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(v)

SUIT,IVI.APY

This thesis describes the design, developrnent, fabrication,

experimental and theoretical performance of a surface acoustic wave

filter with particular reference to a TV IF filter to meet the

specifications for Australian standaïds. Conventional neans of generating

and detecting surface acoustic waves on piezoelectric media is followed

and the frequency ïesponse of the filter is deternined fron the frequency

selectivity of the input and output transducer structules.

First of all a brief suïvey of literature on surface acoustic

filters is traced and then a brief review of the adnittance formulaism

and a detailect discussion of its nerits in the synthesis of surface

acoustic wave filters is presented.

Starting with a sinple surface acoustic wave delay line

configuration with one uniform broadband transducer with only a snal1

number of fingers as the transnitting transducer, the receiving

transducer is synthesized using the transadmittance formula for a typical

TV IF specification as indicated by a major electronics industry in

Australia. The design gives rise to a finger length weighted

(apodized) comb structure with nonuniforn finger spacings and the initial

synthesis.procedure is concerned only with the search for an optinum

transducer length. The filter has been fabricated on a YX Quartz

crystal substrate wi1-h a7*lniniun netal electrodes and the experimental

results agree quite well with the predicted performance.

The synthesis procedure outlined above although capable of

provi.ding an apploxinate representation of the desired response,

deviates considerably from that of the actual specification as a result

of truncating the tine domain response of the apodized transducer, and

hence suitable optirnizatíon techniques have been developed to bridge

the gap as closely as possible. In the quadratic cost-function,

optimization which is a main conceïn of the research project, the lesponse
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in the frequency donain is made closer to the specified one, while

naintaining the same finger locations, but varying the overlaps in the

apodized transducer. The sarne objective nay be achieved with a successive

truncation and weighting technique, refered to in the text as zelo order

successive iteration optirnization nethod, but with less conputing effort,

which seens to be a fortuitous method. TV IF filters have been

constructed and tested with both the approaches and the experimental

results agree quite well with the theoretical predictions. Thus the

transadmittance fornula used in conjunction with a computer optinization

procedure, constitutes a novel technique for the synthesis of surface

acoustic wave filters.

Another novel technique of designing TV IF filters using

chirped-apodized transducer configuration, once again based on trans-

adnittance formulation, is also presented. Two identical transducers

can also be used for realizing the TV IF Ìesponses, but the enormous

nurnber of fingers required, restricts their uses in practical situations.

The last part of the study involves in the synthesis of TV IF

filters using HF linear IC anplifiers. In such a situation the overall

response of the amplifier-de1ay line-anplifier chain together with the

rnatching circuits is to be taken into consideration for the synthesis

purpose. A complete synthesis procedure is presented for this

configuration.

In conclusion, possible improvements in the filter design

and the choice of a more appropriate substrate material for production

of TV IF filters on a large scale basis are discussed.
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CHAPTER 1

INTRODUCTION

1.1 Surface Acoustic Waves - an Historical Backsround

Elastic surface waves were first postulated by Lord Rayleigh

1(t)' in 1885. Rayleigh waves, or surface acoustic waves, the terminology

most conmonly used in electrical engineering, propagate along the stress

free boundary surface of a seni-infinite elastically isotropic half-

space. In the absence of rnechanical dissipation, Rayleigh ü¡aves are

non-dispersive, i.e. the velocity does not vary with frequency.

The displacenents are confined to the plane containing the direction of

propagation on the surface and the normal to the surface. The penetration

of displacements decreases exponentially below the surface and extends

a distance of approxinately one wavelength. The elocity is typically

in the range 1 to 6 kn/sec. i.e. about five orders rnagnitude lower

than the velocity of electrornagnetic waves.

Other kinds of surface acoustic waves which exist are inter-

facial ufaves near the boundary of two solids (1)5 or near the boundary

of a liquid with a solid (7)4'32 All elastic solids in general, can

support surface !ùaves whether the solid is isotropic (1) 
11'32 o,

anisotropic-nonpiezoelectric (1) 17 
'22 '26 '32 '102 , anisotropic-piezoelectric

G)32'100'101. Initially, Rayleigh waves have been of great concern

to seisnologists as these are the principle type of waves observed in

earth tremors. fnvestigations of the progress of these l^Javes through

'the earthrs mantle led to analyses of propagation on curved surfaces and

in layered nedia (114'5'6

During the nid-50's, surface acoustic waves have been found

considerable application in the ultrasonic range in the field of non-

destructive ¡naterial testing (1)8'9 : The early transducers for
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ultïasonic sulface wave excitation usually consisted of a wedge

arrangenent (1) 10 which converted an homonogeous plane wave supported

by the wedge into a surface wave along the interface region under the

wedge. The surface wave so generated then propagated out onto the

free surface. Thus the experimental work carried out with wedge

and conb type transducers for tranduction of surface waves in netals (1) 11

stinulated an increasing interest in a wide variety of materials nainly

in the anisotropic rnedia 11114-1s . several authors (1)19-21 have

reported that low propagation loss could be obtained on usíng single

crystal naterials at frequencies up to and above 100MHz range.

However, as the desired frequency is increased to the UHF and nicrowave

region, the propagation loss increases considerably, and the existing

transduction schenes becorne inefficient for launching the surface acoustic

waves.

This barrier has been removed by depositing interdigital

conb structuïes photoetched onto piezoelectric substrates (t) 12 
and

the technique is found io ¡" quite efficient in generating and propagating

surface acoustic waves even in the gigahertz frequency range (1) 39 
'40

However, if the propagating nedium is anisotropic for low transmission

loss and piezoelectric for direct excitation, the surface wave

phenonena becomes rnuch more conplex and nunerical approximations have

to be sought for solving the problens. The practical success of these

interdigital transducers ushered in sudden upsurge of interest in the

high frequency applications of surface acoustic l^¡aves. In addition,
(-.

it encouraged the theoriticians to broaden existing analyses of

anisotropic surface wave propagation (1) tt ao include the effect of

piezoelectricity ç123-25 thus facilitating the search for substrate

materials and orientations of high acoustoelectric coupling. Extended

discussion of the surface wave phenomena in solids may be found in the

recent books by Viktorov (1¡11, Tiersten (I)27, Brekhovskikh (1)28,
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7 29
Ewing et. al. (1) , White (1)

Musgrave (1)31, Mason (r)32'33,

and Musgrave çt¡37, Rutd (1)58.

Holland and Eernisse (1)50,

Redwood ¡1134, cove (t)35'36 Lin

I.2 Role of Surface Acoustic Waves in Cornmunication Engineering

With the efficient nethods of transduction there has been

a great interest during the past few years in the surface acoustic

waves because of their potential application in signal processing

devices. The reason for this stimulus is that the acoustic energy

Which is confined to the surface of the solid is accessible at any

point along the path of propagation and this nakes it possible to

guide the surface waves, to anplify then, to switch them, and to

rnanipulate then in other ways; and in fact it is possible to rnanipulate

them in as nany hlays as one can do with the electronagnetic waves.

Another irnportant aspect notivating use of these devices is that they

are sinple in structure, conpatible with microelectronic circuitry,

convenient to fabricate by standard planar technology, easy to reproduce.,

stable with ternperature, small in size so as to encapsulate them in an

integrated circuit package and potentially they are inexpensive.

As a result, the last half-decade has seen a rather remarkable

growth of surface wave technology in various parts of the world, as it

applies to communications engineering. Today, a basic range of surface

wave devices is being manufactured on a conmercial scale and this

cornponent range is being extended steadily. It is appropriate at

this juncture, to outline some proninent applications and the achieve-

ments of surface acoustic t{aves in communication technology.

The nost basic application to which surface acoustic v¡aves

nay be put is the provision of fixed or tapped time delay. Sinpl e

deLay line structures providing delay tines of up to 150usec. and

with folded delay lines of up to 250USec. and with the use of surface

acoustic amplifiers of up to 2Omsec. have been reported (1)4L-47.
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technology.

L.3 Concept of Surface Acoustic Wave Filter

Conceptually, acoustic surface wave filters are transversal

filters (1)103 , a generalised version of which is shown in Figure 1.1a.

The signal propagating along the delay line is transversely tapped

at appropriate places, suitably weighted and the weighted taps are

sunmed up to forrn the output of the filter. The transfer function

of the transversal filter has been derived under the conditions that

the delay line is lossless and nondispersive with non-reflecting lightly

coupled weighting taps (i.e. the taps do not perturb the propagating

wave). A surface wave ana.logue with interdigital transducers on a

piezoelectric susbtrate is shown in Figure 1.lb.

When the input array is excited by an electric field,

periodic stresses are generated at the surface by the interaction of the

resulting electric field with the piezoelectric medium, and a surface

wave is launched. 0n the receiving side, the acoustic wave travelling

under the transducel, by reciprocity, sets up periodic stresses which

in turn induces an electric field in each electrode. The output

voltage is obtained by adding together all voltages on the summing

bus bars. The contribution fron each electrode is proportional to

the electrode overlap or in other words, the weighting is accornplished

by the variation of the aperture of the electrodes in the aTtay.

If A, is the weighting function for the input aTTay and B= is the
lL'J

weighting function for the output transducer, then the inpulse response

of the array pair is O, . Uj which is the cross correlation of the input

and output weighting functions, where Rl is the tine reversed version

of A. and * denotes convolution. For natched filter applications,
1

there is a specific retationship between the input signal and the impulse

Tesponse of the filter. They are said to be matched if the inpulse

response is the delayed, time reversed, replica of the input
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signal. The output of the matched filter y(t) is then given by the

time shifted replica of the autocorrelation function of the input signal

s(t).

with accessibility of various weighting techniques and

sunning networks together with the sinplicity of tap design, the

natched filters have becone more attractive in the surface acoustic wave

devices. other authors (1)50'103-110 have described the transversal

filter analogy in rnore detail.

L.4 A Brief Review of Literature on Surface Acoustic Wave Filters

In this section a brief review of literature on surface

acoustic wave filters with interdigital transducers is presented. SAW

filters have become a prominent role in the surface wave device technology

because of a variety of applications right from a few MHz to VHF,

UHF and even microwave frequency range. SAW filters offer the sane

advantages as other surface acoustic wave devices, i.e. they are produced

by planar technology, highly reproducable, reLiable and inexpensive in

large quantities etc. Typical applications include frequency (bandpass)

filters, dispersive filters for generation and correlation of tada'r pulse

cornpression waveforns, fixed and progranmable analogue natched filters '

for phase-shifted-keyed waveforms and so on, but emphasis is given in this

survey only to bandpass filters.

Fundanentally, frequency filtering can be obtained by

constructive and destructive interference of the signal with itself.

In a surface acoustic wave device the relative amplitudes of the signals

at the taps (the weighting) are choosen so that the interference is

constructive over the required passband and destructive elsewhere.

Hence the frequency response is strongly dependent on the structure

(weighting) of the input and output interdigital transducers. To date,

several weighting schenes have been devised, including finger-length

weighting, finger-period variation weighting, finger-orientation rveighting
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and finger-phase nodulation weighting (Figure 1.2) or a combination of

any of the above weightings. Each technique has its own advantages and

disadvantages over the others and will be discussed at the appropriate

sections (Chapter 3).

Before attenpting to review the synthesis procedure it is

appropriate to start with the analysis or the behaviour of the inter-

digital transducers. The substrate used being piezoelectric and

anisotropic the analysis becornes very complex and laborious, and

from an engineering point of view, it is unrewarding. It is more

profitable to consider an approxinate simplified theory and add

sophistications when the occasion denands. R.M. White (1967) Q)74

rnade use of the obvious analogy between the interdigital grid electrodes

and an end'fire antenna, and obtained reasonable agreement with the

experimental findings. Probably the biggest single advance in this

direction carne with the publication by Srnith et. a1. (1969) ç11720'tZt

who considered the transducer as an aTnay of sources, each analogous to a

piezoelectric plate transducer for launching bulk waves (Masonts equivalent

circuit). Significant properties of the transducer can then be obtained

by this simple nodel and the experimental results revealed good agreenent

with theoretical predictions even on stlong coupling naterials like

lithium niobate. However, this nodel does not incorporate multiple

reflections from the interdigital fingers and the theory becomes quite

conplex for nulti-transducer structures. Later on this sinple equivalent

circuit rnodel has been elaborated by several authors (r¡11r-116 to include

these factors as well.

B.A. Auld (1969,1970) (1)117'118 h", successfully applied

the microwave electronagnetic concepts to solve the electroacoustic

field problens using two pohlerful approximation proceclures viz',

perturbation theory and variational techniques. Auld and Kino (1)119

have used the so cal1ed normal mode theory for evaluating the interdigital
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transducer input inpedance and the expressions obtained are very much

similar under certain conditions to those obtained by snith et' al'

ç1¡L20'tzt . A detailecl analysis of the techniques used nay be found

in a recent book by Auld (1973) (1)38

Anothersignifi.cantcontribution,especiallyintheanalysis

andsynthesisofsAWfilters,hasbeenpublishedbyTancrelland

Holland (1970 or 1971) (1)108 who adopted a delta function nodel approach

to describe the transfer fucntion of the input and output transducer

structures. In this approach each fingeT or finger edge is considered

as a ô function source of acoustic energy, which in a weak piezoelectric

¡nediurn will becone the driving source for the acoustic displacenent'

When the transmitter comb is excited by an external AC voltage' the

anaylsis for the tlansmitter comb reduces to a summation of plane waves

fron the ô function sources. For the receiver comb, the output is

the sun of all these transmitted waves as they travel under each finger'

No inter-electrode interactions (regeneration or reflections) are

included, so this nodel is of particular inportance to the low coupling

naterials only. Next, they extended the study to include interaction

between the electric and acoustic portions of the piezoelectric nediun

through the Masonrs equivalent circuit nodel and denonstrated both the

approaches by considering a variety of structules' apodized (i'e' length

weighted) as well as non-ap odized and reported good agreement with the

experinental results.

The main drawback in the above two approaches is that analysis

becomes extremely time consurning even with the advent of large computels

when considering dispersive transducers with Latge number of fingers'

particularly if they are apodized. Another limitation of apodized

conb structures is that diffraction due to short fingers becomes

prominent particularly when stïong coupling natelials are used'

Also the discription assumes loss free propagation and negligible mass
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Ioading of the netalic fingers, which can be significant at high

frequencies otherwise, the theory is simple and straightforward

if one transducer is unweighted and the other is weighted, in such

a situation a direct Fourier transforrn relationship exists between the

input and output transducers.

Hartman et. al. (197s) G)L22 have developed an irnpulse

nodel approach for the analysis and synthesis of SAW bandpass filters.

They derived an expression for the inpulse lesponse of an array of

interdigital transducers and deduced the frequency response and input

adnittance with nuch less effort than has been obtained by the sinple

equivalent circuit nodel approach. The design procedure consists of

obtaining impulse responses of input and output transducers sepatately

and once again the rnethod becomes troublesome if both transducers

require apodization. They also considered some of the secondary

effects like electrical loading on the input and out terninals of the

filter and the rnethods to reduce the loadings effect. They illustrated

a few exanples with this technique and seem to have obtained reasonable

agreement with the experimental results.

Carlo Atzeni along with his colleagues (1971,72,73)

(1)105'Í23'L24 d"tíued the transducer configuration by sanpling theory.

This nethod is particularly useful for designing dispersive filters of

linear FM (chirped) wave forms with constant arnplitude inpulse responses.

