the array is inversely proportional to the- filter ’s bandwidth capab i l ity and

large ~~~ implies small si ze-. Consequently, the f i l ter ’s mean frequency, f 0,

does not affect its length ; it makes no difference whethe r a filter wi th  a bandwidth

of 100 MHz is centered at 100 M h z  or at 1 GI Iz. Since near ly all materials have

an acous tic attenuation tha t- inc rca se-s monotoni cal ly with frequency, and since

the complexity of the peripheral electronics increases wi t h  frequency , small

values of f 0 are desirable. Small values of f~ to achieve how loss andl simple

electronics , with large values of W_~ , to achieve small physical size , imply a

large fractional bandwidth , ~V~~ /f 0 . However , i t becomes increasingly more

difficult to obtain launch transduction w i t h  both low insertion loss and low reflec-

tivity as the fractional l)andhwidth is increased. Thu s, a compromise must be

made . For most of the- ultrasonic transversal f i l l er  (UTF) implementat ions to

be described he re , fractional ban dwidths between 0.5 and 1 are feasible.

The ideal delay—line - mater ia l  for t r ansver sa l  filters has a ( l i Spl I’SiOflICSS ,

low—loss mode of propagation and has the capabil i ty of v• ide—band , low—loss trans-

duction. The extent to which these various confl i c t ing r( q ( l ir ement s  can be met

dcl ‘‘rm i nes ft success of a part icula r imp lem en t at ion .  Soiis’ im l  dementations

which h tve provr ’cl to he successfu l arc ck’scrik d below.
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In the frequency region from 1 MHz to 10 MHz , satisfactory transduction ,

propagation , and tapping can be obtained with a wire delay line propagating tor-

sional waves , using magnetostr ictivc transducers and taps; in the frequency

region from 10 M h z  to 500 MHz , they can be obtained with a single—crysta l de-

lay line propagating surface waves , usually employing piezoele-ctric transducers

and taps ; and in the- frequency region from 500 MHz to 2000 MHz , they can be

obtained with a sing le—crysta l delay line propagating bulk waves , either longi-

tudina l or shear , using thin fi lm piezoelectr ic transducers and optoacoustic taps.

Each of these- implementa t ions  are discussed in de tail later. In addition to

the combinations of delay-line materials , transduction , propagation , and tapping

used for these implementations , the re a re many others tha t  have been or could

be used. Since propaga tio n , transduction , and tapping have bee-n studied exten-

sively for delay—line applications , the reader is refer red to the literature [27] —

[30]. Some important results are summarized in this section.

There arc two fundamental \vavcs in unbounded, isotropic solids: a dilational

wave with propaga t ion velocity c~ ~X 4- 2~1) Y2/p Y~, and a rotational wave with

propagation velocity c, = ph/2/pI/2 , where X and ,.z are the Lame’ constants of the

material and p is the density. The forme r is usually called a longitudinal wave

since the particle motion is in the direct -ion of propagation; the stresses in the

direction of particle motion arc tensions and compressions. The latte r is

usuall y called a shear wave since- the particle motion is transverse to the direc-

tion of propaga tion , thus causing shear stresses in the direction of particle -

motion. For both these - waves , the propagation is nondispcrsive. The presence
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of boundaries complicates the situation, causing encr~~ conversion between the

two fundamental modes , wi th dispersion as the usual consequence-. In some case-s

essentially nondispersive modes of propagation exist in bounded media. Of these-

modes , the most important for UTF implementations are- (1) extensional waves in

wires and ribbons whose dimensions transverse to the propagation direction are

less than a wavelength, with propagation velocity e-e = uV2 (3X + 2~l) V~/ pV2 (X +

E V2/pV2, where E is Young ’s modulus; (2) torsional waves in wires whose

diamete r is less than a wavelength , with c, = ~ ‘/2/pV2 ; (3) width—shear waves in

sheets whose thicirness is less than a wave-length but whose width is many wave-

lengths , with c~ &~
‘2/p V~ ; (4) surface (Ray leig h) waves on plates whose thickness

is several wavelengths , with c~ = ~~I/2(Ø 87 + 1.12a)/p Y2 (1 + a) where a = X/2Q~. -‘ ii)

Is Poisson ’s ratio; and (5) longitudinal or shear bulk waves in rods whose trans-

verse dimensions are- many wavelengths , with velocities c~ and c6 ,  resl)cct ivcly .

The- attenuation in pol ycryst-ahlinc materials contains terms proportional to

the first and proportional to the fourth power of fre quency. The first—power term

represents the- anclastic loss and for many materials decreases as the elastic

modulus increases. The fourth—power term represents the- Ray leigh scattering

loss and increases with the size of the individual crystallite s [30). The- scatterir ~

loss can be- reduced in some wires and ribbons by the partial orientation of the

crystal I ites result ing front cold working. In magnetostrictive materials, the re

are additional losses due to hysteresis and edd y curren ts [31], and at frequencies

below 10 Ml -lz these are dominant losses. h ysteresis losses dope-nd on the lung-

ne-tic s tat e  of the material  and edd y current losses depend on the magnetostrict i~ e
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coefficients and resistivity . Mag~ieto strictivc delay lines operating i n the tor-

sional mode , at frequencies of about 1 MHz , can be constructed from wire with

moderate resistivi ty such as NiSpan C, wit -h losses as low as a few tenths of a

decibel per mete r , so that lines with  as much as 30 meter s of length and a ‘1W

product of io~ are feasible . An extremely simple and effe ctive method of tapping

such lines is described later .

A composite structure can be used to reduce the magnetic losses. A thin

magne-tostrictive f i lm is formed , deposited , or plated on a nonmagneti c base

wire . The base- wire controls the propagation cha racb ’r isties and the magneto—

strictive film controls the tapping character is t ics .  This tyl)e of structure has

be-en used with extensional waves [32] , [33] , and appears promising for applica-

tions in which the- impulse response of the f i l ter  must  he alterable. Another

interesting composite structure consists of a thin magnetos trictive f i lm vacuu m

deposited on an amorphous glass or fused silica plato [34] . The attenuation in

these amorphous materials contains terms proportional only to the- first and sec-

ond powers of fre quency , so that the- propagation losses are acceptable- at much

higher frequencies than for polycrys tal line materials.  Wide-band delay li nes

operating in t i e  width-she-ar mode at frequencies to 100 MHz can be constructed

in this manner.

Amorphous d ielectric plate -s can be used also for the propagation of surface

— waves [35]. This mode of propagation has received much a t t en t ion  in re-ce-u t years ,

not only for amorphous plates but also for sing le—cryst a l d i e lec t r ic  phit es  [36] — [38] .

