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A B ST RA CT

A torsional delay-line matched filter for f ixed-Length binary codes

has been designed for use as an electronic si gnal processor. The

filter is made from a torsional magnetostrictive delay line and perrn a-

nent magnets.  It operates at a bit rate of 1 Mc and , when used in con-

junction with a t ime compression loop, may be used in real time. The

signal processor will operate with input si gnal s having bandwidths of

500 kc or less . The number of value, of the signal ’s parameter which

may be processed is determined by the time compression ratio. A

fil ter constructed with 512 bits provided a n~easured processing gain

of greater  than 25 db against band-limited Gaussian noise. The filter ’s

code may be arbi t rar i ly selected and may be convenientL y changed.
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INTRODUCTIO N

Correlators and matched filters have been used for many detection

p roblems , primarily in the field of rada r , because of the improved

per formance they have in the detection of known signal s in the presence

of noise. Slebert ( Ref . 1) describes the radar detection philosophy.

Anderson ( Ref. 2) has described a delay-line time compressor (DELTIC)

correlator which may be implemented with magnetostrictive delay lines.

Perzley and Flshbein ( R ef .  3) have described an effect in magneto-

strictive torsional delay line s which may be used for the construction

of hi gh-speed , hi gh-capacity correlatore and matched filters . The

possibility of using the torsional delay-line effect  as a correlator has

been desc ribed by Whitehous e ( Ref . 4).

A compact electronic signal processor has been constructed by the

authors using a torsional magnetostrictive delay line whi ch acts as a

matched filter for a 512-bit binary code. The torsiona l delay-line

matched filter operates at a bit rate of 1 Mc , and processes a signal

continuou sl y fo r many di ffe rent value s of the si gnal ’s pa rameter.
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I.
OPERATION

The operation of the delay-Line matched fi l ter  is illustrated in

Fi g. 1. Longitudinal stress wave s of opposite polar ity are generated

in each of two nickel ribbons by means of the Joule ma gnetostrictive

effe ct. These ribbons are spot welded to the opposite sides of a

magnetostrictive wire in order to produce torsional stress wave propa-

gation in the wire in the manner of Scarrott and Naylor (Ref . 5). Three

acousti c te rmination s are u sed to prevent re fl ection of the st re ss waves

at the ends of the ribbons and of the wire. The stress waves which

propagate along the magnetostr ictive wire interact with magnetic fields

established in the wire by external permanent magnets to induce

voltages in the wire. The voltages from the interactions are super-

imposed by the wi re and measured by the differential amplifie r.

The voltage y(t) out o f the amplifi er may be interpreted as the

convolution of the impulse response h(t) of the delay line with its input

function x(t) .

y(t) x(t) *h(t)
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y(t) / x ( T) h ( t - T ) d T
t -T

Let the input x(t) represent a known signal e(t ) and a noise n(t)

x(t~ a(t) 4 n(t)

whe re n( t) is a sample function for a wide-sense stationary process .

The output si gnal-to -noise ratio

- 

S 2
(t)

° 
- 

E(n
2

(t )~

S = s(t) * h(t)

N n(t) *h(t)

E expected value

is th e quantity we wish to maximiLe at some t 1. Davenport and Root

( Ref. 6) show that in the case of white noise, whe re N is the noise

power

h(T) 4~~ s(t 1
.T) 0~~~T � T

will maxlmi~ e the output signal-to-noise ratio. Thu s the fi lte r which

maximizes the output signal-to-noise ratio has an impulse reeporiae

which is the signal run backwards from the fixed time t 1. Since the

4
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impulse response of the delay Line is essentially a two-level code of

length 512 bits , with the code determined by magnet orientation and the

sense of the input , thi , delay-line str uct~ire can be confi gured to act as

a matched filter for any two level 512 bit-length code. 
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CONSTRUCTIO N

The delay-Line housing is const ructed by using a di gitall y-controlled

numerical mill to machine a succession of slots for magnet holders

along a helical path around the outside of a 10-inch diameter hollow

aluminum cylinder , as shown in Fi g. 2 and 3. Dete rminat ion of the

spacing between slots is based on the opera ting frequency of the unit

and the velocit y of propagation of torsional shear waves in the magneto-

strictive delay-line wire. The material between the slots is removed

and a mechanical reference surface is formed in the bottom of the

helical groove . A plastic ribbon Is inserted in the helical g roove . The

r ibbon has a raised po rtion once every five ma gnet slots in order to

suppo rt the delay-line wire with as little mechanical damping as

possible.

Two wires are wound ove r the plastic ribbon In the helical groove.

The plastic r ibbon elect ricall y isol ates them from the aluminum housing.