The analysis can also be extended to reaLize nonlinear dispersive

characteristics oT to bandpass filters with an arbitrary frequency

characteristic, provided that the time-bandwidth product is large.

However, when the tirne-bandwidth product is large the design yields a

large number of nonuniform samples and hence a large number of fingers

in the transducer. To overcome this difficulty, Atzeni (1)125 inclicated

that the samples nay be taken at the intervals of Kn (K is an odd

integer) instead of n under certain conditions, thereby operating the
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transducer at Kth harnonic frequency instead of the fundamental; but

the essential difficulty in this approach is that the output is also

reduced by K tirnes, a significant difficiency, especially on low

coupling naterials. A few exanples have been given to illustlate

this phase sanpled inpulse response nethod some with anplitude

weighting aLso.

R.F. Mitchell and his associates at MRL, England (1970)

G)L26 have reported some experimental results of a SAW TV IF filter

using length weighted transducers, but it seems that an explicit

rnathernatical analysis or synthesis technique for the unsymnetrical

input and output apodized transducer structure does not appear in this

article or in the later publications by R.F. Mitchell G)L27 '728'84

The various methods described so far for filter analysis or

synthesis are derived by considering individual transducer structures'

whose imnittance paraneters are known (three-part nodel by Snith et. a1.

G)t2o , nornal mode theory by Auld and Kino (1)119 , inpulse model

by Hartman et. al. G)L22, and so on). Nornally, the input admittance

which represents the effective pov¡er conversion from electric to acoustic

or vice versa is different for an individual transducer and to that

of a transducer pair in which the output transducer is shorted.

Therefore, a practicaf performance of the filter can only be precisely

predicted by considering the two transducers in tandum as a four terminal

network, characteristiced by an adnittance natrix. Gangully and Vassel

G)L29 derived expressions for the frequency response of a filter taking

into consideration the effect of piezoelectric interactions and some

of the secondary effects like multiple reflections, diffraction due to

short fingers and illustrated the theory with some examples (1)130

Sinilar but nuch sinpler expressions for the adnittance model have been

reported by Burgess and cole ¡t1131or weak coupling naterials.

The derivation based on normal mode theory yields expressions for
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transadnittancebetweenapairoftransducelsandtheinputadmittance

forasingletransducer.Theadvantageoftransadnittanceparametel

v fr¡l is that it is the nost accurately measurable quantity in a

;llr'a"r* line and thus provides all rhe useful infornation for comparing

theoreticalandexperinentalperformanceofthedevice.Filter

synthesisbasedontransadnittancefornulationhasbeenconsideredby.,-t32

theauthorandsorneoftheresultshavebeenreportedelsewhere[I)

ThenainfeaturesoftheanalysisandsynthesisofsAWfilters

has been briefly reviewed so far, but various improvements with different

weighting configurations depending on the specific requirements have

beenavailableintheliteraturebutwillbebrieflyscannedthrough,

onceagainenphasingonlyonthoseaspectswhichareofconceTninthe

synrhesis of bandpass filters. Tancrell and Engan (1973) (1) 
133

reportedthedesigrrandmeasulementofabandpassfilterconsistingof

two apodized transducers with a nurtistrip coupler (1)134'135 *hich

perfornasthenecessaryintegrationacTossthebeamwidthsuchthata

uniqueimpulseresponsecanbeassignedtoeachtransducer.Butthe

naindisadvantageofarnultistripcoupleristhatitispracticable

only on high K2 nateri-als because the width of the coupler is inversely

proportionaltothecouplingsconstantofthernaterial.Lateron

Tancrell (1g74) (1)109 indicated an optinizalcio¡ technique to teal-lze

abandpassfilterwithprescribedripplesinthepassbandaswellasin

the stopband and indicated their vali.dity in practical situtations '

vasile (1g74) (1)136 published a numerical Fourier transforn technique

forrealizingbandpassfilters,whichdoesnotrequireanyiteration

ploc.essandgivingrisetoanapodizationfunctionoffinitelength,

therebyelininatingthetruncationelroÎs.Heillustratedthemethod

by considering a sinilar example usecl by TancrelI (1)109 ancl reported

goodsideloberejectioninthestopbandandt0.sdBrippleinthe

passband.Themethodseemstohavenoaddedaclvantageoverwindow



t2

function technique; further on observing the apodizing function in the

finite duration the ratio of extreme sidelobes to the nainlobe is very

snall thereby diffraction losses become significant in the transducer-

Very broad band filters (over 30 percent bandwdith) can be built.

with two dispersive transducers with finger width weighting and placing

then in a nondispersive configuration. Swith et. al. (Lg72) (1)137

have extended the circuit nodel theory to include the apodization

and acoustic irnpedance discontinuity effects and reported results

for a linear FM filter with two apodized identical transducers arranged

in the above configuration. Dispersion can be introduced by arranging

one transducer as the mirror image of the other. Gerard et. al'

(7972) (1) 
138 have devetoped a very broad band, low loss dispersive

filter with a time-bandwidth product of 1000 using chirped transducers.

In both articles it was pointed out that the Fresnal ripple, inherent

with the unweighted nondispersive transducers, can be ninirnized or

eliminated by weighting the transducers ; arnplitude weighting in the case

of the finger space-width (chirped) weighting and a window function

weighting in the case of an amplitude weighting. Worely (t972)

(1)139 also discussed the realization of bandpass filters using the

linear and nonlinear FM techniques but by a different approach, the

so called stationary phase approximation nethod. Morgan (1972) (1)140

introduced log-periodic transducers - analogous to log-periodic antennas

in e. rn theory to obtain wide bandwidths for SAW filters. Hartman

(1971) G)142 , Budreau and Carr (7972) (1)141 have considered narlow

bandwidth SAW filters. When considering extremely narrow bandwidths

problems arise because of a large number of fingers required to realize

the responses and they have indicated two nethods to reduce the number

of fingers. Atzeni (1971) G)125 also indicated a reduced sampling

procedure and denonstrated for the case of a linear FM signal: SAW filter

responses can also be realized by phase weighting (1) 143 and explicit
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nathenatical derivations for coded detay line have been given by

Speiser and Whirehouse (1971) (1) 144 , (which is out of the scope of

the present work and will not be discussed further).

The methods described so far have been shown empirically to be

capable of designing bandpass filters with snooth bandpass chatacteristics

with no abrupt changes and further conplications arise when designing

SAW filters with such bandpass Tesponses. Typical exanple is a

TV IF response with cornplicated specifications. However, some authors

have achieved the designing of TV IF filters with some success.

R.F. Mitchell et. al. (1970) G)I26 have produced some prototype

filters to neet the U.K. colour TV IF specifications. A.J. de Vries

et. al. (1971) (1)145'146 at Zenith Radio Corporation (U.S.A.) have

reported a measured colour TV IF response using three different

surface wave integrable filters connected in series with discrete

transistor amplifiers and tuning elements even then the required

traps are not as deep as the desired ones. Chauvin et. al. (1971)

G)t47 have used an optimi zatíon procedure to obtain the finger locations

and amplitudes of the apodized conb that will produce the required

TV IF specification. The measured response seems to agree quite well

with the theoretical one, but the original specification linits seem to

be not quite rigid. Moreover, it would be more convenient to visuaTize

trap levels, viz., the adjacent channel 1eve1s and the level at the

sound carrier frequency had the graphs been plotted in dB sca1e.

Lewis (Ig72) (1) 148 at the Hirst Research Centre has also reported

the design and developenent of a prototype SAW TV IF filter. The results

appear to be promising especially with deep traps less than 40dB down,

but there is an ambiguity as to how the amplitude weightings A(xt)
e,,

were calculated. {Un*ay and Deacon (Lg72) (1)149 at Plessey Co. Ltd.,

England, have developed a design technique using linear dispersive

transducers and dernonstrated the technique for realizing a TV IF filter,
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but the method seems to have failed to describe the behaviour of the

filter at the band edges. Raatte Van (tg74) (1)150 also discussed

the design of sAltr TV IF filters. However, in the exanple considered,

the desired response resembles like that of an ordinary bandpass

response except with deep traps at the adjacent channel frequencies'

Moreover, the experinental results of the designed filter are not

available.

This brief survey of the Literature is necessary to point

out the potential applications of the surface vrave devices in various

fields and it is to be noted that still a great amount of work is to be

done to access the theoretical and experinental performance of the

device, particularly to TV IF filters. The greatest of these is the

choice of a suitable naterial with low insertion loss ' easy to produce,

stable with ternperatures and above all inexpensive to inplinent in the

industry. All the quantitíes cannot be net sinultaneously and some

trade-offs have to be nade in practical situations. Even though

sAl,\l TV IF filters have been considered by some other research workers

as pointed out before, production of the device on a conmercial basis

is still a real challenge.

Thefieldofsurfaceacousticwavetechnologyasawholeis

growing rapidly, reflecting the high degree of research investment

tai<ing place. T'he theoretical and experinental techniques now

available pernit the design and manufacture of surface wave devices

with considerable precision. Much of this knowledge has becone

available during the course of the present investigation and has nade

a significant contribution to the results achieved.
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1.5 An Outline of the Thesis

The prrnciple airn of the thesis is to synthesize surface

acoustic wave filters with a given arbitrary frequency response

(amplitude as well as phase). Several technigues aTe available in

the literature for realizing regular (rectangular) bandpass filters,

some utilizing optimization techniques, analogous to those used in

designing nonrecursive digital filters. In these techniques the objective

is to reduce the sidelobe level in the stopband and mininize the ripples

in the passband. However, these techniques become more conPlex, highly

nonlinear and tine consuming in situations where the specified response

ictris rnore compÈled (like that of a TV IF filter) than the simple

rectangular bandpass filters. In this thesis several synthesis techniques

have been developed'to rneet such specific demands using an adnittance

node1. Experimental verification has confirned the validity of these

techniques.

The preceding sections of the present chapter are concerned with

a brief review of literature on SAllI devices and their applications to

comrnunications engineering, in particular, enphasizing on those aspects

which are of concern to bandpass filters.

Chapter 2 contains a brief review of the adnittance formalisn

for a pair of interdigital transducer structures on a piezoelectric

substrate and describes the advantages and limitations in using the

formulae for filter synthesis.

In Chapter 3 the adnittance formalism is illustrated for the

synthesis of a TV IF filter. InitiaILy a simple weighting configuration

is considered. In this approach the transnitting transducer is assumed

to have a small nurnber of uniforn fingers, which neans a constant source

function with sinx/x frequency response and the source function of the

receiving tra.nsducer is designed according to the above fornalisn.

An approximate representation of the transducer geonetry is then
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developed which resulted in variable finger overlaps as well as in

variable finger spacings. The frequency lesponse of the filter with

this transducer geometry is predicted once again using the adrnittance

fornula and good agreement was obtained between the two indicating that

the approxinate representation of the transducer geometly is a close

representation of the designed source function'

In Chapter 4 the fabrication technique, the measurement

procedure and the experimental results of the filter designed in chapter

3 (refered as Filter 1) are pfesented. The slight discrepancy between

the neasured response and the theoretically predicted response is

accounted nainly due to inaccuracy in photofabrication.

In Chapter 5 attentíon is focused on developing optinization

techniques to inprove the response of the filter with the same finite

duration but by altering the finger overlaps. The quadratic cost

function optinization which is a rnain concern of this investigation is

a veÏy sinple technique, does not require any computer iteration and

produces a closed forn of synthesis procedure. several schenes have

been devised to sinplify the nunerical calculations involved with this

technique and a sinplified version refered as OPTIM METHOD in the text

is presented for subsequent illustrations.

InChapter6differentfilterÏesponseswithnoretight

specification limits are treated to iIlustÏate the effectiveness of the

various optirnization techníques developed in Chapter 5 and the experimental

performance of these various filters is investigated in Chapter 7'

Apart from considering the frequency responses alone, attention is also

given to calculate the insertion loss, input-output admittance of these

various filters. Because of the high insertion loss obtained with the

quattz substrate, sone suitable techniques to inprove the insertion loss

are also discussed towards the end of this Chapter'
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In Chapter 8 possibilities of using chirped transducers for

TV IF filter design have been explored. Because of the cotnplicated

nature of the filter specification, a large number of fingers ar.e

needed if two identical chirped transducers have to be used and

therefore, a novel technique in which only one transducer is chirped and

the other is apodized, is presented. The advantages of this weighting

configuration are clearly indicated, especially in the inprovernent of

ad¡nittance parameters which in turn improves the insertion loss of the

filter.

Although the TV IF filters have been synthesized reasonably well

with interdigital transducers seveïal basic problems still renained with

these devices; one is, high insertion loss with low coupling naterials

and the other is high input-output inpedances of the transducer which

cause electrical nismatch at the input-output side of the transducer

with the source and load impedances. To overcome these difficulties,

a complete synthesis procedure using HF linear IC amplifiers is presented

in Chapter 9. The advantage is clearly demonstrated through an exanple

using FET transistors.

Fina1ly, Chapter 10 contains the summary and conclusions of

the results, suggested improvements in the adnittance fornulation and

hence the suggested improvements in the filter design. An alternative

substrate naterial for TV IF applications is also discussed.

Some of the computer programs developed to analize, to synthesize

and to plot the patterns for the surface acoustic wave filters are given

in Appendix A and the photofabrication techniques followed to manufacture

these devices are given in Appendix B.
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CHAPTER 2

ADMITTANCE MODEL FOR A PAIR OF INTERDIGITAL

TRANSDUCERS

2.0 Introduction

In this chapter basic information on the adnittance fornalism

1

[Z] 
r is presented to provide a background for the SAW filter analysis

and synthesis. In filter applications, the transfer function of the

device is of most concern and the admittance nodel expresses the transfer

fturction in terms of admittance matrix elements, which are calculable

from the naterial constants and the individual transducer geometrics.