Althoug h the su rface wave propagation losses in amorphous mater ia l s  become
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excessive for f requencies  above 100 MHz , single—crystal  dielectric plate s have

been used at frequencies above 2 GlI :~. Sur face waves are nonclispersive only on

the surface of a semi—i n f in i t e  solid , but i)a l’t i ( le motion diminishes exponentially

wi th distance away from the surface , and pr opagation on a plate only a few wave-

lengths thick is essenti all y nond isp ers ivc .  Surface waves on plates more than a

few wavelengths thick are the slowest of the nondispersive waves , having veloci-

ties be tw een 0.87 and 0.96 of the she-ar wave velocity . Thus , for a fixed TW

product and \\~~ , an iniplementation of a UTF using surface waves as the mode

of propagation wil l  be smaller than an implementation using any other mode- .

Surface waves can be guided in several ways [39], of which two arc especiall y

suitable for UTF implementations:  a thin str ip on the surface of a plate , with

the propagation velocit y of the strip lower than that of the l)lat~ ; and a thin layer

on a plate with a slot through the l ay e r  to the plate , wi th  the propagation velocity

of the layer greate r than that of the plate. Both of these guides arc dispersive .

The slot guid e is the more attractive of the two, because it has the least (lisper—

sion. There is a close analogy between guided surface waves and guided micro-

wave- electromagnetic wave s on microstrips. Microstrip wave-guide- components

such as dlirectional couplers and hybrids have direct - surface wave equivalents [.10].

Surface wave-s have velocity and wavelength 10’
~ times smaller than elect -r omag—

ne-tic waves with the same frequency. Consequentl y,  surface wavcguidc compo—

nents are approximately ~~ time-s smaller than the i r  m i c r ~ s tr i p counterparts or

conversely , for a fixed physical size , they can con t a in  lO ’ t imes  more compo-

nent-s or be 10 ’ t imes more complicated.
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Amorpho~is and single -crystal dielectric materials  are also used for the

propaga tion of bulk waves , both longitudinal and shear , for fre quencies from

about 1 MHz to 100 Mh z. As with  surface waves , bulk wave propagation losses

become excessive in amorphous materials for frequencies much greater than

100 Mlix and single—crystal  mater ia ls  have been used for frequencies in excess

of 2 GHz. At the higher frequencies , the wavelength is onl y a few microns and

well—collimate-cl acousti c beams wi th  diameters on the order of 1 mil l imeter  can

be generated and propagated with essen t i a l ly  no dispersion , so long as the trans-

verse dimensions of tha med ium arc su ff ic ient ly  larger than those of the beam.

In general , sing le-crystal materials  are elas t ical ly  anisotr opic. Therefore ,

the orientation of the crystal axes with respect to the (h irc ’ct ion of propagation is

an important consideration , since only in special directions wil l  the direction of

energy flow be- colinear wi th  the normal to the ~vavefront [-11].

Another aspect of propagation which is important  in delay line implement-a —

tions is the- propagation delay time stabil i ty , especially wit-h respect to tempera-

ture changes. The significance of delay t ime change s for the tracking of a UTF

matched f i l t e r  was discussed earlier. Delay time stability is also important in

recirculating time - compressors such as the DELTIC. Horologic st-ce-Is have

been developed which , in addit ion to being isopaustic , are magi~etostrictive- [42].

Wi res made- from these steels propagate tor sional mode waves with good delay

time stability and low propaga tion loss and can be- tapped magnetostrictivel y .

Al thoug h isopa ustic glasses have been developed , they have large propagation

losses relative to fused s i l ica  [13] ; however , fused silica ta s a large temperature
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coefficient of delay and must be temperature controlled. Single—crystal quartz

is an outstanding material in this context , even though its propagation losses at

high frequencies arc somewhat greate r than for other crystalline materials in

common use-, since delay stable orientations of the c rysta l axes exist for shear

waves both at room and elevated temperatures. Because of the- importance of

time delay stability to microwave acoustic devices , a considerable expenditure

of effort could be justifie d in the search for additional crysta l l ine material  with

orientations tha t pro v i de delay stability .

Althoug h many types of interact ions exist  between acoustic waves and other

forms of energy, the most commonl y use d types for the transd uction of energy

between electrical and acoustic forms are the electromechanical and magneto —

mechanical interactions. Magnetostr ict iv e , fcrroelcctric and piezoelectr ic

transd ucers are particularly important fo i~ UTF i mplemeu it ations . These trans-

ducers are reciprocal and can be used both to launch and to tap a wave. Anothe r

type —- the optoacoustic interaction —— is gaining importance as a means of

tapping acoust i c wave-s. In general , this type is not reciprocal and can be used

only for tapping the acoustic beam .

Transcluction in magn e-tost r ict iv e mater ia ls  is s i m i l a r  to that in ceramic

ferroelectric mate rials. In both types , a b ias field is required for l inear  opera-

tion , and a per m anent f ie ld  in the mater ia l  can provid e (his  bias. &~me of the

magnetost r ieti  ye mater ia ls  and all of the fe roel ct r ic CC i’a l i i i  ~ S Co i l m f l o f l l \  Used

for transduction can be sd f-b iase d .
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The-re- are two fundamenta l types of t im - ~ - I i o a  in the: ;e mater ia ls :

dilational , when the signal field is coliuc ar ~
- . ~b i~~’ b ias  f ie ld ; and rotational ,

when the signal field is orthogonal to t llC 1ii ~O- f~~~d 
~
]. The colinear trans-

ducer is used for longitudinal and e -x t cnHoa~~ \-:~a~~s and t]~~ crossed—field trans—

due-er is used fo r shear and tors ional  w av e s .  bu ? ’ i~ a~ n ’t o s t r i c t i v e  and ferro—

electric m aterials are- used extensively for 1~~ 1 L a l i s c i u c C r s .  Both types of

materials are use-cl in colinear tran sducCr S f- - 
~

- -  C dSl ( iO l wa~ as in wi res  and

ribbons and in crossed—field transducers b c  - . v~avea  in st ’-ip s and plates

and torsional waves in ~vi res. When the S L e d  I an  i - H I  is i iocnet os t r iet iv c  , these

various modes can be launched and t np ~ c d  di - . ~ i a 11::’ m c d i i i  a .  Ceram i c

transducers can be bonded directly to i~ -d . -
. 

-~ : c~ r fl e’~a , at -ip a and plate s

with some- possible advantage s re - la  i v i -  ic ‘:1 - a 1 1 ii ~~iu H C i ( t - iVC t ransducers

in such applications. h owever , a good in ~ a - - -a ~ ate1i , which is sometime-s

difficult to obtain , must exist between f l -  1 -a - ~ - 1 m i s d o - c r and the line; other—

wise the transducer may have- small fr ac i  i i a - -
~ ~

‘ s id~ 1i [4 ~
].