One is a magnetostrictive torsional delay-line wire , the other is a non-

magnetic wire. The magnetostrictive wire is wrapped over raised

portions of the plastic ribbon; the nonmagnetic wire is not. Both wi res

pass through two acoustic te rmination blocks. One block , located at

6
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the launch er~ i , prevent s reflection of the backward acoustic waves; and

the othe r block , located at th e te rminal end , prevents reflections of

the fo rward acoustic waves which have propagated along the delay-line

wire. Both wires are grounded to the housing at the launch end and are

conn ected to electrical feed-throug he , mounted in a nylon bushing, at

the terminal end. A di fferential amplifier measures the voltage between

the niagnetostr ictive and the nonrnagnetic wires . The output of thi s

amplifier is the voltage induced in the rnagnetostrictive wire  by the

interaction of the acousti c stress wave s and the permanent magnets.

Because of the differential connection , the output of the differential

amplifier does not contain voltages caused by electrical pi kup of the

coiled wires .

A transducer mounting block is attached to the inne r surface of the

delay-line housing at the beg inning of th e magnet slots. The mounting

block houses the launch t ransducer  and the adjusting screw on which

the launch transducer rides. The launch transducer was made by

Ferranti Electric ’ and Is mechanically equivalent to the Ferranti  input

transducer for their L30 delay line. However , thi s transducer is driven

dif fer entially from an 80-ma current  source. Electrical specifications

of the transducer are as follows:

1Ferranti Electric , Inc. , Plainview , New York

9
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center f requency:  1 Mc

bandwidth: 1 Mc

input impedance: l~~5 ohm s at 1 Mc , center
tapped .

The nickel ribbons pass through an aper ture  in the delay-line housing

and throug h the launch t ransducer  to an acoustic terminat ing block on

the back of the t ransducer  mount. Thi s terminat ing block which is

used to prevent reflection of the acoustic wave s from the end of the

ribbons is a modified terminat ing block for rnagnetostrictive delay lines

manufactured commercial ly by Ferranti  Electr ic .  The Ferranti  acoustic

absorbing material and cover are mounted on a spacer plate which is

mounted on the transducer n-.ount at the end opposite the delay-line wire .

The voltage induced in the wire by a torsional pulse propagating

past a permanent magnet is about 50 microvolts  when the delay-line

wi re is nickel or Ni-Span C; therefore , it is necessary to have a pre-

amplif ier  located in close proximity to the unit. A dif ferent ia l  pre-

ampli f ier  is mounted in a shielded box in the center of the housing and

Is suspended from the t ransducer  mount. The differential ampl i f ie r

has inputs supplied by the delay line and th e nonrnagnetic wire  as shown

in Fig. 1.

Since the refe renc e si gnal for the correlator is determined by the

ori entation of each of the magn !ts , the magnet holders have two aux-

itiary groove s to accept the nonmagnetie wir e with either orientation

10
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of the magnet holders. A groove in the top of the magnet holder takes

0-ring stock and is used to hold the magnet holders against the refer-

ence surface when the cover is attached. Fi gure 3 i8 a photograph of

the 1-Mc matched f i l ter  (without cover) to show construction details .

The magnets are fabricated from Alnico 5 . The pole-to-pol e

dimension s are determined b y the operating f requency of the delay line

and the velocity of propagation of shear waves in the n~agnetostr ictive

material of the delay-line wire .  In the unit shown , the dimensions are

0.113 inch . The magnet s are  magnetized across the gap to form small

horseshoe magnets . The delay-line wire , which  must  be magnetostric-

tive
2

, is 0.020-inch diameter Ni-Span C 902 (42 Ni , 49 Fe , 9 other).

Ni-Span C is used rather  than pure nickel , which has a la rger  magneto-

strictive effect , because Ni-Span C has a lower  thermal coefficient of

acoustic delay and lower acoustic attenuation. Ni-Span C is available

3from Techalloy Co.

2 The voltage induced in the delay line by a to r sional pulse propagating
past a magnet is due to the Wertheirn effect .  This effect depends on
ma gneto striction.

3Techalloy Co. , Inc . ,  Rahns , Penn syl vania
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SYSTEM DESIGN

Design of the matched filter system is i l lustrated by a block dia-

gram , Fi g. 4 . The sampler and di gital time compressor are the

essential features which allow the torsional delay-line matched fi l ter

to be used in a system operating in real time (Ref . 2). The time

compressor contains a 4096-bit recirculating delay-line memory which

precesses the same number of bits as there are sample bits du r ing an

access time to the delay line ’ Consider the case in which the access

time of the time compressor is equal to the time between samples of

the real time input. If the delay Line is shortened one bit and recir-

culated during the time between input samples , the contents of the line

will have precessed one bit when the next samp ling occurs. At sampl e

time the new bit replaces the oldest bit in the line. In thi s manner a

compressed version of a real time input is availabl e at the clock rate

of the time compressor, not the sampling rate of the input.