The diagonal elements of the admittance matrix represent the input emit-

tances of the individual transducers, while the off-diagonal elements

represent the acoustic coupling between a pair of transducers, aI1 ele-

ments of the matrix being defined under short-circuited conditions. The

transfer function in general depends on-diagonal elements as well as off-

diagonal elements, but under weak coupling approximation or to a first

order approximation on rnoderate to stlong coupling materials subject to

certain conditions, it depends only on the off-diagonal element yZr(o)'

In the remainder of the chapter irnplicit expressions for the

admittance coefficients and the basic asstrnrptions under which they have

been derivecl are presented. Finally, analytic formula for Yzr(r¡) a.nd

yf f (rrr) for uniform transducers v/ith equal mark-space ratio are derived

with a suitable system of coordinates so as to visualize the group delay

characteristic between the transducers more clear'ly and to facilitate the

calculation of minimal Fourier transforms in the subsequent analysis and

synthesis of SAW filters.
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2.L Basic Approach

The deiay line having one input and one output transducers is

considered as a general two-part stluctule as shown in Fig, 2.Ia. The

adnittance matrix of the structure is defined by the equation

I Irl I vrr(r)

L tj= L ,,, (,)
Yr z (c¡)

Yzzþ)

-yztf.,)zr

li;;l (2.t)

where V1 and it .t" the conplex phasors lepresenting peak terminal volt-

ages and currents at any instant, and f1i (r) are the complex frequency

functions. A knowledge of the admittance matrix at aIl frequencies pro-

vides a conplete characterization of the delay line, a two-generator

equivalent circuit of which is shown in Figure 2.Lb. The voltage ratio

transfer function terminated at both the ends is then given by,

V, (ur)
. .(2.2)

ü, t') l+yr r (u)Zr+yzz(r,r) Zr+{yt t@)yzz(t,) -yr z@)yzt(ul)}Z"Z"

or the transfer function of the delay line alone is given bY,

V, (ur) -Yztlul)2"
. . .(2.3)

ür(r) L + yzz(.o)zt

These expressions give the complete I.esponse of the two-part

delay line, but in nany situations these equations can be simplified by

appropriate approximations. The admittance of a transducer at the syn-

chronous frequency urg in the simplest form is given ay l?')2

Y (oo) = Gu (uro) + j osCt

where ê"iro) is the synchronism conductance given by + urgCrK2N in rvhich

3
K2 is the faniliar electromechanical coupling coefficient Lt"l and N is

the total number of fingers in the transducers and c, is the total
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capacitance. When K2N << I the adnittance is essentially given by the

transducer capacitance alone and with the low impedance measurement

systen the quantities in equation (2.2) can be approximated to

¡rrr¡ur)zsl << 1

lvzz(q)zLl << 1

l{ytr (,¡)yzz (r) - yL2(,¡)yzr (o) }zLZS I

. . . (2.4)

<<1

and hence the transfer functions become,

v, (ur) V, (ui)
-yztí0)Zr . . . (2.s)

Vr(r,r) Vr (r)

This relation in fact shows that with high impedance transducers in a lotv

irnpedance measur.ement system, the delay line frequency response is essen-

tially given by the transadmittance between the transducers. This is the

basic relationship used in the experimental measurements of the SAltl

filters. If the transducer static capacitances are tuned out with

external tuning circuits, then the admittance at synchronous frequency

is essentially given by the radiation conductance only and once again

under weak-coupling approxination this term is fairly small and the tun-

ing circuits nay be included in the source and load irnpedances and,

further, if the frequencies under consideration are not far fron synchron-

ous frequency the inequalities in equation (2.4) still hold good and the

transfer functiolr is again given by equation (2.4). Thus we assume that

the static capacitances ate always plesent in the admittance coefficients

whether the tuning circuits are included or not. No attempt has been

nade with this approach to include second or higher order Iesponses, even

though they could be included in the analysis by nanipulating the equa-

tion (2.2).
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2.2 Frequ ency Doma in Transadmittance Yzr (t")

Thesystemforwhichthetransadnittancebetweenapairof

transducers considered is shown in Figure Z.Ic. First of all some of

the basic assumptions under which it was derived will be briefly
I

reviewed l2l-

Foranysurfaceacousticwavedeviceitisnecessarytoknow

how well the surface waves can be launched by applying a known electric

potential to the electrode aïTay. This information can be obtained by

knowing the familiar piezoelectric coupling coefficient [2]3 given by

K2 z 2(vr vM)/vM = zl¡vlvrl .. .(2.6)

wherev*isthesurfacewavevelocitywhenaperfectlyconductingmass-

less netalic film is placed over the free surface of the solid and v, is

the velocity when this filn is removed. Analysis of finding K2 for dif-

ferent naterials and for different orientations have been carried out by

several authors P1a-tg and the results for most commonly used materials

can be found in the articles ¡2111-1S. When K2- is nuch srnaller than

unity then it is termed as weak-coupling approxination and under this

situation the surface wave anplitudes (normal mode arnplitudes) are

obtained by neglecting the acoustic response of the substrate while cal-

culating the relationship between the electrical potential on the surface

and the applied voltage between the fingers of the interdi-gital trans-

ducer [2]19. It was further stated that the electromechanical-coupling

constant calcurated with the assunption of zeïo-stress pernittivity eT

for thís electrostatic problen agrees well with the experimentally

observed values. The assumption of zero-stless permittivity permits the

independent solution of the electric source field and the acoustic sur-

face wave field, because the electric field of the surface wave can be

neglected in the deternination of the electric field of the electrodes '

Theweak-couplingapproxi-mationmentioned'thus'isthefundanental
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assuïnption in the derivation of the adnittance fornalism.

The second important assumption in the derivation is that the

acoustic scattering is zero while calculating the current in a short-

circuited t1ansducer; or in other words the reflections fron a shorted

transducel ale zeTo. This is not a valid approxination on stlong coup-

ling naterials or if the nunber of fingers is large even on weak-

coupling materials.

, Another signifi-cant factor is that the assumption of uniforn

plane waves for launching and detecting transducers; that means the

effect of diffraction due to short fingers is neglected. The detecting

transducer is assuned to be in the far-field region of the transmitting

transducer (in an analogous r{¡ay as in the antenna theory) so that the

radiated field in the vicinity of the receiving transducer is essentially

uniform plane wave.

With these assunptions the forward-transadmittance was derived

to be equal to l,4I

vz r (o) -lrl¡eã
W (e ¡ +en) sr

f , (x, z)eigzð,s I f,,(x, r¡"-ig'dt,..(2.7)
stt

the propagation vector at frequency o in the +z direction

on the free surface of the substrate

finger overlap width of the transducer T1

w2

electric permittivity of the free space.

relative permittivity of the substrate

Launching transducer on the xrz-plane occupying a

surface Sr

receiving transducer, unj-form or apodized with maximum

apod.ization < W on x' z-plane occupying a surface Srr

where ß=

W-

^--
g0=

L-p

TI =

L2 -
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ft(xrz) = soulce function of T1, obtained from the potential

distribution 0, and charge density os on the underside

of the fínger

f"(xrz) = source function of. T2, obtained in a similar way as that

of T1.

Furt,her, the source function for either transducer T1 or T2 was

shown to be equal to

.IT (-1)n
le
I _rP_

l."00
ï

n=
Pn(0) cosßrrzrf (x,z)

-k+1 -k

f (x ,z)

1.854 (zk*L-rk)

where

forzUÍzÍzk*I ...(2.8)

= Distance between the electrical centres of the adjacent

fingers (called the gaPwidth)

Bn

zt-z-rk

Pn(0) = Legendre function of first kind of zero agleement.

In the numerical calculation of the behaviour of the transducers,

only the first term, (n = 0) is retained and also ß/ßr, is taken as unity'

Hence equation (2.8) becomes,

1T |tp. 
t ql

1.854 (zO*r-z¡) l. eo J

CO S,tT

,-rk
(zO*, -z¡) . . . (2.s)

forzOlzÍzy*t

As f (x,z) is independent of the variable x, we can write f (x,z)

and, therefore, (2.9) becones

r (z)
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r(z)=r.wþ¡t|#] "o'{nI
,-rk

ok+l "
. . . (2.10)

forzUÍzÍzk+t

Hence the transadnittance Yzr (t¡) eqn (2'7) becones

rzr (o) = f , (z)"j ß' d, f" (z) e-j Bz ds . . . (2.11)
W (eo + en) sr stl

It is to be noted that the surface integrals over s' and srr can

be reduced to one dimensional integrals from the fact that f(x,z) is inde-

pendent of x. Before attenpting this step it is necessary to choose a

¡nore convenient coordinate system than has been defined in Figure 2'1(c)

in order to evaluate these integrals nore efficiently with nunerical

nethods. One obvious choice is to select the origin to the far-left of

transducer T1 and defining souïce functions only for positive values of z'

1.e

- l rl ¡'ã

y2,(.")=#ffiJ f,(z)"iß' d, J t" (z)e-iß' dt ...(?.tz)
S sil

where f' (z) and f" (z) l 0 fot z a 0

and f' (z) and f" (z) = 0 for z < 0

This is the expression used in deriving the analytical expression for

transadnittance between a pair of uniform transducers in the followi-ng

section and numerical nethods are presented in Chapter 3 for apodized

transducers.

2.2.I J2r UJ for a Pair of Uniform ansducers

Recalling equation (2.12) and since the integrals are bounded

we can write,
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I,tI

z

ül
T

g1 9,2

o

l\l
z

W

z

f, (z). iß' drd* f'r(z)e

o

-jBz dzdx

. . . (2.r3)

where .c1 and 1,2 aîe the lengths of the transducers T1 and T2 respectively

and ltl is the width of each transducer as shown in the Fígute 2,2- Further

if we choose o, = \* and 9,2 = *âào and f '(z) statts at a distance L1

fron the origin and f"(z) a distance L2 fron the origin (Lz> lt + Lt),

then equation (2.13) can be written as

Lt+ l"', *\

Yz r (t'r) =
û)

e

Let

.' . yzr (r¡) = Io

Ae
+

f ,(z) 
"iß' u, I

-io z
fr, (z) e r, " dz

L1 L2

. . . (2.14)

o
ep

rr *Y L, * Nzlo

L1

f ,(z).iß' a" I f,, (z)"-iß, d,
L2

. . . (2.ls)

. . . (2.16)

(2.17)

. . . (2.18)

The source functions from equation (2.10) can be written as

^ (e6+e-)
r'(z) = äTT#-cos{ßo(z - Lr)}

f"(z) = * cos{ßo Q - Lù}

Àn î
- - 

-L= 
-

-k+1 "k 2 3o

in which we have used the relation

Further, letting

**=*t#l . . . (2.le)



1
Irl

z=0 z=Lr

z=0

I
Iþ
a

I

Nr tro

--T

(a)

(b)

,=L2

1
I\I

0

NzÀo

2

Fígure 2.2 Coordinate Systen for Evaluating Yzr (t")
for a Pair of Transducers.

(a)
(b)

Transducer T1 of length
Transducer T2 of length

11
I2



26

the transadmittance equation (2' 15) becomes

Lt + Y""ru 
o (z-Lr¡ "is' ð,, I"' 

. ry.oruo (z-Lz).-i ß'd'

L2 ...(2.20)
)rzr(,¡) = ,o*1 f

L1

where N1 and N2 alfe the number of half-wavelengths in each transducer,

can be either odd or even. Evaluating the integrals the equation (2.20)

reduces to,

yzr (o) = yoKi #k)
,in{$!Êfrl)-} sin{

x

$n (ß-ßo)
290

Q.2r)exp -j ß{ w] [',.\+]] * j
t

exp j

Lz+

on further substituting ß = i 
and go = I'

yzr(¡) =voKi*þt#]
. Nr IT /ul-Onì

sLn a- tñJ ,i"$(#)
ry(ff) Y(#)

{[r, . *o ] - [', . T+]] * j ry " l

X
Ncrfzrì
..,êl-l
2ßo lo+rrrsJ

û)

vfI
. . . (2.22)

and

Letting

and substituting for y¡ and K*, the equation (2.22) can be written as

*,=Yttrl , xz=Yttr]

p= [r,.P] - [',.+tJ

-lrlnwrNzn2(to*to) sinxl sínx2 exp{ oD ' N2-N1 r}
x1 x2 't-'Ç*JA-Yz r (r¡) =

4 x 1 .8542

f zu\
I ---t
lo+oeJ

2

. . . (2.23)
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A number of conclusions can be drawn fron the above equation'

The group delay which can be obtained by differentiating the

phase rvith respect to rü)r and changing the sign is'
(1)

where

rd +* whereo=Ë try]

t . . . (2.24)
d tf

where D is the distance betrveen the centres of the two transducers, as

evident fron Figute 2.2.

(2) If the two transducers are of the sane length i.e. having sane

nurnber of fingers, then, NI = N2 = N

2
-1.,:lawx2n2(es+er¡ I z, ìlsinxìyzr(r¡) -ù[ *J

4x1.8542 lrrr+ulr

D

exp
oDì

-turJ
. . . (2.2s)J

Nn*=a lr-rol
l.,rJ

The output ïesponse of the transducer with a constant load resistance Rt

for a unit inpulse input is then given by, fron equation (2'S) 
'

Vo (,¡) - -RL y2l (t,l) . . . (2.26)

or in tine donain,

ùo (t) - -RL t-L{vzr (o) } - -RL v2I (t) ' " (2'27)

where 7-1 irrdicates the inverse Fourier transform and y21(t) and y21(r'r)

from the Fourier transform paír i.e. y21(t) <=> yzt(t,,). The intpulse res-

ponse ùO (t) can be easily evaluatecl through the nunerical approach,

especially with the use of fast Fourier transform algorithrn'

(3) For a positive input impulse, the sign of the central peak of

theoutputlesponsecanalsobepredicteclbythetransadmittance
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fornula. From equations (2'23) and (2'24),

yzr(r,r) = constant x lrl x lr(')l'"*pç-jurt¿) "'(2'28)

where

and from equation (2.27) '

-*o*'n'(to*tn)
constant = 

-
4 x 1 .8542

and l¡(,)l = t#*,J

2

- j r¡td
6

Vo (t) - -RL x constant x l,l x lr1,¡12 e

-æ
"jrt 

d,

. . . (2.2s)

The sign of central or correlation peak is then obtained at

t = td i.e. vs(t) - -RL x constant x

æ

-æ

l,l x le (') lt a,
/t=td

. . . (2.30)

which is negative, since the integral in equation (2.30) is positive

definite. Hence, in practical situations for a narlow positive input

pulse hre expect a negative central peak in time domain, provided that the

connections of the input and output transducels to the source and load

i.npedances are such that the connections followed for voltages and cur-

rents is maintained as shown in Figure z'l(a)'

(4) The voltage transfer function

be seen to be ProPortional to

from equation (2.25) can
2

tht xtftt',.t!rF]
whereas several authors lZl2 inAicate<l that it is approximately

of the form [*]' ' This is quite true if the frequencies

under consideration are not far fron the central frequency urg,

in which case the two factors lhl and l6fr.12 ""d"""' approxi-

nately to unity. The dependence of transfer function on the

two factors lhl and l#h' " 
tn"' the response is tilted

upwards,eachfactorcontributingapproxirnatelyariseof6dB

per octave in the frequency donain' The second factor arises
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because of uniform transducers while the first factor is inherent in the

derivation of the transadnittance formula. The rise in frequency res-

ponse in the passband is also observed by Smith et al . l2l2I fo, unapod-

ized linear FM transducers but their circuit rnodel could not explain the

reason for this upward tilt. They indicated that it is the characteristic

of unweighted transducers. In order to remove the Fresnel ripple in the

passband and obtain a flat band characteristic they pointed out that a

slight apodization using a toppered envelope of the transducers is neces-

sary. Hartrnal et al. t3]20 ^Ito indicated in their inpulse nodel design

that transducers with log-taperecl gaps must have ovel.lap lengths multi-

plied by three-half power of frequency to achieve a flat frequency trans-

fer function. Therefore, the ltl factor in the transadnittance model

predicts this upward tilt in the passband as is clearly demonstrated for

a logarithmically frequency-chirped transducer PII , In fact the l'l

factor is applicable to all interdigital transducers including the uni-

form gap-wj-dth transducers .