Satisfactory theories for the oper at ion  -~ f l - t ’ae I - - a a ( h I (  a i s  for all of the

propagation modes involving linear part : ~. - c a ; -~~- cc -i  ~nt  V c  a dc-velopcd many

years ago . However , until  a little - more t ] i - i  1( 1 \ ~~~~~~~~~ ftc various theories

propose-cl for torsional transducers w i t h  c reid::c c l e s a — s c c t i o n a  were in Serious

disagreement with experimental o h a c i v a t  o c  
~

- ] .  lii 1~~d-’ , Yamamoto 1-17] pro—

vidcd an anal ytical descri p tion of a cli i t  ii n -  - i -  - ‘a a ~i i c l i  i in e-~~- -1 lent agree--

me-nt wi th  exper imenta l  observations. A l l ]  ~i 
‘ - bc- ~‘1:alysia \vO a applied to

magw ’t ostr :ct i~ t t i ’ : in - d i tc crs , i t ( a n  l~ - e \ t - -d d ~ ( la Ie r i v ’ l c - c I m i c  case.

40

-- -— ----  —.‘   - ------ - -  - ----—-- - -— - - -——~~~~~~~---- -- - -~~ --4



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

Sb- gle— crvst a l  j ) iezd)el ectr ic ’ and ferr oelectr ic ’  l rana ch:rer s  ar e used for all

modes of propagation and at al l  f requencies , from subauclio through microwaves.

At frequencies above luO ~1iiz (he control of crys ta l  thickness and satisfa c tory

bonding techniques become cr i t i c a l  problems [-IS ] .  The the ory of these tran s-

ducers is complicated bc -cause of the i t’ a n i s ut r o p i c  e lect r ic  and elast ic  proper-

ties. The sc-arch for new’ m a t e r i a l s  v. i t l i  in l i r ovedi p ropcr t i aa  is c u r r e n t ly  an

ac tive field.

Thin—film l i ic ’ioe lec t r ic -  I l ’a) la ( : lucer s , \ a e U U m — d e l  -u t ; itc ’d on the propagation

medium , are wid e l y u sc-c l for I I l g i t u d i n o l  and shear \vaves at  frequencies above

500 M h z  [-19] — [51]. ‘l’he most common mat er ia l  a arc cadmium sul fi d o  and z inc ox-

ide , with the latter prov iding somewhat better m ac- v t-i on loss and ban dwidth  charac-

teristics than the former.  This advantage is off set  to some cxte:it hr the fac t

that the vacuum deposition of -zinc oxide is more d i f f i cu l t  than that of cadmium

sulfide. For both mater ia l s , the best per formance  is obtaine d by the application

of thin—film impedance matching layer s  between t h e  t ran sducer and medium. As

wi th  the single cryslsl  piczo— and ~- rrocleetr ic materials , new materials  wi th

improved properties for t h i n — f i l m  t r a n - c h o ers are being act ivel y sought .

Optoacoustic interactions are used for the tapp ing of acoustic “ ayes ov er a

wide range of f requenci e s , from less than 1 M h z  to more than 2 G) I z .  The tap-

ping can bc accomplished by the modulation of a light he~a i  i ne:d - - i i t  on a wav e

wh ich is inter ior  to or on the sur face  of an opt ical l y t ransparent  acoustic m e d i u m .

‘J i ~e li ght is spatia l ly modula ted  by the - r oust i c  wave , a c c o r d i n g  to the phase and

ampl i tu de  of (i l l  v i tninu ; Spectr al  components in the acou st i c  wave and can he
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regarded as a continuously distribute d tap array. Since neithe r the bulk wave

nor the surface wave tap is generally reciprocal , they are not used for launch

transduction. The theory of diffraction can be used to describe the behavior of

the tap array and the resulting analysis usually d epends on the detailed nature

of the optical and acoustic- arrangement.

Magneto str ictive Filters

The torsional magnetostrictivc wire delay line is unusual l y simple in con—

cept and implementation. One or more tu ins of ~vi t a  enci re-I ing the delay line

can serve as either a launch t ransducer  or a tap wi th  the weight controlled by

the number of t un i s  and th e ir  direction. The m a l - n e l i c  b i a s  required for linear

magnctostrictivc 1ransd ~tc t ion  is obtained by passing a cur ren t  down the d e l ay

line wire , thus establ i sh i ng a circ ’umfc i~ -n t iaI  crossed—field bias within the do—

lay line. If the delay l ine ma li-  i i  a] is su f f i c i en t l y r emancnt , the current  can lx

removed and a permanent bias f i e ld  wi l l  remain.  \Vhc n a current is passed

through a launch wi re , a longi tudinal magnet ic  fi e l d is c l - t a ] ] ished in the delay

line which acts as the signal field. ‘I he bias f ie l d  and si giial f ie ld  in teract  with

the magnc tostrict ive 1) 1’OJ)CrtieS of the delay line to creak’ a torsional  s t ra in

which propagate-s along the l ine  (th e Wieclemann effect 152]). Conversel y, a tor-

sional a t t a i n  in the delay line interacts  w i t h  the bias f i t - I d  and the magnetost n ic—

tion to c re -ate an acid itionni ion~ i hid I na I f i ’a Id conh l) on( ’nt (the inve rae Wi edema an

effec t) and as the strain propagates along (lie l i r e  and passes a tap, this asso—

ciat(-d f i e l d  induces  an cmf in the lap. Yamamolo Si \ e s  the 1’ l (IO1i5! I~ between
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the- torsion per uni t  length , 9, the longitudina l nt: ;~- - ( -i - i  i ct . i  \ coef f ic ien t , X 1,

and the magnetic field intensities , 11r ’ 11c~ 
and 11 , : a ,

0 = 3X 1(H r)H i JI c/]d (19)

where H~ = + H~ , II~ and H~ are  the longil n b - ;~i a d i l aa l J i i i r a i l i ~ l f ield in-

tensi t ies, r c s p c - t i ~- c Iv ,  and r is the radius of I i  - ‘h ’ ; l ine \ V i ] e  I d ? ] .  (19)  m cli—

cate s that when H1 << lI e , the torsion is l ine ;  r in - 
- 
.

Torsional dle]; lv line UTFs have bc( n ci- 1 ‘ a 1 f a b r i c - a  l a d  by Whi tehouse

and Lind say , operating at center f r e c j u c -n c i c s  i i i  P . - - ~- a i~ n of 1 M l ln , with almost

J00~ - f ract ional  bandw idth and w i t h  TW pta a I - ~ -~~r :- ;i i ~~: l c I v  I0~ [25] . The