The bandwidth of the input determine s the sampling rate of the time

compressor. Black ( Ref. 7) gives the minimum sample rate f
~~ 

for a

bandpass signal as

f = ZB( l + k/m )

1± 
m 
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where

B = 

~h 
- f

1 
is the bandwidth to be sampled

highest in-band frequency

f 1 lowest in-band frequency

k = 

~h
1’

~ 
- m

m = ( f h /B) is the largest  integer not exceedin g fh /B.

The compressed time signal available from the time compressor

allows a sea rch to be made for many disc rete values of the signal ’s

parameter. The output of the matched filter is continuous in time

except for a transitional 512-bit interval which occurs each time the

compressed signal containing a new sea rc h parameter is introduced

Into the matched filter. During this transitional 512-bit interval the

output of the matched filter to the disp lay Is m eaningless and is blanked.

If desired , the requirement for a blanking time during transition

fr om one val ue of the signal parameter to another may be removed by

using two magnetostrictive delay-line wires in the torsional delay-Line

matched filter instead of only one. Both wires woul d use the same

magnet structure with the acousti c input to the second wire being the

acoustic output of the first.  Thi s allows the time compressor to be

constructed from a 1024-bit length delay line (onl y twice as long as the

wire in the matched filter).  Since the transition from one value to

another of the signal ’s parameter could never occur simultaneously in

14
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both wir es in the matched filter , the di ff erential amplifier may be pro-

gramrned to switch automatica lly f rom one wire to the other depending

upon which wi re Ii then giving valid information.

The axi s crosser normalize. the power Into the matched filter so

that th e drive circuitry for the launch amplifier may operate between

fi xed level., and so that the output for display will have a fixed dynamic

range. This dynamic range is determined by the output of the matched

filter when the matching signal alone is used for input.

15
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CODING

In order to use the torsional delay-line matched filter effectively.

a code with suitable system properties must be selected. The proper-

ties of a code for a rada r system are discussed in Woodward (Re f . 8)

who introduces the concept of ambiguity to discuss the range and doppler

properties of the post-detection response of va rious methods of coding.

Klauder (Ref . 9) introduces the class of Hermite polynomial codes in

order to find a code which is symmetri c about the ori gin in range -

doppler space. The Hermite polynomial codes have the property tha t

the contours of constant ambi guity are ellipses about the origin . The

magnitude of the major and minor axes of the ellipses may be selected

arbitrarily.

In order to find a binary code with prescribed resolut ion in both

rangs and ra ng. rate suitabl e for the device here presented , it was

found possibl. to two-level quanti se the appropriate Hermite pol ynomia l

cods and terminate the exponential tail to match the 512 bit-length of

the torsional delay-tins matched fitter. These modified code. pres erve

many of th. de.irabl. feature. of the Hermits polynomial codes and are

convenisutt y encoded on the fitter. To encode the filter , the two possibl e

16
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orientations of the magnets are assigned to the two level s of the rnodi-

fled code, and the code is divided into as many subdivisions as there

are magnets in the filter.

If the delay line is utilized to generate the signal to be detected ,

er rors in the position of the ma gn ets , such as may be caused by the

temperature va riations of delay or the accidental inversion of a magnet ,

are not critical , Such a signal can be generated in real time (Fi g. 4)

by successively impul sing the delay line so that samples taken in real

time are the impulse response of the filter , backwards in time. The

successive sample s are stretched to real time by the hold circuit.

17
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PERFO RMANCE

The torsional delay-line matched filter has been operated in the

laboratory and its performance has been checked with the predicted

perfo rmance for the code used. The code selected was a sequence of

random numbers from a tabl e of random digit s (Ref. 10). The magnets

were coded in polarity according to whether the digit read from the

tabl e was odd or even.

The impulse response of the torsional delay-line matched fitter is

found to be tapered in amplitude due to attenuation along the delay line

wire. The ratio of amplitudes of the envelope of the impulse response

at the start and finish is 2/1. Measurements indicate that this attenu-

ation is a mechanical phenomenon caused by the wire support structure

and is dependent on the fabrication technique.

The observed processing gain using the random code in band-

limited Gaussian noise was greater than 25 db. The predicted process-

ing gain for the tapered impulse response was 26 db whil e the pr edicted

processing gain for a uniform impulse response would have been 47 db.

Figure 5 is a photograph show ing the impulse response of the matched

filter for the random code. Figure 6 Is a graph of the ambiguity func-

tion for this random code.
18
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