2.3 Frequency Donain Input Adrnittance Yr r (9)

Thediagonalelementsofaùnittancenatrixofthetwotlans-

ducer structure as shown in Fl-gure 2.1(c) Ïepresent the input and output

adnittances under short-circuit conclitions. For identical transducers

they are one and the same. The input admittance is derived under the

sane basic assumptions as those for the transadmittance' Hence' without

going into details the input conductance of a single transducer is given

12)
22

by ,

Ju) l* *crl o(z)dz
...(2.31)

Yrr (u:)
izI

where , þ(z) is the potential distribution on and between the fingers and

o(z) is the total charge on the fingers resulting fron the peak value of

a sinusoidal excitation voltage ü1. The real pa'.t of Irr(r'r) is then
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deduced as

G(o) =
. .. (2.32)

¡es*en)V1

where S(ß) is the Fourier transform of the source function f(x'z) ' Hence

G(t,) can be calculated fron the transadnittance Izl (r¡) itself by putting

the transducer separation rDr equal to zero. Therefore, for a uniform

transducer the conductance G(o) is given by, fron equation (2.25)

-lrlw¡ lscsll2

G(o) =

- | ,,r I nml2"2 (eo*eo)

4 x 1.8542

. . . (2.33)

. (2,34)

in which as before * = $ tgtr, ) and rNt is the number of half-wavelengths

in each transducer. The radiation susceptance B(o.)) can be calculated from

the first principles using the equation (2.3I), however B(o) can be more

readily calculated using the Hilbert-transform relationship, as pointed

out by Nalanwer and Epstein [2]23 í'r-'

æ

B(r¡) = + f
G fx'l
-:¿ ox
x-u)

This transforn does not describe the adnittance due to the static cap-

acitance of the transducers, and in order to evaluate the total adnittance

of the transclucer one has to include the contribution due to the static

capacitance arso. The expression derived for this quantity by Engan l'424

for equal finger-width to finger-ratio is

ar=*xWx(ee+en) "'(2'55)

Therefore, the input adnittance parameter i-s given by

yrr(ur) = G(r,r) + j(B(ur) + urCl) "'(2'36)

A sinilar expression for output admittance paraneter y22(o) can be

obtained. However, for apodized combs the simple approach followed for

uniform transducers is not applicable for the reasons nentioned in the
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next section of this chapter, but the nethod developed in chapter 7 is

somewhat sinila^ to one described by Hartnan et al . Ql20' Thus we

have produced expressions for all the coefficients in the adnittance

natrix in terms of the transducer structures and the naterial parameters'

so that the cornplete behaviour of the filter can be predicted '

It is to be noted from Figure 2.I(a) or (b), the input adnit-

tance of the two-port structure is given by

i'ftl
-....'..5-=

vi (r)

{yr r (,¡) yzz@) - Yp(r)Yzr (o) }zrYr r (,¡)
vtn(o) I - yzz(r)zl

Following the approximations as in equation (2'4)

v. 
r, 
(o) : yr r (t¡) . (2.38)

Similarly lve can prove that the output-admittance 1S

Yo (') Yzzl,¿) . . . (2.3e)

onceagaintheserelations-equations(2.38)and(2.39)showthatwith

high impedance transducers in a low irnpedance measulement systen the

delay line input-output admittances aTe essentially given by the diagonal

elements(yrr(.¡),Yzz@))ofthetransducerstructurealone.Inthenext

section some of the basic limitations imposed on in deriving all these

admittance coefficients are discussed. Since the filter synthesis is

developed in frequency domain and the source function is considered in

tine or position domain, restrictions involved in calculating the admit-

tance coefficients in both the domains will be discussed'

2.4 Lim itations in Usi 2r (Ð-:3I[L Yrr (')-

Basically the analysis is used for uniformidentíca1 trans-

ducers in rvhich case straightforward analytical expressions can be

obtained for calculating the source functions fl ('z) anð f"(z) and hence
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)rzr(o) and y1r(t¡). The analysis is equally simple for uniform but un-

equal nunber of fingers in each transducer. The analysis can be extended

to uniform but varying finger-width to finger-gap ratio, transducers p1.o-

vided we assume an independent-gap approximati.on, that is the souT.ce

function in any particular gap in the transducer is independent of the

geonetry of the adjacent gaps and is irnplicit in the analysis of other

11
workers 121",

Analysisoftransducersbythisapproachissimple,i.e.calcu-

lating frequency response for a given source function (finger positions

and locations) but synthesis of transducers, i.e. calculating the source

functions for a given atbitraty frequency I'esponse is not always feasible

as explained more clearly in chapter B, dealing with shirped transducers'

Theanalysisandsynthesisoftransducelsisquitesimpleif

one of the transducers is uniforn with uniform finger-width to finger-gap

ratio and the other is apodized whose maximum apodization is less than or

equal to the rvidth of the uniform transducer. In this case a direct

Fourier-transform relationship between the apodized conb and yztlul)/u

retained. However, calculating the input admittance of the apodized

comb is nore complicated but a procedure has been developed in chapter 7 '

The situation where both the transducers are apodized is more

difficult to represent analytically because the propagating surface wave

field onto which we must proj ect the receivel source field is not indep-

endent of x, and the resulting expression for yzr (o) does not factoríze

into two separate integrals. The simplest practical solution in this

case appears to be to divide the propagation path into a number of paral-

let strips selected so that each strip intersects the launching and

receivíng transducers in such a way that the restriction, that at least

one of the transducers may be consiclered to be unapodized across that

beam wiclth, is satisfiecl PlzS. However, some nethods aÏe proposed later

in the thesis to synthesize two apodized transducers without too nuch

difficulty under certain conditions '
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Thus this chapter provides the necessary information on

adnittance fornalism and the next chapter deals with the basic design

of a SAW filter.
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CHAPTER 3

APPLICATION OF TRANSADMITTANCE TO THE SYNTHESIS

OF A TV IF FILTER

3.0 Introductíon

The general philosophy of surface acoustic wave filter synthesis,

using the transadmittance formalism, will be demonstrated in this chapter'

Filter synthesis can nornally be developed in either frequency or time

donain but here the former nethod is fo1lowed, since the transadmittance

formula has been developed in frequency dornain. The example considered is

that of a TV IF response and the synthesis yields a cornplicated wave form

in the tirne-donain. Techniques have then been devised to Ïepresent these

complicated tine responses by approximate source functions, and from these

source functi.ons the finger-pattern or transducer geometry on the substrate

is derived on an intutive basis, so that equal nark-space ratio is main-

tained. The theoretical frequency r.esponse of the so-nodelled transducer

structure is then calculated once again using the transadmittance formula

and good agreement obtained rvith the frequency lesponse of the designed

cornplicated time wave forrn, thus ensuring that the transducer geometry

which has been derived on an intutive basis, is in fact, an appropriate

representation. The step-by-step plocedure of the synthesis technique is

presented in this chapter while the experimental results are reported in

Chapter 4.

3.L TV IF Specification

The nagnitude response of TV IF stage of a t¡pical test Tecelver

is shorçn in Figure 3.1 (by courtesy of Mr. Pascoe , vni/tips Electricals

Pty. Ltd., Hendon, s.4., 1969). This is the response obtained with the

conventional RLC noclules, which gave a satisfactory result in a test
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leceiver. T.he initial aim of the project is to design a sAtrv filter whose

response is close enough to that shown in Figure 3.1. Later on the syn-

thesis is extended to achieve frequency response characteristic which lie

within a given specified linit (chapter 6). Before attenpting to des-

cribe the synthesis procedure, it is appropriate to give a brief descrip-

tion about the peculiar shape of the TV IF response'

The IF section in a TV receiver is the most important part of the

signal handling and processing functions. The faithfulness or otherwise of

the video waveforms to the transmitted original, relies to quite a large

extent on the characteristics and behaviour of this IF section' Unfor-

tunately, the standards for the receiver IF passband characteristics are

not laid down, apaTt fron the intennediate frequencies which are, as

reconmended by the Australian Broadcasting Control Board [3]1, as follows:

Sound Carrier

Vision Carrier

30.SMHz

36MHz

3I.375MHz

36.B7SMHz
or

These frequencies should be adhered to withi-n + 0,25MHz and the oscillator

frequency should be above the channel frequency. It is up to the indivi-

dual manufacturing companies to adopt their own specific characteristics

to tie-in with the vestigial-side-band characteristics of the transmitted

)
signal [3]- shown in Figure 3.2. Th'e width of the television charurel is

71,tfr12. Figure 3.2(a) indicates the various components in the spectrum

allocation of a channel. Note that the side band components of the vision

luminance infornation are asymmetrically transnitted'Upper side bands up

to 5.0MHz are transmitted at ful1 strength. Components beyond 5.OlvfFlz are

rapidly attenuated. Lower side bands down to 0.7SMLlz a1,e transnitted at

fuli strength. Below this point they are attenuated rapidly, and at 1'2sìvlHz

attenuated bY some 60 dB.

Vision chrolninance síde bands are also transmitted asymrnetrically'
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Lower chrona side-bands dorun to 1.Slvll-lz belol colour sub-carrier,

and upper chrona side-bands up to 0.57MHz above colour sub-carrier are

transmitted at ful1 power. Thereafter, the chroma side-bands a1.e atten-

uated considerablY.

The sound carrier and i-ts s).rnmetrical side-bands to + 150MHz are

transmitted at ful1 power which has a maxinum specified relationship for

vision power ß)2.

Figure3.2(b)showsthearnplitudev/sfrequencylesponseofthe

vision transmission with allowable tolerances. Note that the response at

tlre television channel limits should have to be reduced at least 20dB

relative to the ïesponse at L.SMHz above tlìe vision corner '

Figure 3.2(c) indicates the transmitted relative group delay

specification to offset characteristics of an average receiver' The group

delay of the transmitter and the standard vestigial side-band denodulator

shall be flat to SMHz. At the colour sub-carrier frequency the denodula-

tor shall have a group delay of -0.17 nicroseconds relative to the delay at

1ow frequencies. Norrnally tolerances of + 0.lUsec in the specification

ate allowed.

Having known the VSB transmission characteristics the requirenents

for the IF passband can then readily be established' At the vision carrier

the IF response should be down to 50eo to correct the vsB transmission

(6dB down) and it should rise more or less linearly as the frequency

decreases until full response is reached about 34MHz' The linearity of

the slope is essential to ninimise the phase distortion in the receiver'

Considerable attenuation is required at the sound carrier frequency of at

least 25dB down than at the nid-band frequencies in order to avoid closs-

nodulation at the sound into the picture. For col-our television signals

much more higher attenuation is necessary of the order of 34dB down because

of the presence of the large colour sub-carrier while it is absent in a

monochromatic receiver. FurtheÏ, veI.y hi.gh attenuation at the adjacent
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channel traps is needed to prevent interference fron adjacent picture

andsoundcarriers.Attenuationoftheorclerof50to60dBdownisrequired

for reception of signals at the extremely difficult areas' With all the

aspects taken into consideration we get the unusual shape of the IF res-

ponse as shorr'n in Figure 3.1

3.2 Adva.ntases of SAIV TV IF Filters

The advantages of sAl{ filters, in general, have been discussed in

Section 2 of Chapter 1, but the advantages of SAW filters for TV IF

applications, in particular will be briefly described.

(1) The nain advantage is that the sAhr TV IF filter does not require

any tuning circuits Generally the IF passband response is obtained by

means of a number of tunecl circuits in the IF stages of the receiver'

Nornally, three IF stages hence, three tuned circuits are needed to pro-

vide the necessa1.y passband characteristic and the gain for a monochtome

receiver and possibly one more stage, hence one more tuned circuit for a

colour receiver. Hence, tuning and servicing is difficult with the con-

ventional RLC circuits. In a SAI{ device the whole IF response can be

designed with sinple interdigital transducer structures occupying only a

few millimeters in area on a thin substrate. Ilence, the filter is very

srnall in size, light in weight and if the necessary gain is provided by

means of integrated circuit amplifiers then the whole assembly can be

encapsulated in a single package. Since the filter is permanently tuned,

such a package has the additional advantage that it needs no further

adjustnents at the factory or afterwards.

(2) With sAW devices we can get a constant group-delay oT linear

phase over the entire passband which is not possible when using the cotl-

ventional LC tuned circuits. Hence, video waveform distortion (phase

clistortion) can be mininized using SAW filter, thereby, inproving the



3B

quality of the Picture.

(3) since the IF response is determi-ned by the geonetry of the

transducer structures, deep traps can be obtained by appropriately design-

ing the structures which in turn reduces the cross-nodulation of sound

into picture and also interference due to adj acent channels '

3.3 SYnthe S1S Pro cedure -Diff erent APProaches

The different approaches of designing a sAW filter with a given

arLritrary frequency response is nainly dependent on the assumptions under

which the transadmittance between a pair of transducer structures is

derived. The fundamental assumption is that one of the transducers is

uniform and the other transducer is either uniform or apodized whose maxi-

mum apodi zation is equal to or less than the width of the uniform trans-

ducer. The uniform or apodized transducer may have variable gap-rvidths

e.g. chirped transducers [3]7 and 1og periodic transducers t3]6'

Analysis for two apodized transducers is very laborious while the synthe-

sis is quite complicated if not inpossible. Hence, only two choices are

at our disposat for synthesis: either two uniform transducers or one uni-

form transducer and the other apodizecl transducer. It is not always

possible to synthesize a given response with only two uniform transducels

and hence some sort of weighting is necessary to achieve the arbitrary

response. With the choice of transducers as nentioned above, possible

weighting configurations are finger-width weighting for uniform transducer

and finger-length welghting for the other transducer' The finger length

weighed tran-sducer nay also have variable finger widths. The sinplest

case being, one unweighted transducer with only a small mrnber of fingers

whilst the other is weighted. In such a situation the unweighted trans-

ducer having a wide band characteristic cloes not influence ve1'y nuch the

desired frequency 1esponse. TV IF filter synthesis is developed on this

basis anct is described in the following section. However, the advantages
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and disadvantages of the various other approaches will be briefly des-

cribed below.

(1) one unweighted and one apodized transducer configuration:

The advantages of this configuration are that only a single transducer

needs to be designed and that the overlap weighting technique is easy to

c
inplínent since a direct Fourier-transfotm relationship exists between

yZr(r¡) /u and the apodizing function when the second transducer is of

uniforn beanwidths. The potential disadvantages are:

(a)Thetotalburdenofproducingagivenlesponsefallson

one transducer;

(b) the wide bandwidth of the second aflÎay can cause additional

insertion loss;

(c) the unweighted second acLay can cause undesired rounding

of the filter response due to its $ frequency response; and

(d)asymmetricaltunitrgandnatchingnetworksarenecessary

iftheyaretobeusedbecauseofunequalinputandoutput

admittances of the transducers '

(2) Two apodized transducer configuration:

A seemingly obvious improvement is to use two overlap weighted trans-

ducers because all the difficulties associated with the unweighted trans-

ducer aT]|Ay are removed. unfortunately, a synthesis procedure is .not

feasible except under certain circurnstances since the transadnittance

cannot be split up into tu'o integrals describing the two aT'ray source

functions and the two transducer-s cannot be designed independently' A

technique whereby two overlap weightecl transducers can be used and des-

igrred in terms of independent source fuuctions is to couple the two

transducers through a nulti-strip coupler t3]3' In this case' the coupler

perforns the necessar.y'integration acÏoss the beamwidth such that a unique

sour.ce function can be assigned to each transducer' Ilowever' nulti-strip
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coupleldesignispracticableonlyonhiglrcouplingnaterialssuchas

lithiun niobate. The coupler width is given by [3]' ', 
= Z¡f ""U

nunber of strips for equal mark-space ratio is given Uy Nr = Til 
where

rì.r is the wavelength of the surface wave velocity and l¡l is the elec-

tromechanical coupling constant. For YX qtartz substrate l¡l . 0'1% and

the width of the coupler is approxinrately 500 wavelengths; at IF fre-

quenciesitisroughlyequalto5cnandthenumberofstripsisroughly

equal to 1000. This is quite impractical especially when micro-minatura-

tion is the prine inportance in the IF filters '

Identical apodized transducers can, however, be synthesized

using transadnittance formula on reasons similar to those given by

Gerard et al. t3]4, i.".the product forn of the source function inte-

grals.is sti1l appiicable provided that the tine-bandwidth product is very

large. A direct Fourier transform relationship between 6lt@/a and the

source function exists, and the tl.o transducers aIe then identical'

(3) Two uniforn chirped transducer configurations:

chirped transducers are extensively used for desi-gning FM pulse com-

pression filters. Fowel IS]5 has developed a synthesis procedure for

designingwavefotmsofthistypewhichlqorkswellprovidedtlratthe

tine-bandwidth product is 1arge. These are particularly useful at high

frequencies with regular bandpass characterj-stic' Another important

aspect of this type of configuration is that the input-output admittances

can be increased considerably, thereby reducing the insertion-1oss of the

filter. TV IF filter synthesis using chirped transducers is presented in

Chapter B.