TW product of these f i l t e r s  can he inc i - eas~-d I ’’ ; - , j - -  - i i u a l a lv i t )  by cwn l s -ns : i t—

ing the l I ’ ~ I : ’ ~1l ion l osses , and it may he pa ;;d ~ ~~
- a c l a - n a d -  the operating fre-

quenc y to about 10 M h z withou t  decrea sing [ i i  f r ; -P - -~~l l - ~nd i d l h , by employ-

ing a delay l ine  wire of smal le r  dianicici’  :in ! i’~’ - s i ~ i ia ~ I 1~~- t a p  s t ructure . How—

eve r , advances beyond these values are b ]oc -~ e l  I - , i a  fund amenta l l imitat ions

due to the polycrystal l ine nature of the  d e l a y  l i i  -; a

The torsional delay line UTF is especial ~ ~ ~ For t h e  implementat ion of

mult ip l e—port  a r t - o v a .  in one implementa t ion , a - ic turn iop is passed through

a small l inear ferrite core and serve s not only 01; l a p ,  hut - f l iro  a;; t h e  p r imary

winding of a wide— band t r a n s f o r m e r .  ‘l’la- w e i ~- , - r  P a ’ tap i ;  d d ’ rmin ed by the

direct ion and numbe r of the secondary turns on P -  c c i i -  i i  t i c  summat ion  is

ac compli shed by conn ect ing the secondary wi a i f  ; - i - , ; c- ~ al l ftc- t ops in ser ies, if

the core at each l a p  bel a a hu ge enough : 1 1 0 1 1 1  a - to p - i t  a mu n i - n  of secondary
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windings , then a corresponding num b ’-  - in t h- j ) -nd ( -d weighting functions and

multiple ports can be obtained, in u - I  t S i  - -~ ct e , s in - l i  a f i lte-i’ might be con—

structed by passing a shuttle , c ar t y i n :  ;- u - n I h  - to t i s  v i c e , through each core

in turn, in a manner analogous to 11 l - l  - l i i - -~ O p e i c i  un ’ in sewing. ‘The tap

weights are determined by the cli i a - I ~~~- - . - i  nui t ih er  1d’ t imes  the shuttle is

stitched through one-li core beta i c  j )::  as g i to I he ne~ t one. Each time the

shuttle is stitched through th e c’orn l la ~~~‘ 
- - nI (‘onc~~, i t  carries a ~vi rc , the two

ends of which constitute a 1)011 . T I n :  - - ‘ia 1 :  :i;la~~i’ of i idcp c nden t  ports possible

is limited by the number of w i  i c  a tln ~ c - - be pas t d ti i ciig]1 the core apei’tures

without blocking the passage of 1 1 1 : -  air la’~- .- -\ si n g ] -  1 -i’ t fi l te r of this type is

shown schematicall y in Fig. 9 and  O ; - ~~ ) i of a t  ei g h l- - po nl  f i l t e r  operating at

a center frequency of 1 MHz , w i t h  Ia r ~ f acto ;-tal  handv - idth capability , and

with a maximum TW product of 512 j ; -~~d : -
~fl in I ’ m . 10 [25] .

The numbe r of possible ifldla ln- i -  nI p ur Is  can la inc - i c’ascd by using split