(4) one uniforrn chirped and one apodized transducer configuration:

The requirement of large'l'B product for two uniform iclentically chirped

transducers can be relaxed by using one uniform chirped transducer and

apodizing the other transducer. Another advantage is that the ripple in

the passband which is inherent with the uniforn identical chirped
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transduceïs can be ninini zeð. by using this type of configuration' since

the uniforn chirped transducer will have a bloadband characteristic' the

transadmittance formula can well be used for synthesizing the apodized

transducer. Further, if the uniforn chirped transducer is so selected

that its response is somewhat close to the desired Îesponse, then we can

expect only a small amount of apodization in the other transduce¡, thus

naking it nore advantageous than the first configuration (one uniform

transducer with only a few nurnber of fingers and the other apodized) '

Once a particular ty?e of finger weighting has been selected'

there are several ways of representing the transducers [3]9'10'11 depend-

ing upon the requirement. Loss due to bidirectionality can be mininized

using unidirectional transducers ß)12'I3 . Various spurious signals

which are of common problems in a surface wave device can also be sup-

pressed by properly choosing the input and ogtput transducers [3]8'

3.4 Synthesis of one Uniform and one APocl ized Transducer-Filter 1

The actual synthesis technique developed for realizing the TV

IF response shown in Figure 3.1 rvi1l norv be discussed. some of the further

assumptions rvhich are inrplied in the derivation of the transadmittance

fornula (Section 2.2) are as fo11orvs. The spurious effects such as bulk-

wave generation, reflections betrveen the fingers and the main loading of

the surface by the intercligital transducer structure are neglected' These

assunptì.ons are shown to be faitly justified [3]14 especially at lF fre-

quencies and at moderate bandwidths '

From equatiorls (2'S) and (2 ' 11) we have

V ( c,r)
L

l, I r"fr
-Yzt(u)2, =

" W(e9+en) I
sr

r,(z) .iB"dt f t",rr"-iß'dr...zr
Vr (,¡) srt

. . . (3.1)
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Assuming a constant real load irnpedance (2, = Rr) and noting that

ß = t¡/vf the above equation can be written as

Yz r (o)
vL((,)) lrl¿r3 Fr (r) Fz(t¡)

Ntn

. . .(3.2)

. . . (3.4)

V1(o)R, W(eo+en)

where Ff(r) is the frequency response arising due to souÎce function

f,(z) of the input transducer T1 and Fz(r) due to that of f"(z) of the

output transducer Tz. writing the expression in complex form we have,

lyzr(r)¡ejo(r) - - l.ul¡.å. lr1¡r¡l x lpr(r)¡"je(') ...(3.3)
W (ee+en)

where 0(o) is the phase response of the filter. In general it is chosen

so as to tie in with the group delay characteristic of the transmitted

signal as shown in Figure 3.2(c). The anplitude functions lpt(r)l and

lfr(r)l will have units of length, while the amplitude function lyzi(t)l

will have units of siemens.

For a uniform input transducer of width W1 and length N1 half

wavelengths the frequency response (section 2.27) is gj-ven by,

N1nW1 (e6+eO) l_, )
[r,;+t,l s J

,r"{Y(ff)}
lpr(,)l =

lpt(,) I =

2xegxl.854

2

If the frequencies under consideration are not far fron the central fre-

quency ur' then the factor (,'.3T..) can be approximated to unity. Letting
.û)+(,j0,

* = y tff) , equarion (s.4) becomes

Nlnlril (e9+eO)

2xe6x1 .854

Substituting equation (3. 5) in (3 . 3) t^re have,

. . . (5.s)
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lvzr(r)l"jo(')

jo(o)

. . . (3.6)

. . .(3.7)

Denoting the constant parameters on right-hand sid; of equation (3'6)'

- 1 Ae6N1n +1except W bY yy = - Z¡ffi33¡ tnen,

ü)

"je(o)l12 ç,¡ | e
K"

f,Î *
W1

sl_nx
x

Thus, knowing the magnitude and phase characteristic of the given TV IF

Tesponse, we can calculate the frequency Tesponse of the output trans-

ducer and hence its source function through the Fourier transform relation-

ship.Inactualsynthesisthephaseresponsehasbeenselectedtobe

linear over the entire passband (hence' a constarìt gToup delay) instead of

the required specification, for various Teasons. The actual requiretnent

is that frorn Figure 3.2 .t:ne phase is linear up to sMHz with reference to

vision carrierfrequency, then can have non-linear variation in the rest of

the bandwidth i.e. o.75MHz. Most of the picture and colour information is

transmitted in the SMHz band rvith reference to VC frequency and the phase

should be linear in this region and hence choosing a linear phase vaT]a-

tion over the entire channel bandwidth (7MHz) does not effect the response

signi.ficantly. The second reason is that, since lpr(r)l is reat and with a

linear phase characteristic the source function is s)'mmetrical over a

point z = z¡ and the optfunization techniques developed in the subsequent

palts of the thesis (chapter 5) become sinpler with syrunetrical functions

than with asymrnetrical functions. Having thus established the phase

relationshiP we can write now

o (o)

and equation (3.7) becones to

z'19
tf

. . (3.8)
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In21o¡ le

l12çu,) le

tr)

S].NX
x

e
vf

e

n

Ko

F1

Z^

T
) j ü)

Kc

Ét . . . (3.s)

.. . (3.10)

W1

Now working in tirne-domain i-nstead of position-donain we have,

-jtoo -j tot
Kc

lrl
lvar (r) I-,1+l

where tO = P , to be deternined in accordance with the periodic interval
"f

of the source function in tine donain. The time donain response Fz (t)

of the transclucer T2 is then obtained by taking the inverse Fourier trans-

forn of equation (3.10) i.e.

- j tor¡ -1
Fz (t) = v-L{ | n2 ¡ur1 | e \ =7 {

-jto0
tt)

s]-nx
X

e Ì ...(s.11)
Wi

where 7-1 indi"ates inverse Fourier transform. Sínce the Fourier trans-

form relationships frorn frequency to tine and vice-versa are extensively

used in this proj ect it is appropriate at this juncture to indicate the

algorithm used in evaluating the continuous Fourier transform integrals

on digital comPuters.

3.4 .L The Discrete Fourier Transform

To evaluate the Fourier transform of a function on a digital

nachine i-t is necessary to use the sampled version of the functi'on and

then use the discrete Fourier transform. The definition of DFT and its

inverse used throughout this work is '
2r -1 n-1

N

I
m= I

r-{(n-1)Àf} = ÂT
P

fn{ (m- 1) ÀT } e

n = 1r2r..., N . . . (3.r2)
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and

i 2n (n-1) (n-1)

f {(n-l)AT} = Af { (n-1) Af }e
N

p p

m = 1r2r..., N . . . (3.13)

where

N = total number of sampling points in either donain

AT = salnPling interval in time donain

Af = samPling interval in frequency domain

F

= sanpled version of continuous function, f" in time domain

= sampled version of continuous function, F" in frequency domain'
p

^f.^r=#.
This is a slightly rnodified version of the commonly adopted definition' in

the sense that af and aT do not appear before the summation terms and 1/N

is placed at either of the right-hand side equations (3.12) ot (3.13)'

The present definition is convenient in one way that the amplitudes are

scaled correctly while performing the transformation and no further sCal-

ing is necessary afterwards while in the comrnonly adopted definition a

pre or post scaling of amplitudes is necessary'

3.4.2 The Fast Fourier Tran sform Alsorithm

The fast Fourier transform is an efficient computational pro-

cedure for calculating the discrete Fourier transform of a function or

its inverse. The FFT algorirhn was publi-shed by cooley and rukey [s]15 in

1965 and makes use of the cyclic pToperties of the exponential term in

the integral definition to effect signifi 'ant savings in computing tine'

The algorithn reduces the nurnber of nultiplications necessary to evaluate

the DFT or its inverse for N samples fron h1N2 to h2N1og2N, where h1 and

h2aTeconstantsoftheorderofunityanddependontheprogranning

details.

N

I
11=

F

I

f
p
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A subroutine based on the version of the algorithn by Cooley

Lewis and Welch [5] 
15 and nodified to the present definition equations

(s.rz) and (s.13) [3]16 is used for evaluating the responses at various

stages of the filter analysis and synthesis. The nunber of discrete

samples is limited to 210 and for values greater than this number neces-

sary changes have to be done in the subrouti.lre. The use of FFT is fairly

standard and needs no further explanation at this point. An extensive

treatment of the algorithm nay be found in the recent book by oran Brigham

(1974) ß)I7 and also on the IEEE special issue on FFT I3llB'

3.4.3 Conputational Procedure

The steps involved in aÛiving at the tine domain response of

the output transducer will be described below. Recall equation (3' l1)

-jto,
Fz(t) = | _9

lrl
1

{
u)

S NX

X

e Ì
W1

(1) Choice of lyzr(r) It The magnitude response lyzr(')l is the

specified response of the Tv IF filter shown in Figure (3.1). The units

of lyzr(r)l will be siemens and the nagnitude response is selected arbi-

trarily. The peak arnplitude is asigned a value of 100 siemens and the

response is scaled accordingly. Since we need discrete representation of

the functions for nachine cornputation, the response is to be sanpled at

appropriate frequency intervals. Use of FFT algorithn requires uniform

sampling. The sampling interval is selected such that all the details

on the IF response are adequately taken into account. TI-re most suitable

frequency resolution was found to be equal to 0.2MHz. Hence ly21(ur)l is

sampled at 0.ZMHz fot FFT operation.

(z) choice of rvllt+l : Nore thar rhis factor arises due to

uniform input transducer with o¡1y a few number of fingers. The choice of
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lglgl where * = ryt fo-u'ldenends on N1, the.umber of half-waverengths
I * I 

w¡rwrv ^ - 2 \ t^lo'¡'rrurv¡

and rr-rg the centre frequency of the uniforlr'. transducer. The centre fre-

quency can be selected to be approximately half-way between the edge

frequencies of the IF characteristic Figure (3.1) and also on the flat

portion of the response. Therefore, on examination of the IF Tesponse

the centre frequencl fo will have a value around 34MHz. Howevel,

the exact value taken will be indicated rvhile discussing the time resolu-

tion. The choice of N1 is such that the first nulls of l-fl response

will be far-antay fron the edge frequencies of the IF characteristic. A

9-finger transducel l{as selected in the design and for uniforn mark-

space ratio NI = B. Having selected N1 and urg' the sarnpled response of
t.l-rl+-l is carculated. rhe unirs or w1l+al , as indicatecl earlier,

will be tlengthsr. The peak amplitude is assigned a value of 100 neters

and the response -tl+l is calculated accordingly'

(3) Choice of tp in phase characteristic: The choice of periodic

time interval T is governed by the frequency Tesolution. That is for

frequency increments of 0 .2MHz the tine interval is given by T = U# =

Susec. If we select t0 = 0 i.e. zero phase, the magnitude response in

frequency domain, equation (5.11) is real and in view of the DFT as

defined in equation (3.13), Fz(t) is real and symmetrical about the

Ë. t)th sanpling point corresponding to a tine interval ot, , and also

rnaximun amplitude occuïs at the first sanpling point corresponding to zero

time interval and the f'unction, of course' repeats itself at (N+l)th

sanpling point colresponding to a tine interval of T. This indicates that

half of the nain lobe starts at t =.0 followed by sidelobes up to t = I

and then the whole pattern folds over at t = T. Thj-s is not a convenient

situation for the sfnthesis procedure or for naking a finger pattern for

the delay line. This difficulty can be renoved by introducing the linear

phase term and appropriately selecting t9 The pÏoper choice is that the

?t
(l)0
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maxirnum arnplitude occurs at t = t0 instead of at t = 0. This j'ndicates

that tg = T tt a sensible choice. Therefore, tg was selected to be equal

to Z.Spsec. With this choice, the nainlobe is symnetrical ov"t I t"a

the sidelobes follow on either side of the nainlobe in decreasing order'

(4) choice of ;9 : The constant K2 is derermined from the substrate
l(,)l

palarneters and the finger-width on the substrate and in the synthesis

procedure it iS not necessary to inclucle the actual values, however,

because of the lrl factor in the denoninator it can be used as a scale

factor to reduce the index poweÏ.s to reasonable leve1. In actual synthe-

sis it was taken as 1oB.

(5) choice of sarnpling points and tine resolution: The subroutine

used for evaluating the FFT is capable for a maximum number of sampling

points equal to 1024 and it was decided to make use of the whole nurnber

of points. Hence N = 1024. Therefore, time resolution is then gjven by

T Susec -Ar = ñ = -T618 - Snsec. We can also calcul'ate the frequency period i'e'

F =Nxfrequencyresolution. i.e. F = 0,2 x 102.4MH2 =204'8MHz' The

centre frequency of the uniform transducer was selected to be equal to

eO = # so that there will be approximately six sampling points in each

cycle of time lespolìse.

HavingselectedallthepaÏamete]:sinequation(3.11)weale

now ready to perforn the Fourier transfornt of the frequency Iesponse'

Let us sunnarise the various palameters selected in order to perforn the

FFT operation.

Nunber of sanpli.ng points N = 1024'

Periodic time duration T = Susec'

FrequencY resolution AF = 0.2MHz'

Tine resolution AT : Snsec.

Periodic frequency duration F = 204 '8MHz'

Group de1aY t0 = 2.5usec.
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Centre frequency of uniform transducer fg : 34 ' 13MFIz '

Lower frequency of IF characteristic f¡ = 29' MHz'

Upper frequency of IF characteristic fz = 39'2Wz'

FrequencY at sound trap fs = 3lMHz'

MaxinumanplitudeoflFcharacteristic=100siemens.

Maxinum anplitude of W1l+l xesponse = 100 meters

(6) FFT operation for calculating F2(t): The nethod followed for

evaluating the tine response is sinilar to that indicated by Howard

Helms [s]19. rt is ca11ed rrFour-Trsrr method i.e. Transform-Truncate-

Transform-Test and is as follows:

(3. I 1)(a) The frequency function in equation

Ì

T
*j

{
Kz

l*l W1

0.) e
S

x

is calculated at the prefornulated sequence of samples, in the

range of interest i.e. in the passband and is set equal to zero

outsidethisregion.Thespectrumduetonegativefrequencies

is translated to the positive side of the frequency axis so that

the overall response will have a complex conjugate s)4nmetÎy over

F /2.

(b)TheinversediscreteFouriertransfornoftheabovefre-

quency response is conputed using FFT routine' This produces a

sanpled response in tirne domain (can also be regarded as impulse

response) with main lobe centred on | ""a the sidelobes extending

on either side of the nainlobe. In an impulse response nost of

theenergyisconcentratedinthemainlobeandverylittlein

the sidelobes: and also the amplitudes decrease very rapidly as

theygofurtherawayfromthenainlobeandtendtozeroifthe

theperiodicintervalweretakentobeinfinitelylarge.Hence,
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to rnake an inter-digital transducer corresponding to the com-

plete irnpulse response is highly irnpracticable, since it

requires a very large ntmber of fingers and nost of them will

have a very srnall amount of overlap, conpared to the maximum

overlap. Therefore, it is necessary to truncate the sidelobes

on either side of the nainl0be and the amount of truncation

needed is a matter of trial and error method'

(c) Let NT be the number of sampling points of the central

portion of the above time response we want to retain. The res-

ponse at all other sarnpling points is set equal to zero' Note

that NT will have to be selected in such a way that the synmetry

of the response over T/2 is maintained'

(d) The discrete Fourier transform of the above truncated ti¡ne

series is conputed using FFT routine, producing a frequency

response. Note that the frequency response occupies the tvhole

frequency ïange 0 to F and the spectrun ftom F/2 to F- corresponds

to the negative frequencies.

(e) The arnplitude and phase response is calculated in the

desired range of frequencies i.e. in the IF passband and is

compared with that of the result in step (a)' In particular

observe the closeness of the result at the nost clitical regions

namely at the edge frequencies and at the sound carrier fre-

quency.Theeffectoftruncationisanobviousadvantagein

the reduction of fingers but at the same time reduces the level

of traps at the above critical frequencies, the nost important

one being at the sound carrier frequency. NT is varied and steps

(c) to (e) are repeated untj-l a best compromise is obtained'

The best compromise wilt be to keep rninimum number of sidelobes,

following the nainlobe with reasonable level of trap at the

sound carrier frecluency. It was found that the sidelobes
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are indeecl necessary to provide the sound trap without which the sound

trap is completely lost. Note that if NT is not taken to be symmetrical

about (N/2 + l)th point a phase error r^¡ill result'

After a number of trails with different NTrs the truncated time

response shown in Figure 3.3 is considered to be a best compromise between

the nunber of fingers, number of sidelobes and the level of traps at the

critical frequencies. Note that Fz(t) will have units of velocity' Total

number of sampling points, NI for this response are 227 out of 1024 and

the response is symnetrical about 51sth point. The frequency response of

the truncated time response is shown in Figure 3.4. This differs to some

extent with the specifiecl response especially the trap levels at the criti-

cal frequencies. Therefore, optinization techniques have been developed

in chapter 5 to inprove the response by perturbing the amplitudes of the

truncated time resPonse.

Having obtained the tine response of the output transduce:: the

next task is to develop an approximate representation of the transducer

finger configuration, i.e. we need to find the overlap length and gap-

width for each pair of fingers. This is described in the ensuing section'

3.4.4 Transducer Conf iguration

Transducer configuration we mean an approximate derivation of

transducer geometry fron the sampled version of the truncated time res-

ponse.on exanination of the computed results of Figure 5.5a shows that

the tine-response varies more oI. less uniformly having 3 to 4 sampling

points in each half-cycle. It was decidéd that to represent one finger

for each half-cycle so that one cycle colrespollds to one finger pair' The

distance betu¡een the centres of adj acent fingers, where the source function

is assumed to have a maximum value, will be known as the gap-width of the

finger-pair. These centïes defined as electrical centles are the zero
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crossings of the time response i.e. where the response changes its sign'

The zero crossings will be obtained by linear interpolation of the adjacent

sanpling points and h,ence the gap-widths, as shown in the Figure 3.5b.

The finger overlap can be obtained as follows. The source

function equation (2.10) evaluated in z direction for an apodized trans-

ducer based on independent gap approxination can be written as,

K

- 

cos ït

'K*r-'K

,-,K

'K*L-"K
. .. (3.14)

W

r(z)

but, as defined above "K*I-IK is the individual gap-width of the finger-

pair. At the electrical centre , = rKthe finger overlap length u.)* is

proportional to peak amplitude of the source function nultiplied by the

gap-width. Hence, the finger overlaps can be selected by nultiplying the

peak amplitude in each half-cycle of the sanpled tine response with the

corresponding gap-widths. However, we can also select the overlaps plo-

portional to the total area under t}ìe envelope of samples in each half-

cycle of the tine response as shown in Fi-gure 3.5b. Analysis, i.e. calcu-

lating the frequency r.esponse of the so selected transducer configuration

with both the approaches, revealed that the later nethod of selecting

overlaps gives a slightly better approximation to the specified response

than the former nethod. Hence, selecting overlaps equal to the trape-

zoidal area of the sarnples between the zero-crossings for representing the

finger-pattern is followed for the filter synthesized in this chapter and

also for the optimized filters in Chapter 5'

3.4.5 Analysis of Modelled Transducers

Having selected the appropriate overlaps and gap-widths of the

apodized transducer it is necessary to evaluate the frequency response

and conpare it with that of the specified response to test the validity of

so modelled transducer. The nethod adopted is briefly described as

follows.
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Fronthechosenoverlapscalculatet'hepeakamplitudesofthe

time response in each half-cycle by divi-cling by the respective gap-

widths and place then in the niddle of the zelo crossings as shown in the

Figure 3.5c. The time function is then constructed by assuming a sinu-

soidal representation between the zero-crossings and the peak amplitudes'

The discrete representation of the continuous function is obtained by

sampling the function at the appropriate sarnpling points and the frequency

response is then calculatecl using FFT algorithrn. The frequency response

calculated thus for filter I is shown in Figure 3.4. The response com-

pares well with the expected one (frequency Îesponse of the truncated

tine response), indicating the consistency of the assurned finger pattern

configuration.

Anotherwayofrepresentingthetinefunctionfromthegiven

overlaps and gap-rvidths is shown in Figure 3.5d. The peak amplitudes are

placed at the zelo-crossings and the function is assurned to have zero

value in between the zero-crossings. This allows us a cosine function

repÏ.esentation in each gap-width. The source function representation in

eachgapofFiguress.5(c)and3.5(d)areidenticalexcepta90degree

phase-shift in each gap-width. The Fourier transform of either functions

Figure3.5(c)orFigure5.5(d)givesrisetoapproximatelythesarnefre-

quency response and we can aclopt either representation for analysis of the

transducer configurations. The first representation Figure 3'5c is used

in the filter analysis before making the practical devices, while the

second representation Figure 3.5d is used for predicting the behaviour of

the practical filters. These different approaches have been follorved for

two reasons; firstly they give rise approxirnately same frequency lesDonse'

This is because the source functions have been derived on an independent

gapapproxinationandiftheratiooftheadjacentgapsisapproximately

unity, which ís the case in this filter synthesis, either representation

will give rise to approximately the same result. Secondly, it Was thought

in the initial stage that the first representation is more appropriate and
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programs have.been developed and kept on permanent files. Later on it

was found that the second representation is more exact and programs have

been developed accordingly. Testing the various examples with both the

approaches revealed approximately same I'esults and hence it was decided

to keep using both methods instead of modifying the prqgram written for

the first approach. Moteover, it does not influence the filter synthesis

or the analysis of the device, it indicates only a rough estimate of the

frequency response of the adopted time function'

3.4.6 ter of Filter I

Acomputerprogramhasbeendevelopedtocarryoutthevarious

stages described so far for Filter 1, and a flow-diagram is shown in

Figure 3.6. The computer used is CDC6400 installed at the University of

Adelaide, Adelaide. The program is written in FORTRAN IV language amen-

able with a RUN compiler. The nain program and the various subsroutines

necessaly, have been developed by the author except the FFT routine, which

has been obtained elsewhere. The program generates an optimum truncated

sampled tine response for a specified frequency response and then calcu-

lates the overlap-lengths and the gap-widths for generating the finger

pattern and finally analysises the so generated transducer configuration'

A listing of the pïogram is not included along with the other listings in

the appendices, since this program is very much sirnilar to the prograns

developed in chapter 6 except for the optimization techniques' In other

words the prograns developed for optinized filters will always include the

programs developed for Filter 1, and hence, it was felt that a separate

listing for Filter 1 is unnecessary.

One irnportant point to be noted while dealing with FFT is tl're

proper choice of aliased function Fn(f) (equation 3.I2). Aliased function

we mean a periodic function formed by the superposition of the nonperiodic

fr:¡rction Fc(f), shifted by all nultiples of a fundamental period' i'o'
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F F" (f + KF) . . . (3.ls)

where F is twice the Nyquist frequency, I/2LT. However, in FFT the

periodic range is taken to be equal to zero to F, the negative f-half of

Fc(f) is produced to the right of the positive f half of Fc(f):

)=i(f
p

-æ

Fc(f) = Fn(f) 0: f :I,
lp. f < Fz-

.. . (3.16)

Fc(f -f) " Fn(f)

From equarions (3.L2) and (3.13) it will be noted that. periodic function

F-(f) is constructed by adding the set of functions F"(f + KF) for
p''

K = 0, 11, !2; ... . Hence, the.erlor in approximating Fp(f) by F"(f)

in therange -Ir.t.T, is the sumof the F"(f + KF)rs for K 10.

Thus, by choosing T smal1 enough, F = þ "u" 
be made sufficiently large

so that this error is negligible in the frequency range of interest' This

proper choice of F is the first choice to rnake in applying the algoritluns'

In order to mininize the elror due to aliasing lrl must be greater than

t filters the fre '- approximately from 30 to
) f. For TV IF filters the frequency range is

40MHz and the fold-over frequency ( å tl must be at' least greater than

40MHz. In the actual filter synthesis the fold-over frequency was sel-

ected to be equal to 104 .2MHz which is nuch greater than 40MHz and hence'

rde can expect the enrors due to aliasing will be negligibly small'
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CHAPTER 4

EXPERIMENTAI, AND COMPUTED RESUI,TS OF A TV IF FII,TER

4.0 Introduction

The discussion so far has been directed principally towards

the synthesis of a TV IF filter with a sirnple truncation in the tine

response of the apodized transducer. The design, however, does not

yield a good agreement with the specified lesponse as a Ïesult of the

truncation operation. Before proceeding further to inprove the

response by optinizing the truncated version of the time response

it was felt that it is better to test the validity of the adnittance

fornalisn for the filter concerned through a practical device and

also to gain familiarity with the photofabrication technique which is

necessaïy to build any surface acousticwave device. The fabrication

process, basically, consists of optically polishing the single

surface of the piezoelectric substrate, evaporating or otherwise

depositing a netal filn, and then patterning the metal to form the

required transducer structures using standard photolithography

techniques (4)4-6 rvhich have been highly developed for the semiconductor

industry. The pTocess is very inexpensive, highly repeatable, and most

important, it can be used to produce line widths down to about

l-.5 um corresponding to a transducer centle frequency of about 500 N{Hz

for quartz or lithiun niobate substrates '

However, the facilities available in this Department a1'e very

liïnited, developed for prototype manufacture of delay lines, but

adequate enough for laboratoTy purpose for the frequencies up to

100 Mllz. The actual facilities available in the laboratory, the authorrs

contributions torvards some of the developments in this area and the

various steps followed in rnanufacturing the filteIS are given in

Appendix B. only the essential design considerations and the exper-

inental performances of the filter are presented in this Chapter'
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4.I Choice of Suitable SubstTate and Propogation Direction

Thernostinportantconsiderationinasurfaceacoustlc

wave device is the choice of a suitable naterial and the propogation

direction. There are sevelal factors which need to be investigated

in the choice of a suitable material for irnplementing in the industrial

production, but we will not go into details in this aspect' However'

we will mention the reasons for choosing a particular material and

propogation direction for our laboratory experimental purpose'

Single crystal o -quartz has been selected for use in the

experirnents on the basis of its relatively 1ow cost and ready avail-

ability.Quartzisoneofthemostsuitablematerialsforsurface

wave devices because of its low temperature co-efficient, chernical

inertness and tow signal attenuation ' Despite the fact of its low

electromechanical coupling co-efficient compared to some of the

newersyntheticmaterials,itschoicedidpernitadvantagetobe

taken of its relativety greater durability, with regard to physical,

thernal and chenical damage, in the fabrication plocesses and the

experiments. Further, the choice of a low coupling naterial is

necessaÏytotestthevalidityoftheadnittanceformulasim

Once t.he material has been selected the next question comes the

choice of a suitable orientation for cutting the blanks and the

direction of propagation of the wave vetor on these blanks ' A

ry, cut zero rotatedx propagation (YX) substrates have been selected

forthefilterexperirnentsbecauseoftheaccuratesurfacewave

solutions are available for this configuration Ø)L-4 Moreover, it

was decided to use fairly long delays (of the order of l-0 psec) for

convenience in the long pulse simulating cl{ measurements and also to

ensure plane wave propagation which in turn require large size

substrates. The YX quartz sqbstrates of dimensions l-rr x 1%tr x 1/8'r'
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optically polished on both sides, were obtained frorn SAWYER RESEARCH

PRODUCT, INC., OHIO, U.S.A. Polishing on both sides is actually not

necessary, but it was found beneficial in the repeated use of the

substrates in the fabrication process.

4.2 Design and Fabrication of the Delay Line

The fabrication of interdigital transducers requires the

location of a grid of thin conducting electrodes, with suitable

connections at the ends of the electrodes depending upon the grid

phasing on the polished surface of a piezoelectric substrate.

The whole process can be broken down into a series of steps as ind-

icated below: -

(1) Prepare the artwork.

(2) Photograph the artwork on a suitable camera to make a photo-

graphicatly reduced working inage of the desired pattern.

(3) Evaporate a suitable metal filn on the polished surface of

the substrate.

(4) Apply a thin coating of the photoresist solution on the

netal surface.

(5) Expose photoresist-coated surface to ultraviolet light,

using the photographically reduced negative.

(6) Develop the exposed photoresist in the proper developer.

(7) Etch away the unexposed metal, leaving the pattern on the

substrate.

(8) Strip the photoresist from the pattern.

The techniques involved in each of these steps are'

clearly described in the Appendix B, except the preparation of the

artwork which is described in the following section. The preparation

of artwork for Filter 1 is different fron that of the other filters

described in Chapter 7. For Filter 1 the final tlansparency is pro-

duced in a two stage reduction process, while for other filters, it

is produced in a single stage reduction thereby reducing considerable

amount of time in photographic process.
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4.2.L Prepara tion of the Artwork

First of all it is necessaTy to know the transducer finger

geometry, i.e. the length and width of each finger in the transducer

from the given gapwidths and overlaps (Prograrn Filter 1, Chapter 3),

for preparing the artwork. An illustration of calculating the boundar-

ies of the fingers with the given gapwiclths G. and overlaps A' is

shown in Figure 4.1. Each finger is specified by a set of four

pairs of co-ordinates and netalization has to be done within this set'

It is to be noted from Figure 4.7 that a rvider gap will produce

a wider finger while a narrowel gap will produce a thinner finger;

thus ¡naintaining nearly equal mark-space ratio in the entire pattern'

The finger lengths are, of course, dictated by the given overlaps '

For uniform transducels Iengths, widths and spacings are all equal '

Design considerati ons 1n g enerating the mask

Theoriginalsizeofthefingerpatterntobegeneratedon

the mask depends upon the available photographic equipment viz ' the

size of the copy board, the reduction ratios available on the

cameTas, and tlle size of the substrates onto which we wish to deposit

the desired interdigital transclucer finger configuration. The

copy board size is 30" by 40" and the final transparencies used

in the photofabrication are of size 2" by 2" Kodak high resolution

plates. various reductions are possible through two microphotographic

cameras as mentioned in Appenclix B. The quality of the final product

greatly depends upon the quality of the ori.ginal drawing and in the

interest of minute details it is desirable to produce the artlork as

large as possible and then reduce it to the final working size.