cores . In this case , the second , ia i 
~~~~~~~ 

ale i rcfalui icated from a continuou s

wire and then slipped ove r one see I n e~ c-ad o f t he  spl i t  cores , afte r which the

other core sect ions are- placc -cI in ~~::  - cr 1 to clau s ’  Ilk - c ’o ies .  Such a multiple

port fi l te r is sh own schemat i ca l l y in ~~~~. 11. The fabr icat ion process for the

secondary winch ings can hic ’ pen ) : t  i d ~ a loom. ‘I’hc warp  would consist of 2n

wi res , where ii is the ni axin inf l i  We i’ an y  tap in th e  f i l ler , half  of the wires

for positive wei ghts  and hal f  for nc ’ga t i  c \- t - i ghts. At c-nob pOSi lion along the

wires corr esponding to the tap t o  a I t S , \v I eel ; a is ’  l i f t e d  —— ~w1 from the

positive groui~ for a 1 c u l - ; i t i v c  wei gh t , c ‘ ‘
~ 

from t i m  m-~-:;i l iv C group for a

1-1
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. 1
negati ve weight , where w1 is the weight of the ~th tap. At each tap iti : t ic ’ i ,

then , a number of wires corresponding to the magnitude of the wc-i ghi ’ at l i - a l  tap

position has be-en lifted from the group of wires  corresponding to t h e -  ~~: m of the

weight. The warp is then gathered into a compact bundle of wires , c; -
~~ i - - l o g

exercised to keep the appropriate wires lifted. The- split core halve s a m - c than

inserted into the spaces between the lifte d and undisturbed \vircs :mui ul I i :  - -~ ham ’

halves arc used to close- the cores. Finally all of the \\‘ine’s are u o r  - - :  J in

series , with the- negative wires bucking the positi ve wires.  A tapp iup :b: ie tui’e

resu lts , wit h the correct weights . For multiple ports , 2nm Wi n c ; - ; a ’  - a

where m is the number of ports , wi th  the wires connected in gi-o; ìus c ‘ : n  for

each port. A Jacquard loom , such as the one used at the Maas:n - i :-

Institute of Technology for the fabrication of 1)I’aid’’ me-mol’ins , -; a - ‘ - -d to

loom these tapping structures [5~ ].

The torsional de lay line UTF described obnvc ’ has f ixed  wc- gh m i n  -: f - a - t  ia-; .

Another type of w i r e  de lay  line UTF , using extensional wa\ - c-s , has ;~~~ : h~ -sal  tic

weigh ting f u n c t i o n .  This f i l t e r  makes use of a nondesti ’uct  iv c-  - l , i~- r i -o—

elcc’ti ’ic memory (54] which uses the coincidence between a hi gh m l ’ - ,  - a I- ;

sional W ave JnI lSc  propagating along the delay line and a t ime va ry in~ : C ’  S C~~~it  i i i

the delay line \v i rc to form a r emanent  f ie ld in the delay line i i ia le i ’ ia m - l’h - mag-

nitude and sign of the i t -man e -n t  f ie ld  at a par t icular  j )O if l t  on t he  line a - - con—

troll  - (  I I y the magni hide and sign of the eu i’rent in the delay l ine V a t  I - a t ime

the acoustic pit lsc’ pa sees  I tue  point. An acoustic pulse laun chc- d o h - - 
- : - - ‘ l in e

Induces an cmf in tho dci:t ~- l i n t ’  w i t ’ , - give n liv li(t) ~v ( t ) ,  ~v i a ’ r -  \ (i / c - )  i S I i ’ - ’
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function describing the remanent field. Thus , the voltage appearing across time

ends of the delay line ~vi re is the weighted and summed out put from conti guous

taps , with the weighting ftmct ion w (t) . To replace tile weighting function with a

new one , a t iii -ie varying current of the desired form is passed th rough the wire ,

and an acoustic pulse is launched along the delay line. A U’I’F of this type can

be made to opera te at a frequency of 1 M h z , and 100~ bandwidth with a TW prod-

uct of 1O~ might be possible . The 1\V product in this f i l ter  is l im ited by the fact

tha t (lie high inten si ty acoustic l)ut l se needad l to set the remanent field drives tile

material  of the del:tv l ine into a nonlinear acoustic ru -g ion , wi th lam ’ge- propagation

losses as a conseque nce.

Another ferro — ac our t  ic d- - l a y  l ine , o r ig ina l ly  de\ cbop: -d as a stress— current

Coi nd cit-nec me mom -y (5:,] , has ink’ r e s t i n g  i ossihi l i l ies as a dc’ lay I inc for U’I’Fs

when used in a cui’i’c -n t—c unr en t  coincidence mode s imi l a r  to that used for plated

wire memories. The delay l ine consis ts  of a bery l l ium—copper  wire , plate d

with a thin pormalloy f i lm.  The remanent fi led is set by I-he coinci dence of a

current in the delay lin e wire  and a current  in a wire pe rpendicular to the delay

line . The impulse response is related to the rcmanen(-e by the same equation as - 
-

for the stress~-currcnt coincidence f i l ter:  h(t) w(t) . Since’ in this filte r the

rcmancnce- is not set acousticall y,  the l imitations on the ‘l’W product caused by

the rapid attenuation of the acoustic - s e t t i n g  p imisi ’ are absent and it should be

possible to construct f i l t e r s  ope ra t ing  at 10 M l iz , wi th  100~ h ;indwidth and with

TV.’ prod luels of approximat e ly  iø~.
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A UTF with multiple output ports as ~velI as alterable weighting ftmnctions is

possible if the- wire d elay line is re-placed by a glass or fuse-cl silica plate with a

vacuum—deposited thi n magmictostrietive film on its surface. As with the wi re

delay line s, time- state of re-mane-nec can be set by either stress—current or

current—current coincidence. If the acoustic transducer is many wavelengths

across , the- acousti c wave will be well collimated and l)1a.ne wave propagation

will occur. Thus , the acoustic stress will be constant in each d if f e ren t i a l  s t r ip

transverse to the direction of propagation. If a number of wires parallel to the

direction of propagation a t e  placed in ju xtaposition with l h -  surface , each of

these wires can be used as an independent channel for setting the remancuce in

that part of the f i lm direc- l~
- unde r the wire . Once- the remancnce has been set ,

each wire becomes an independent output port .  The number of ports possible is

limited only by the spacing re quired between channels to prevent: cross—talk , and

by the width of the plate . A similar f i l te r , in which the magnetostricti ve film

has uniaxial anisotropy , l imits  the we ighting function to binary values E56J .

Fi lters operating at frc cju encies as high as 100 MHz , with 100’~- fractional band-

width and with a TV.’ product of iO~ m i g ht be possible .

Surface Wave- Filters

One of the- most interesting advance-s in microwave acoustics is the use of

surface waves om~ piezoelectric and ferroelectric substrates [57] . Although sur-

face waves can be use-cl at frequencies from below I M h z  I-o above 1 Gllz , the

most promising applications for U’l’Fs arc at frequencies from about 10 M h z  to
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500 I\lHz. For these frequencies , surface wave- devices are small in size and

are easily fabricated by techn i ques s imilar  to those used by time semiconductor

industry for large scale integrated circuits.

Many of the- piezoele-ctric materials used as substrate s are also “-em icon—

ductors, and amplification of surface waves  on such materials has been achieved

by the interaction of the electric field of tile sui- face wave with charge carriers

drifti ng at the surface wave velocity [58] . Since these fields ext end above the

surface , a nonsemiconducting substra te can be used in conjunction wi th  a non —

piezoele-etric semiconductor: the two mater ia ls  need onl y to be hi-ought into prox-

imity with a drift field applied to the semiconductor [59]. This separation of the

functions of acoustic propagation and semiconductor ampl i f ica t ion  allows e ;m c li

material to be optimiz e-cl.

Surface waves on isotropic nonpiezoelectric substrates have been studied

extensively [35] . Although transduction on such substrates is difficult , the -re is

still considerable interest in them due- to their superiority for guided surface

wave-s [60] . The most successfu l transd ucer for nonpiezoc’lectric substrates is

the Sokohin skii comb transducer [61]. This t ran sducer  consists of a long i tudinaJ

mod e piezoelectric crystal , bondled to one- face of a buffe r plate whose opposite

face has periodic grooves and is in contact wi th  the substi-a te. Electrical cxci-

tation of the crysta l produces a perio d ic stress distr ibution on the surface in con-

tact with the comb , clue- to the grooves in the plat e .  Thi s technique results in an

efficien t surface wave transducer with good ch irec liv ity,  and wi th  the direction of

surface wave propagation normal to the grooves.
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For pie zoelectric m a t ’ -  ‘ 
~

- -
~ lh -~ Whit e—Vol tme -r interdigi tated electrode

transducer has been h ig1m i~ ~~~ i:essful . This transducer consists of an array of

periodically—spaced r~ara 1 l-  c- .- -~- :ii1cli ve st-rip s on tile surface of the substrate ,

with alternate strips elect i  i- aP\ ’ r ornecled ln~ ethem ’ to form a comb—like array

of intcrchigi tated eiectrodt- -~ ~~~:‘~~j .  \\‘h -n the array is excited, periodic stresses

are generated at the sur isee by ti~c inter act on of the resulting electric field

— with the piezoelectric m u t t  - *~l , au d  a surfa ce wave is launched .

The Sokolinskii I ran~: - c~-r in ‘st hay :  a large number of grooves for low in-

sertion loss and has an iu ~~- 
‘ :~~- l’c:;i oast - which is approximatel y a fini te- duration

sine wave- , w ith the mimi -
- u ~-ycl ~ s i- ; ial to the number of grooves. Comi se—

quently,  it is a nar roW 1 -
- - -~ ~-( 1~ ~ - .- 

- . ‘ilte \Vl~ite — Voltmcr transducer re quires

a large numbe r of s h i ps f~t i -  low iu ~ er t ioa loss , when the piczoelectric coupling

coefficient is small , ~-nd  ~~ - - a t  i m pu lse vt -s I -onc e similar to that for the

Sokih inskii transducer. I~ , t s  i i  is also a n:i i-row band transducer. However ,

when the coupling coeff i c ien t  is l a rge ,  low insertion loss can be achieved with a

few electrodes , and in thi s  . - : ; o  lh~ - t r ancd: ctio n is wide band [63] .

The surface wave tr at - ~- - ‘r  a r ray  is an example of a distribute d array of

the type describe-cl in the di :  -ussi on of gcn~-ra l iz ec l  transversal fi l ters. If the

input array has weight ing  ft c ;  01 w- 1 and the ou tput array has wei ghting function

w0, then the impulse m - -s~ - - ‘ - - - 1  ~he art -ay pair is wj  * w0 which IS tile cross—

correlat i on of tile input a - i  tL~’ t 1t 1tu t ai ’r av wei ghti ng functions. Transducer

arrays of the types deseu l i t  ; e tc , wli a used as input and output a rrru s , have

an impulse-  response (the - ~~u - m - c l a t  ion of two sine w aves of equal durat ion)
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which is a sinusoid with a triangu lar envelope with a duration twice that of the

impulse response- of the individual arrays. Thus an arra~’ pair a -ts as a narrow

band filter whose bandwidth , for a fixed array length , is i: versely projlortional

to the numhei- of strips or grooves and whose frequency transfer function is of

the form sin 2x/x 2.

The r esult indicates that spectrum anal yzer can be constructed v - it l i  high

resolution and low sidelobe m -espo mi~ e. If more than one pa ir of such electrode

arrays am - c cascaded , the n tile total frequent-v transfe r function will have the form

$j fl 2r X/~~~~, where r is the number of pai rs in cascade . For r = 1 the first minor

lobe is down 26 cl ii , and for m- - - 2 the f i rs t  minor lobe is down more than 50 dB.

In addition , when two sets of such cascaded transducer pairs ai-e deposited on

the same crystal substrate and driven from sepai’ate sources , t h e  phase di ffer-

ence between the two s ignal s  can be measure d siniu lt~meous1y wi th  their spectra

[64] since differential  phase s t ab i l i t y  is assured by the use of a common substrate .

In many applications ii is desirabl e to have frequency ti-ans fem’ functions

which are either broad band or have small s ide lobes. Two types of weighting

fun ctions which might i)e used to achieve these responses are “period variation ”

weighting, where- the spacing between interdigitations changes along the array,

and equally—spaced interdigit ations with am pl i tude modulation of ti lt - indivi dual

tap elements. An essentially rectaugular wide band frequency response can be

ach ieved with the former , if tile impulse response of the array has an ins tan tan—

cous frequency which changes l in earl y with tim e; a sic lehoh e— frce frequenc rc—

spouse can be achieved with the lat t er , li the ampi I tud - .’ mociuil~i ti on is Gaussian.
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A third type of weighting function , in which tile intercligitated transducer

elements are phase modulated , is required for many applications. An example

of a phase—modulated code with a narrow correlation function and with unifo rmly

small sidclobcs is a Barker code [65]. A transd ucer array using simple elec-

trode pair inversion to implement a 7 bit Barker code is show-n in Fig. 12a ,

along with the corresponding electric fields. Electrod e pair invc i-s ion , however ,

fails to provide tile impulse response expected of a Barker code , because of the

cqtiipot cntial regions formed at the I)haSe changes of the code , with consequent

loss of spatial components in tile stress d i s t r i bu t i on .

A phase—coded t i-ansdueer uu -hu icli hn s the required sI-t-css distr ibution has

been developed by \V~ itchouse nnd Lindsay , and ut iliz es one ad ditional c-Ie(-h1’odlC

with a reconnection of the other electrode-; .7 This transducer and its electric

fields are~show-n for comparison in I- ig. I 2b. ~y appropriately weighting the

amplitude of a transducer composed of t i mes e phase—invertible elements , an arbi—

trary impulse rcspon~ c can be synth es i zt . ~h by the techniques given in the first

section of lb is paper.

As an example of the synthesis of an arbitrary impulse response , a pul se— in

to pulse—out distributed surface—wave transducer delay line is described. It is

possible to obtain pulse—in to pulse— out hellaviot ’ if the input and output arrays are

each a simple c-iectrodc pair .  However , a lam-ge number of elements  in each

array is required to achieve good s ign mtl 1o—noise ratios on substrates w it-h low

electromechanical coupling coefficients .  Ar t - ass  with large mmmi iei-s of elements

paper de~ cr ib ing t l . is work in mom-c detail is in Preliarat ion.
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can be dcsig~ied for pulse-in to pulse-out operation , bu t care must be taken to

choose array weightings whose corrication functions have lo\v sidclohes in order

to avoid signal interference when continuous signals are transmitted.

The Huffmann codes [06] are phase—reversal codes with impulse -—equivalent

behavior. They exist for all code length s , and have only one small correlation

sidelobe on each side of the central  impulse. However tile-se codes are not

attractive for surface wave delay lines because the require a large variation of

the ar m -a v element amp li tu des , with a consequent difficulty of fabrication. This

problem can he al le\-iatcd by the usc of a pair of bina ry phase—reversal cod - s

which have the property that tile sum of the correlation functions of the code

pail -s is an impulse , with no side lobes. Golay has studied such codes , which he

calls “complimentary series. ‘‘ For their  properties , the reader is referred to

his work [67]. Since th ese codes am - c phase m - e v ( -m ’ sa l  codes , the thrce— elect i -ode

di f fe m - en t ia l  l m ’ a l m s ( l u c ( - r  is a natural choice. In phase —d-oded al-rays that have

these complimenta ry ser ies as weighting funct ions , the number of positive elec-

trode s is not equal to the numb em- of negative electrodes. Consequentl y,  the

transducer is capacitively unbalanced. h owever , the correlation function of the

negative of a function is the same as that of tile function i tself .  Thus , one of tile

paii of codes can be negate-cl, so that a parallel  connection of the two transducers

will have ca lma c i t ive balance. \Vhen time weig hting funct ions art - so chosen , the

transduce r ~ an be convenientl y di- i ven by a wide ba n d ch iff em - ential  I ransformer ,

with some gain in rejection of in lcm - f e ren  -e . A d e  lay line using a I 28—element

Golay comp len ient arv  sen -s arm -ny connecte d for cap acit  lvi- b u l a nd-c  Is shown
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in Fig. 13. The imp le ns-ol t - -~ of  - sp le i ;e -n t a ry  series phase—co ded surface—

wave- transducers should I l - t a t . -  1- - wide ha id pulse de lay lines , with negligi-

ble sid e lobe- i n t e r f e t en e e  , h i  o~ e H  ion to ~ d iO J\l E iz . These delay lines should

have T\V products of abo st 10 s I l -v i-an I ; -  f ab r ica ted  wi th  existing photo—

resist technology. These d e l i - ~ h i t s - : -; , v.-h en - o ie l i ncml  e i ther  with microwave

acoustic amplification or m i i i  - - -
~ 

-
-

- t on ic a m u l l  f i c -a t ion , can be used for trans-

versal filter time com l)n ’ -sso . - 

~ ~i t -  1) 1- L J ~ Cs , as w e l l  as for matched filters

and spectrum anal yzers.

Qptoacoustic Filters

Wit.h tile recent adves t  of l : i s -  :e , i m l t c I ’est iii the optoacoustic interact ion as

a means of ta~)ping the i m i f o r n s  - an t  a h i t - i i i i  an n t - o u s t  Ic delay l ine has in—

creased . Typically , the i n f u m - i  h u n  in t i m i -  a -ot - - :t ic be am ~vill be contained in a

band of fi-equcncics about a cc - - - e l c a r t i e  m - f m - c’~- u - i a - \ - , f~. From spatial sam ;)—

ling considerations , the ncoma ~ ~ ii i  c a m  i i i -  co flSi( ler ed to be composed of

contiguous segments of l t - ng th t  - 7. - -/2f ~, wh a m - c  c is the acoustic propagation

velocity , 
~m is the I~i m -g - 1  fr ~- : -  a : - ~ I a- v - i :  a-I ; I l l  e car r i e r  is mn odul ated , and

~ 1~. Each of these s c g m m i ( - I ; ~ - \~ Ii j e t  ct’ a it  wi th  that Porti on of the incident

light beam which it i n t c - m i - c ~~ - . t i t l e ; ieid -nt l ight beam intercepts a length

A~/2 of the acoustic beam , t l t& - i .  1 -  - is onl y one tap on the d elay l ine , and the

output of that t ap  will ~i i u i i l~
- bi t i d a l  i-d in  t ime as the acoust i ( -  waves propa-

gate liv. If the i l m (  l d en l  li ght l s - a t  -
~ 

- -~-~-ep I ~-: a 1 -ng l l l  lai-gcr than A~/2 , then

each of several cool i~- ;mioiis  s(-~, - c -m . i a of t im e ;a- m i t  he  beam will in t cm - a -t ~epa ra t e 1

— — —_-_ ._________ ~—
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with that portion of i-he incident light beam which it intercepts , so that several

cont iguous optoacoustie taps result , each of which can be separately weighted in

amplitude , ph ase , or polarization.

if the acoustic beam is a bulk wave propagating in a liquid or a solid , the

delay experienced by any given light ra traveling througl the acoustic beam will

depend on ti-me degree to wh i ch the densit y along its path has been increased or

decreased by the alternat ing compressions awl rare fact iom ls of the acoustic beam .

Not only will the delay along the optical path be al tern ate ly  increased and deem -eased

by such action , but also will the ray be refracted or Polarized by the acoustic

medium , resulting in both phase and amp litude corru~ : mt ions of the optical wav e —

front. Such cori-ugat ions wil l  generat e spat iah interference patterns similar to

those caused liv a conventional d i f f r ac t ion  grat ing.

A grating—like optical  interference pattci-n can also be generat ccl using acous-

tic surface waves. Su e-h ~va~-es can change optical path delay in a manner analogous

to the bulk wave interaction just described [GB ], and th e can also be used to frus—

trate the total internal reflection of a l ight beam at a solid— air  interface. For the

latter effect , a second solidi is placed adjacent to tile first , and the surface wave is

propagatc-d on either of the two adjacent  surfaces so ti -tat a maximum frustration

occurs at time crests of the wave , and a minimum fnmstr ation occurs at its troughs.

This gives I_ is e to a refl ect (-d and a tr atis Iii itte ci I 1gM l ) & - a  n i both of which arc

modulat ( - ( I in amnpl i tude across their w i d t h s .

In n inny cases of interest only the light diff i-acted in t o the f i r s t  order lol)e(s)

Is i mporta mit , a iid t he I i gIm t in other o cdi- rs, incluci big the zeroth order , can be
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neglected or can be eliminated by means of spatial filters or polarization analy-

zers. In general , the- rays diffracted into the first order lobe will travel at sonic

angle relative to time acoustic wave-fronts and thus will have the possibility of over-

lapping with rays being diffracted by an optical tap contiguous to the one in which

the ray originated. The proportion of overlapping rays decreases as the width , d,

of the acoustic beam is (le-creasedi , or as tile mi-taximum modulation frequency f

is decreased. For acoustic bulk waves , decreasing time acoustic beam width will

usuaUy cause a decrease in tile amount of ligh t diffracted , and decreasing ç

reduces the bandwidth , so that a tradeoff between acoustic beam width , band-

width , and signal—to—noise ratio may be- required . Large fract ional  bandwidths

on the order of 5O— 1OO~ are not , in fact , possible \~ ] ) t - t1  d >> A~/X, where A 0 c/f 0,

and X is the optical waveleng th (this is the region where - Bra~,g d i f f rac t ion  domi-

nates Raman—Nath diffraction [69] ). The int em-act ion of 1 ight with surface waves

Is inherently broadbandl , since for sur face- waves , the transverse dlimcns ion dl is

of the order of A 0.

An optical system can be regarded as a two—dimensional analog of an elec-

trical system , with the input and output pl anes of the optical system correspond-

ing to the input and output port s of the electrical system. It is known that tile

optical counterparts of variou s electrical filtering operations (e.g. , low pass ,

high i s ~ , band pass , band si-op. d i f f e r en t i a t i on , Integration) can hi- performed

by means of le nses and apertures 
~~~~~~ 