However, using large reductions have other problerns like producing

barrel distortion and it is aclvisable to select an optlmum reduction

for: a specific patteÎn. The author has contributed to calibrating

the tl.o cameras (as mentioned in Appendix B) and developed an optimun
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photographic process in each case'

Forthefilterconcetnedthernaximumoverlapfortheapodized

transducers is assumed to have a tength of 50 wavelengths which corres-

pondstoroughlySrnnandaminimumnonoverlaplengthofl.25runis

selectedfortheconnectingpads.Thepatternisassumedtohave69

fingers occupying a length of roughly 3'Srun' Assuning a reduction

ratio of 60 the pattern occupies an area of roughly 10" x 20r? (without

connecting pads) which is well within the dirnensions of the copy board'

Selection of a higher reduction ratio is possible but considering the

optinun reduction ratios and for the other Ïeasons mentioned earlier'

the choice of 60 seems to be rnost aPpropriate

ItwasdecidecltohaveadelayofapproxirnatelyT.5usecbetween

the transducers colresponding to a distance of about 50r' after 60 reduction

ratio and clearly we notice that both the input and output transducer

patterns cannot be considered at the sarne tine for photographic purpose '

The calculation of co-ordinates for the uniform transducer is straight

forward once we know the surface wave velocity and the centre frequency'

The length of the uniform overlaps are, however, increased by about 25%

of the maximum overlap length in the apodized transducel to. take into

diffraction effects due to the transmitting transducer'

Mask generation

Havingcalculatecithevariousco-ordinatesfortheunifornt

and apodized transclucers, the next task is to prepaTe a maste1. drawing

or artwork for the photofabrication. There are several nethods avail-

able ranging fron simple hand drafting technique to automated or

semi-autornated drafting machines known as co-ordinatographs ' rn the

earlyattenptsoftlrisproject,patternswerecutdirectlyonto

Rubylith sheet by hancl and it lvas found that it is quite tedious,

especially when cutting fingers with varying wiclths and overlaps, and

the results hleIe not satisfactory in the final device'
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Hence, a computer prograrn developed by A'S' Burgess (a)l suitably

nodified by the author to draw any nunber of fingers rvith any given

reduction latio, is used to generate the pattern or a 30rr triacetate

plastic sheet which can be mounted directly on the copyboard' A

listingofthepTogam,w]richcalculatestherequiredco-ordinatesfor

the uniforrn transducer as well as for the apodized transducer with the

givenoverlapsandgapwidthsandthengeneratestherequiredpattern

suitable for a single Stage reduction, is given in the Appendix 41

and is named as prograrn ARTI4IORK. The progran plots only the pattern

andthecontactpadshavetobeprovidedbyothermeans,theeasiest

wayistocuttheRubylithsheettopropersizeandadhereitto

the pattern. It is to be noted that for the filter concerned here

the reduction ratio was selected to be 60 and as this cannot be achieved

inasinglestage,atwostagereduction(3x20)hastobeadopted

in the filter fabrication proceSS. Accordingly, some of the parameteTs

givenintheprogramART1¡ÙORKofAppendixAlneedtobechanged.The

required changes are the change in reduction ratio and the change in the

pen tip size. These changes were implemented in the program and a

naster pattern was generated by tl're computer which is ready for other

StepsofphotofabricationasdescribedinSection4.2Tl.refilter

configurationusedfornakingthedelaylineisshowninFigure4.2

4.2,2 Descri ion of Del Line Fabrication

Anoutlineoftlredelaylinefabricationispresented,but

exact description regarding the requipment used' details of the

chemicals and processing tines, etc' Ïnay be found in Appendix B'

Theindividualinputandouttransducerpatteansgenerated

by tl-re computer were separately reduced by the first stage camela (3X)

on to the 10"by B"Kodalith ortho Film, contact printed, suitably

aligned, contact pads vlere added ancl then reduced to the final síze

by the seconcl stage canrera (30X) on to the 2 by 2 Kodak High resol-

ution Plates (4) B



Figure 4.2 Transducer configuration of Filter 1'
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A thin Aluninium metal filn was then vacuun deposited on the

polished surface of the substrate. The thickness of the fil¡n was

designed to be of the order of 0.1 pnr. The Aluminium metal was

selected for the thin film deposition because it was found that it

gives a good adhesion to the surface of the substrate'

A resist filn was then applied on the metal filn, and the

crystal was made to rotate on a spinning plate to ensure uniform thick-

ness and then it was dried in a hotplate '

The next step was to expose the resist to ultraviolet lamp

through the photo-rnask nade. This was carried on through the exposure

jig and the lanphouse containing the UV source'

After development of the resist image according to the best

prescriptions establishecl in this laboratory, the last step was to

etch away the netal to be removed. The part of the filrn constituting

the transducer pattern was protected by the resist so that it was

not easily rernoved by the etching fluid. A special etching solution

was used for this PurPose.

Thefinalstageinthedevicefabricationwastoremovethe

resist filrn without danaging the electrodes and this was done by

immersing the crystal in a proprietary resist solvent solution and then

drying it in a clean cabinet.

4.3 Frequency Response Measurement

HavingmanufacturedtheSAWfilterwealenowinterested

in measuring the transadnittance between the input and output

transducer structures and conpare it with the theoretical result as

obtained in the last Chapter. The transadmittance can be deduced

by neasuring the output voltages of the filter with a suitable load

resistance or in other words by rneasuring the frequency response of the

filter. However, some prelininaries aTe necessary before setting

up tl-re experimental work and these are inclicated irr the following

sections.
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4.3.1 Mounting Techniques

The first consideration is the ctesi-gn of a suitable jig for

nounting the crystal (Filter) and appropriate connections according

to the chosen set of experilrental procedure. care must be taken in

designing the rnounting jig, so that the crystal is adequately pro-

tected from possible accidental danage during the experinental invest-

igation. In fact, it is worth sealing the crystal in a separate

compaïtment and bring out the leads from the transducer pads, for

connecting the filter to the external circuitory'screening between

the input and output transducer structures must also be taken into

account while designing the mounting jig. Since there is a large sep-

aration between the structures an aluminiun block of about half-inch

thickness is used as the screening material between the two patterns'

On one side of the aluniniun block, a gtoove was rnachined approx-

imately of the sarne height and rvidth of the substrate and is bolted

to one surface (top or botton) of the jig. This arrangement provides

that the nonmetalized surface between the input and output transducer

structures is nearly in contact with the aluninium block pr:oviding

good shielding between the input and output wiring thus niùinizing

the capacitive coupling between the two transducer structures' The

arrangement nay be seen in the Figure 4 ' 3 '

Thecrystalwasheldinpositionbyanaskingtapearrarrged

in a double sided adhesive manner through a number of layers applox-

irnately of the same length as the substrate. The number of layers

give sone sort of spring type pressure which can be increased or

decreased to hold the crystal in contact with the metal screening

and at the same tine avoicls the possibility of breaking the crystal

when trying to bolt the screening tightly to the nounting box'



(a)

(b)

(a) Some of the experimental mounting jigs used

for measuring ihe frequency response of the
filter.

(b) Closer view of a typical j ig showing the metal
screening between the input-output transducer'

ligure 4.3



64

Gold wire of 0. I27 mn dianeter was used for connecting the

transducer pads to the external connections and the method folloled was

to use pure indiun solder (4) 9 (without any flux) with a low tenperatuïe

soldering iron. Atthough the bond strength was quite 1ov/ with this

method, it was found that it is quite convenient to nake or alter

connections without any danage to the filter aluninium pads.

In many experiments involving long pulses or cw signals, it

is desirable to avoid or ninimise the backward travelling u/aves which

cause undue interference with the inconing signal, and this can be

done in a nurnber of ways. It was found that edge reflections could

be reduced by polishing a radius (large relative to tl're SAW wavelength)

on the edge concerned or by applying an absorber such as adhesive

rnasking tape or black wax (apiezon W). The last method is followed for

this filter and other filters developed in Chapter 7. The black wax

was applied on either side of the substrate by nelting with a low tenp-

erature soldering iron. Some of the mounting jigs developed are shown

in Figure 4.3. Provision was also rnade to include tuning networks in

the mounting jigs and these rvi11 be di-scussed in the next section'

4.3.2 Tuning Circuits

Tuning circuits in general are not desirable, especially in

filter applications, sj.nce they cause unnecessaTy Iounding of the

filter response at the bond edges, but unavoidabte when using high

inpedence ltow f2) transducers into a low inpedence measurement system.

we wish to measure the transadrnittance Yr, (,¡) as accurately as

possible so that the complete behaviour of the filter is known,

particularly the cleep trap leve1s at the sound carrier frequency and

at the adjacent channel carrier frequencies. Untuned measurement with

low source and loacl irnpedences, restricts the estirnate of these deep

traps, owing to high insertionloss of the filter (rvi.th low K2 material) '

On the other han<l, if we use a tuning and natching circuit, with a high

inpedence termination on the output side, an accurate measulement
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of YZL (ur) is again difficult' The basic assumption of lorv impedence

requirement in the derivation of the transadnittance formula is

violated, moreove:: with high load inpedences' the second and higher

orderlesponseswillcomeintopictureandmakeitdifficultforan

accurate measurement of Yr, (')' Therefore' a low impedence measure-

mentsystem,witha50Qtermination,withoutanytuningcircuitonthe

outputsideisfollowedinthisexperimentalprocedure.Ablock

diagran of which is shown in Figure 4.4 standard co-axial cables with

52fl characteristic irnpedence, 10Opf/* are used for connecting the

various instruments.

Asingleinductortuningisemployedontheirrputside;this

will reduce the insertionl0ss of the filter to some extent and removes

so¡ne of the difficulties nentioned in the measurement of Yrt ('¡)'

Since ìa.rge voltages are available on tlre input side, we can use high

impedencecapacitiveprobeformeasuringthevoltages,andoncewe

measure the voltages the high inpedences does not enter in the Yr, (t)

measurement. A similar measurement system on the output side cannot

be followed for the ïeasons mentioned in the first paragraph' In fact'

the output transducer is directty connected to the pr:eanplifier through

a short cable with a 50f¿ termination'

These are the ïeasons why we treated the input-output

circuitsSeparately.Notethatthefrequencylesponseofthefilter,

defined as y2r (o) .Rr, does not depend upon the input tuning circuit'

Asinglevariableinductorisenployedfortuningtheinput

circuit of the SAIV filter. The variable incluctance tvas obtained by

winding 39 sl¡Ic copper wire on (722/7) bakelite forrners using Neosid

screw cores (4x5x12 .7/Fzg) ' This assernbly is rvell suited for

tuning over the entire IF pa-ssband ancl the nunber of turns required

is to be determineci in accordance with the total capacittl-",ìce o'1 l¡e

input side. Ilence, an accurate calculation of capacita'n¿e' is rrecessarl

for the required adjustable ilrcluctance'
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The various capacito.r,cnsirìcurred are (1) Input transduce1l static

c.apacitanc.e, (2), BNC connector capacitence on the filter assenbly

(jig), (3) The capacitance of the high impedence probe used for

nonitoring the input voltage on the transclucer (see Fig.4'4), and

(4)thevariousStÏaycapacitances.Ihevariouscapacitanceswere

measured using a WAYNE KERR VHF Adnittance Bridge and an estirnate

of total capacitance was made by adding all these capacitances

and then the required inductance range was calculated for the lange

of frequencies concerned. suitable number of turns were then wound

on the rformerr to cover these frequencies for tuning purposes,

once again neasuring the inductanes on the VHF Bridge' The tuning

assemblymayalsobeseenintlrenountingjigshowninFigure4.3.

4.3.3 Calibration of Instruments

The accuracy of the transadmittance (l YZt (w) l1 t"ut'r"-

nent depends upon the accuracy of the equipment used (particularly

on the output side of the transducer) in the experimental set-up

and, therefore, it is necessaly to calibrate the various instrurnents,

at least the essential ones and thus ensuring minimum error in the

measurement Procedure.

For measurement of | ,r, (w) | we need an accurate measure-

nent of the input and output voltages ac1.oss the transducer and the

absolute value of the load adnittance acÏoss the output transducer'

Sincetheinput-outputvoltagesaremeasuredontheTektronix

oscilloscope, Type 585, the first calibration needed is the gain

calibration of the channels A and B of the above oscilloscope (not

the internal attenuaters). The input voltage is measured using an

high impedance attenuator probe (10x, 7 pf = 10Mf¿' P6008) ' hence'

the next calibration required is the calibration of the high impedence

probe.
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The output voltage is rneasurecl across the output of the HP3500A

anplj.fier terrninated in a 50Q load impedence. Therefore, apart from

the gain calibration of the HP3500A amplifier, calibration of the

input admittance of this amplifier with a 50f¿ termination is necessary'

since the anplifier is directly contrected to the output of the

transducer, the input adnittance of the amplifier (with 5Ofl termination)

forms the load aclmittance acïoss the output transducer and, therefore'

the rneasurernent of the input admittance and the gaìn of the HP3500A

amplifier plays a significant part in the acculate measurement of

the lrrr, (r) I .

The above instruments weI'e calibrated carefully before the

measuring the frequency response of the fjlter. The input admittance

of HP3500A arnplifier (rvith 5OCI termination) was calculated once again

using WAYNE KEER VHF Adnittance Bridge at the various frequencies'

Apart from the instrument calibrations, the circuit paTa-

meters on the output transducer síde, which forn the part of the

load admittance, for example the capacitance and inductance of the

external wiring up to the preamplifier (HP35004), are also to be

calculated before the rneasurement of the voltage transfer ratio' The

static capacitance of the output transducer is also measured, which is

necessary to include in the equivalent for the transducer configuration'

4 .3 .4 Measurelnent Procedure

The stanclard apparatus used for evaluating the perfolmatlce

of the filter is sholn in the block-diagratt 4'4' The filter was excited

with a pulse generator of 50CI soulce impedance and the output voltage

was observed after amplifying it through an amplifier. A schematic

of the voltage measurement system of the filter is shown in Figur:e

4.SA. The filter was tuned to the centre frequency and initially, a

very short pulse of RF signal lvas applied to the transrnitting tlans-

ducer to facilitate the identification of the undesired
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propagating Inodes reaclìing the receiving transducer and also to

verify the phase linearity of the output signal ' The sidelobes

were found to be very syrnmetrical, indicating the phase linearity

of the filter and it was also found that the electromagnetically

coupled signals (capacitive pulse) and the other spurious signals are

negligiblysnaJ.Iconparedtotheacousticsignals,ensuringthatthe

techniquesfollowed,mentionedintheearlietsectionsarewell

suited. The measurements were then perforrned using very long

pulses sirnulating Cltr signals '

(a) set HP8698B oscillator to desired frequency'

(b) Tune L to obtain a large output response on the

flat section of the output pulse' Ignore the

initial and final transients '

(c) Measure the input voltage úO and output voltage ùU

(d) Interchange CRO inputs and re-measure vottages úO

and úU.

(e) Average the voltages vO and vU for the two different

CRO connections ancl tabulate the results '

(f) Go to step (a) and repeat to cover the various

frequencies.

A typical oscilloscope pícture for input' output signals

atthecentÏefrequencyoftheFilterlisshowninFigure4'5b.