The informat ion to be filtered is presented

at the input pi ano OS fl t r~m us miss ion or reflect ion func t ion  with an arbitrary distri-

bution of ampi it wi t -  , ph u s e  and poi an za t  ion , and tim e input J) 1 mine is i l ium m ated
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with coherent , monoch romatic light. Spatial multiplication occurs when a second

transmission or reflection function is placed either in the same pla ne as that

occupied by the first function , or at an image of that plane. An optical multiplier

based on these principles is illustrated in Fig. 1-1.

When the transmission function moves ac i- -ss the input plan e- , then the result-

ing distribution in ti -me outpu t plane will correspondingly change in t ime - in a man-

ner depending upon the- intervening optical system. If ti -me intervening optical

system serves to spatiall y multiply time input t ransmiss ion  function by a second

transmission fimction (tile weighting function) , then the re sult ing spatial product

is equivalent to a weighted tapping of the input transmission function. Optic al

integration of this wi-ighted tapping form-mis an optical transversal filter.

If the optical integration is astigmatic so that it inte gt - atcs this pro duct  only

along the direction of motion , themi a niultiplic -ity of simultaneous transversal

filters can be formed. In particul ar , if the input plane is divide-cl into a number

of strips parallel to the direction of niotion , the-n each strip and its cori- c-sponding

output can be independen t of all other strips and outputs.

An example of M optical transversal filter is a film strip moving along an

axis in the imiput plane. Unfort-unately, film processing delay s and slow film

movement make this form of optical filter too slow for high—spee d real—time

signal processing. h igh—spee d and real —time capability, h owever , are avai l able

In ultrasonic delay lines in which ligh t interact -s photoelasticall y wi th (lie acoustic

waves in an optically —t ransparent medium. Although ultrasonic delay lines do not
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have time high two—dimensional information storage capability of f i lm , a large

number of the-ni can be used side—by—side , filling up the whole input plane , to

partially offset this loss.

Figure 15 shows two example-s of such an optoacoustic filter in ~~ ich the

electrical signal of interest has been transformed into an acoustic signal to be

In terrogated by the light beam from time left . The modulated light beam is then

weighted by (or compared to) a reference functiom -m as represented by a transpar-

ency or phase plate or code-cl polari zation sheet (Fig. ISa) ,  or by another ultra-

sonic signal in a second del ay line (Fig. 15b), at-md f inal l y  in tegrated and i)rescimted

at the output of a light d etector. This second representation illustrates (lie ability

of the optoacoustic filter to program the reference func t ion  in real time. The

positions of the signal and reference - planes can hi- interchanged , but their separa-

tion (or the separation between one plan e and time image- of tlicm other) must be- small

enou~~ to prevent d iffraction overlap of aclj ace -m it optical information cells.

In Fig. 16 is the diagram of a d evice utilizing two acoustic cells oriented to

take advant age of Bragg—an gle incidence of the- optical beams . One cell is placed

in juxtaposition to the other cell (or its image) to re—d iffract the first—order lobe-

transmitted th rough the pola rize r P1. When the two acoustic sign als are n-mate -lie -cl,

the net phase change of any light ray undergoing ti -me double diffraction is constant ,

regardless of ti-m e acoustic frequency, so that ti -me - wave- passing through P2 is plane.

When the signals are not n-mat e-he-ct, tim e optical wave-front pas sing th rou gh P2 may

be a plane wa ce of lesser inten siiy ,  a plan e wave im a d ifferent d irection , or a
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non—plane wave , so f l i . ~ Pc ’ l i-as i ly  al - the focal point of ti-m e let-ms is below the

maximu m give -mi by msf ~ ~~~~~~~ s~gctals .  A sligluti Doppler—shifte d version of the

reference signal will p - - c  an output plan e  wave which will focus to a different

point in the focal 1c 1 tfl ( -  -~~ the h-~ -~. If 11cc- polarize rs P1 and P2 are deleted , son-me

other n-means (e.g., spud I :  1 
~ iic ~~, or optical heteroc lyning) must be used to

separate the tcvk -e ( l i f t ) -  -
~~~~ 

- i  l~ ’ uc m i i  f rom t h e  ze-ro—ord er(undiffr actcd) light

collitlear to it. Squ l - i -  - d  ~i ;u!p [is] h - cv e constructed a device of this type

which can operate ~t I - ~-~j -i i ~-v of 1 G h l z  with SO~ bandwidth and a TW product

of io~.

A modifica tion of t he  c c - - C - ( U  1 “ ac~; i i i  c r  described above is presently under

investigation and pc - i c y  •- -
~ euj ih: Inc- urns of Sc j c n r a t i ng  time undiffr actcd light from -mm

the signa l— carm -~ In — d~ It - - - i  i i  . I h c  tw o confi gurations being investigated are

shown in Fig. 17. lii P - s~~, the two cell  -
~ are 1)laced so ti-mat ti -me axes of acoustic

propagation are or-i e c - f c d  - 
l h - ’ - in ~- l c  (~ - •  ç~, 

where 0 is the Bragg angle for a

carrier frequency f1, u~ ~. is ti c- Bm - uigg an gle for a carrier frequency f2. In either

configuration , the bc - - I r ~ ci hi ~’i i t  which is diffracted b\ an unmodulat c ’d carrier f1

in the first c-eli ~v il 1  15 c - ~~~Il( at ti -m e ucp ~)ro~)r i a t e  a m g le to be re-d iffracted by an

unmodu late d car t - icr f. c I 1 mc s -con d cc-i l in the direction specified by the Bragg

conditions for the two - _~l1s. Fui -t he rn -co rc , an unm oclulated carrier frequency

f1 + M in the fi t - s i -  c-c II c PT ( l i l i l - u R t  a 1~ra{ s beam which will be rccI iffractcci by

an uflrno(lulate d d-~ t t - i -
~~ c f e c  s(  f l ( \  f -  :1 ~ i in the second ccli into t h e  same direc-

tion indicated ahov - f ou f c ~~~~c c c -c ie  irs f~ and f .,; the pl u s  sign is appropriate t o

Fig . 17a , and the miii  I .  - I ~ I - i . l7lc . In 1)0111 (n ls( ’s  , the tw iee— .diffracted lig lmt
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en-merges in a direction not collinear w ith the incident light (except when 8 is equal

to ~ in the first configuratiomi) , so that the- undiffractecl light can be remo ved by

spatial filtering in the focal plane of the integrating lens.

If one of t u e  acoustic cells in the preced ing example- is replaced by a fixed

phase or amplitude grating designed to represent ti-me signal to be matched , tile-n

a device results such as ti-m at show-mi im -m Fig. 18 [71], where ti-me loss of versatility

provided by an alterable w eighting function has been offset by a gain in light signal

intensity.

A single acoustic cel l can act as a Fresmiel 1cm-m s while niaim itain ing a umiiqu e

Bragg diffraction geomet ry when the signal to be processed is a linear FM sweep,

or 1’chirp ” 172), ~~~ As diagrammed in Fig. 19, this configuration satisfies ti -me

Bragg diffraction conchitiomi s imultaneously for all frecjucmicies in ti-m e acoustic

be-am at omily one ins t an t  of t ime , and! it is at that instant that the acoustic beam

focuses ti -me diffracted portion of the diiverging input ligh t to a sing le point without

the use of auxiliary lenses . An alternative form of t im i s tcclimque U Se-S a col—

limated incident light beam and anisotropic p olariz atiom i rotation of ti -me focused

diffrac ted beam [74]. - It should be Possible to achieve bandwidths and TW products

in this type of filter comparabl e to those give-li in the two previous examples.

The f rustrat e-cl total internal rcflection by means of surface waves , described

earlier , is utiliz ed in the- filter shown in Fig. 20 [75]. The beam diffracted from

the fit -s t surface wave is spatiall y—fi l t e red  wi th in  an afocal lens system which

images time first surface wave upon time second surface wave. Ti-me twice—modulated

light is gathered by a lens to a point  at which  is placed! a pho t odc -t e-i-tor , whose
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outpu. represents the correlation , or convolution of ti -me two acoustic signals

propagating as surface waves. Like ti -me f irst Bragg device described , ti-mis filter

has t 1e- capability of an alterable- weighting function , but its bandwidth limitations

arc governed by realizable carrier frequencies , instead of beam i width.  Such a

filter should I-m ar e performance chai-aeteristics comI)arable to t i -mus e of the surface-—

wave f i l t e r s  described earlier.

CONCLUSIONS

Linear - trans ye rsah f i l ters  are ideal for the I nm l) i emrnla tion of fi ltc’rs for

proc essing complieat edl si gnals  w i t h  large t imr — ham h \ v id l h  produet~ , beca use of

the s i n m pl i c - i l v  of t l)e synthesis pi-ocedurc for t b - - t r an svcm - sa l  f i l t e r  Althoug h tile

implementations describ ed in th is  pape r as well flS othe r existing IJ i Fs provide

herctofoi-e u c l a \ - u u  lu n c h - si gi - uc i pc -oc- c-ssing ea l ) a l ) i i it \ - , there are important immedi-

ate appl icat ions foi whi c-h g rea te r  c apaci t y is required.  t \h i -row-ave acoust ic  tech-

nology , which has provi ded the basis for many of implementations given here ,

also shows gm - eat promise for the iml) Ien lenta t ion of f i l t e -s to meet present am-md

future- ad vanced requirements.  Because of the close re latioiisiii i) lc c ’tw e c- n t u e

th eom -ic-s and techniques employed in the fields of acoustic- microwaves  am - md electro-

magnetic microwaves , increased collaborat ion among time workers in ti-me-se two

fields wil l  make significan t contr i b u t i omi s in the dev ei oj c im-nl  of these ad]vutnccd

d i V i c c ~~.
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