The RF putses of length 5.4 usec and anplitude 20v peak to peak

were used in this experinteut. The Tektronix oscilloscope Type 585

enableduStomeasurereaclingsdotlnto0.004Vpeaktopeakrvlrich

nearly occurrecl at the bancl edges of the IF response, beyond that

it was found difficult to measure any readings '
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The other measurements carried out at this stage were the

group delay between the input, out transducers, the approximate phase

velocity of the surfacewave device, and the actual size of the patteln

on the substrate compared to the designed value viz the achieved

reduction ratio. The group delay can be rneasured by applying an ex-

tremely short pulse to the transmitting transducer, tuned to the

centïe frequency and measuring the tine delay of the received pulse

by 'Time Delay Multiplier facilitiesr on the oscilloscope' The

group delay obtained in this manner was found to be approxinately

equal to 7.8 ¡rsec. 1'he phase velocity can be obtained by measuring

the clistance between centres of the two transducers on the substrate

withtlrehelpofaprecisiontravellingwavemicroscope,and

dividing the distance by above group tirne de1ay. The velocity obtained

in this fashion was founcl to be equal to 3'i-45 km/r".. The reduction

ratio can be obtained by measuring the distance between centres of

the two transducer on the original art-work and dividing it by the

corresponding distallce on the substÏate. The reduction ratio in this

casewasfoundtobeequalto63.3againstthedesignedvalueof

60.

NoattemptwasmadetomeasuretheinputadnittancepaTa-

meters (radiation conductance and susceptance) of the uniform or

apodized transducers, since they are negligibly snal1 compared to

the static capacitive reactances, hence they are neglected in

evaluating the transadmittance fron the measured quantities ' How-

evel,inthelaterpaltofthetl-resi.s(ChapterT)computerpTogramms

were developed to, calculate theoretically these values for the uniform

and apodized transducer structures '

TlrefrequencyresponseoTthetr:ansferfunctionofthe

filter is simply obtained by the voltage ratio nZ/vI, (Fig' 4'5a),

which can be calculated from the neasured values of ùO and úr, know-

ing the gain of the amplifier ancl the attenuation of the high
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inpedance probe since the design was based upon the transadmittance

between the two transduceïs we compare the neasured value of the Ir, (u')

with the theoretical one which can be predictable fron the geometry

of the transducel structure's alone, as discussed in the previous

chapter. The experimental value can be obtained fron the measured

values of ,7O, úr, gain and input admittance of the HP3500A arnplifier

and the other circuit elements. An equivalent circuit for evaluating

iuhe yr' is shown in Figure 4.6* in which,

CtrepresentSthestaticcapacitanceoftheoutputtransducer

and other stray caPacitances'

Lt represents the stray inductance due to internal wiring'

CZ represents the stray capacitances and the Capacitance

due to BNC connectors '

L2 represents stray inductance due to internal wiring and

the inductance due to Borc connectors'

Y. represents the input adnittance of the IlP3500A'
1n

when terrninated in a 501ì load'
oJ

The series conductances^L1 and 1,2 have been neglected

All these quantities u/ere accurately measuled as indicated in the

Section 4 .3.3.

If i' represents the admittance of the círcuit'
3

SLtctcz {l
1

r,2

then we have,

(Cr+Cr) Ìtir,t

. (4. 1)

2

v
4

SLtcttzcz Y in L
+++ C

+ (C, + C^) s + Y--' \-1 -2/ ln

wheres=jtd 
i2

Yzt (t¡) = --;- Y
t1

The transducer radiation conductance and susceptance have been

neglected as pointed out in section 2'L

(4 2)

*
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A conputer program was written to evaluate the transadnit-

tance Vrr(lu;') for the frequencies concerned and the result is shown in

Figure 4.7 compared with the theoretically calculated result. This

program also included the theoretical calculation of YZI (t't) of the

designed filter transducer structures. The actual naterial para-

meters have not been used at this stage hence a comparison of the

theoretical insertion -1oss of the filter with the experimental one

is not possible. The ain of the experinent was to test the vali-dity

of the transadmittance formula for filter synthesis and this is

clearly shown in Figure 4.7. However, a more elaborate progran

was developed in Chapter 7 to calculate this factor also.

4.4 Discussion of the Results

The theoretically predicted performance of Filter 1 seens

to agree fairly well with experirnental observations, but some points of

details deserve comrnent. It will be noted that from Figure 4.7, that

the trap at the sound carrier has occurred at a frequency of 32.3 MHz

against the designed frequency of 31.0 MHz - an increase of about

4,2%. Exanination of the electrode pattern on a travelling nicro-

scope revealed a reduction ratio of 63.3 as against a designed value

of 60 which shows an increased shift in frequency. It was also

found that the measured surface wave velocity is 3.145 k*/r"., while

a different value of 3.1-8 km/r". tout taken while drawing the master

pattern.With these two corrections, the response of the filter was

re-calculated and this is the response shown in Figure 4.7. The

shift in frequency was correctly predicted, but the 1eve1 at the

sound carrier trap was slightly higher, of the oîder of SdB nore

than the measured value, i.e. the measured response shows a better

performance than the theoretically predicted response.
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The traps in the IF response or the IF response itself

arised because of the interference between acoustic waves generated

by each finger pair of the apodized interdigital transducer. The

uniform transducer is assumed to transnit plane wave propagation.

If there is a nisalignrnent between the two transducer structures'

because of the anisotropic nature of the substrate, the surface-

wave velocity is different from that obtained by carefully aligned

structures and the interference phenonenon is such that a deeper

trap might have been caused at the sound carrier than expected.

This misalignrnent of transducers is possible during the photofab-

rication right from the first stage reduction to final stage pattern

on the substrate. The effect of nisalignment can be easil-y invest-

igated through a computer model, but it was felt that it is not

necessary since the difference is very smal1.

Another point worth nentioning at this stage is that the

load admittance to the output transducer (Figure 4.6) is nainly the

input admittance of the preamplifier (HP 350004) which is fairly

constant and real (negligible imaginary conponent). A real load

admittance is the basic assumption used in the synthesis of TV IF

filter in Chapter 5 and the assumption is well justified in this

situation. Hence, the graphs drawn in Figure 4.7 as rnagnitude

of yz: (r) in dB scale, represent the nagnitude response of the filter

itsel f.

The measured insertion-loss of the filter, 20 logl nZ/nIl

with the 50fl load termination at the centre frequency of 36 MHz

was found to be of the order of 70dB down which is fairly high

in practical situations and other design techniques using I C

anplifiers to encompass the high insertion -loss of the substrate are

presented in Chapter 9. The various loss mechanisms which deviate

the ideal behaviour of the practical SAIV filters will also be reviewed

in Chapter 7.
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ThereciprocalnatureoftheSAWdevicewasalsotestedby

reversing the input-out put connections i.e. by operating the apodized

structure as the transnitting transducer and uniforrn structure as the

receiving transducer and the same result was obtained as shown in

Figure 4.7.

Thus,thegoodagreementobtainedintheexperimentwith

the theoretical result encouraged in developing sone opti¡nization

techniques to inprove the response and these ale pÏesented in chapter

5
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CHAPTER 5

SYNTHESISoFTVIFFILTERSUSINGOPTIMIZATIoN

TECHNIQUES

5.0 Introduction

The basic synthesis procedure outlined in chapter 3, although

capable of providing an approxinate representation of the desired I'esponse'

suffers fron significant inaccuracy as a result of truncating the tine

donain response of the output transducer Tz. conparison of the theoreti-

cal1y calculated and experimentally rneasured performance of this filter

(chapter 4) shows that a significant gap exists between the specified

response and the theoretically calculated response, although the latter

forms a good match to the experimentally deternined behaviour' Tech-

niques for renoving this e1.ror form a significant paf.t of this chapter '

since sAW filteÏ.s are analogous to non-recursive digital filters' many

aspects of the design techniques developed in one area can also be applied

to the other. During the past few years, considerable effort has been

put forward in the latteI aïea IS1 
1-ta including some iterative optiniza-

tion techniques for synthesizing the desired responses' However' these

optimization schemes a1.e well suited for reaLizing regular or snoothly

varying bandpass characteristics while they becorne highly nonlinear with

extreme complexity for irregular shapes like that of a TV IF response '

The optirn izalion technique followed here for achieving the best

agïeement between the specified response and the adopted response is the

Ieast squaïe erÏ'or criterion. The method is fairly simple and well formu-

lated in the network design [5]15 but applying it to synthesize a SAItt TV

IF filter constitutes a novel technique. The procedure is easy to imple-

rnent and requires no computer iteration process, nuch simpler than the
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techniquesdevelopedfortheabovereferencednon.recursivedigital

filters and yields a closed form of solution' The design technique

becomesevensimpleriftheadoptedresponseisevenaspointedoutin

the 4th section of this chaPter '

5.1 AnA ach to dratic Cost Function timization

Before plesenting the formalism of quadratic cost function opti

ation, it is worth discussing some of the existing techniques developed b¡'

other authors [5]9'10'11 for non-recursive digital filters and the neces-

sitytodeviatefronthesetechniquesforthesynthesisofTVlFfilters.

Thenoststraightforwardapproachistouseawindow-function

technique[5]16.Thistechniqueisquiteusefultoremovetheundesirable

ripplesinthepassbandandinthestopbandbutcannotimprovetheskirt

in the transition band. A preliminary conputer investigation of window

function tech'ique for Filter r as synthesized in chapter 3 revealed that

the response is deteriorated instead of improving , viz' the tTap at sound

carrier is completely lost instead of increasing' indi'cating the failure

ofwindow-functiontechniqueforthiskindoffilterresponse.other

techniquese.g.ts]l0,llmakeuseoflinearprogramnringanditerationpro-

cesswhicharetimeconsumingandbeconeextremelydifficultforlarge

number of constraints' Further' these techniques have been denonstrated

forlow-pass,band_paSsorsuchotherregular-shapedcharacteristicandit

is not sure whether these techniques are capable of designing the compli-

m1z-

there is a further

The inPulse res-
cated requirements of a TV IF filter' Even if they are'

uncertainty whether they are applicable to SAW devices '

ponserepresentsthefingerpattelnonthetransduceranditrnayhappen

that. the optimun designs are difficult to realtze physically' This effect

is quite clearly observed in the recent article by Tancrell [5]17'

Hence,itwasdecidedtochooseasirnpleoptirnizationtechnique

anddevelopthesynthesisprocedurefronfirstprinciplestorealizethe

given 'tv IF response. A very general shortcoming of all optimizing nethods
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is the lack of any assurance that the progran will converge to the absol-

ute (global) optimum, rather than to the nearest relative (local) optin'

on studying the various sinple optinization technilues, it was felt that

the quadratic cost function optinization is well suited for the present

case and it is hoped that the resulting optimun design will converge and

is feasible to make practical filters '

5.2 Mathematical Formulation of Qua dratic Cost Function

Optimi zatl-on

I\Ie will attenpt to show here how the assurnption of a quadratic

cost function for departure fron the ideal Tesponse in either the tine

domain or the frequency domain of an acoustic surface wave filter of finite

duration can lead to the selection of an optimum response pattern in the

tine domain. The technique developed is rnost general and is applicable

for designing a SAW filter for a given arbitrary frequency response

(magnitude as well as phase). It will be sholn later that certain sim-

plifications are possible depending on the particular choice of the fre-

quency response for example linear phase requirement rather than an arbi-

tTaTy phase requirement, in which case the inrpulse Tesponse is even and

the f iltertea\ization becones sinpler '

The following notation is usecl in deriving the eT.roÎ criterion:

lZ (r) = Frequency response in vector forn of the output (apodized) trans-

ducer considered as the specified response in the optimization

technique.

!Z (t) = Time domain response in vector forn of the apodi'zed transducer i ' e

the Fourier transform of Ez(o)'

?(t) = Finite duration time-domain response in vector form of lz(t) i'e'

the truncated version of Ez (t) '

3(o) = Frequency lesponse in vector fonn of 3(t) i.e' the Fourier trans-

form of a(t).



p (r)

I (r)

I (o)

F:p

P

or

Ez (t)

+ (t)

.F z (,¡)

77

= Correcting vector necessary to add to ?(t) '

= Adopted response in vector form i.e. 1(t) = a(t) + p(t).

=AchievedresponseinVectorforni.e.theFouriertransform

of r (t) j 2n (n- 1) (n- 1)

Transformation matrix with elements Fpmrr, = ÀT" N

where m, and n may have N values

Inverse transformation natrix with elem"ttt tn*rrtf

i2 (m-1) (n-1)
Af e-T-- where m and n nay have N values '

I = Diagonal matrix with real, positive coefficients, called cost

natrix or weighting matrix, with elements Cnm, fl = L'2"" K'

It is to be remembered at this stage as mentioned earlier we aÏe

dealing with the discrete nature of the contuous ftinctions, it is assumed

that the above nentioned quantities are defined at the sarnpling intervals
1

AT in time domain and Àf in frequency domain with AT.Af = fr, where N is

the total number of sarnpling points '

In the vectorial representation all the vectors aTe assumed to be

column vectoTs, and the vectors gr(t), and r(t) will have components M

values less than N and p(t) will have components -'M values while the vec-

tor l2(t) is assumed to have N components. The vectors a(o), I(r¡) and

lz(r)will have cornponents K values : M but < N. The row vectols are rep-

resented by transpose (T) of the column vectors'

with this notation we obtain the following relations:

f (for N cornponents of t)

(for M components of t < N)

. . . (s.1)

. . . (s.2)
p

= !z (t)

Therefore 3(r¡)=Xn.e{t) "'(5'3)

Itle now wish to improve the response a(ur) in the frequency domain by nodi-

fying the truncated version of finite duration Íesponse, while retaining

the same truncation limits. This can be achieved by adding a perturbation



I(t)=a(t)+P(t) . . . (s.4)

Transforming T(t) to frequency domain we get

r (o) . . . (s.s)

where Y is a transformation matrix of the same form as F but is of differ-
ap

vector p(t)

vector r (t) ,

ent dinension.

{"r 1t¡ yr*
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of dirnension less than or equal to a(t), to obtain a new

and a total response r(u-r) in the frequency domain' i'e'

r(o) =Y{?(t) +P(t)}

= y r(r)

. . . (s.6)

... (s.Ba)

Nowweareinterestedintheextenttowhichtheresponse

natches the specified response, lz(,¡) and therefote, we forrn the differ-

ence{T(o) - lz(,¡)} as a neasule of this matching. In fact, if we adopt

the assumption that the cost associated with lack of perfect match is a

quadratic function of the difference' vte obtain the following equation:

t = {I(u,) - Ez(r)}
T*c {t(r) - lz(r)} . . . (s.7)

where rtr is the total cost andtçt is a diagonal matrix of real cost

coefficients by which rve assign different costs to departures from the

ideal Tesponse in various portions of the frequency spectÏun, andrrT*rt

indicates t1anspose-conjugate operation. Substituting for r(o) from

equation(5.6)irrtoequation(5.7),expandingtheteTmsandnotingthat

p(t) and a(t) are real we get

. = pT(t)Ap(t) * lt*(t)E(t) * prqt¡tçt¡ + r0 "'(s'8)

A = YT* CY

CY- lT" (') I

where

b
T* (r) . . (s. 8b)
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- F2 (ur) Ì

T* lz(r)Ì

. . . (s.8c)

. . . (s.8d)
T0 { +(r) - Iz (o) } C {g (o)

For ninimum cost we differentiate t with respect to the perturbation

vector p(t) and equate to zero i'e'

àt -,^ -r+ì ¡ fhlr'ì + h*frìÌ = 0 ...(5.9)
ãilÐ- z4 P(t) + {Þ(t) + b*(t)} = o

since p(t) is real, so also the constant term in the equation (5'9) it is

sufficient to r^,ork out with the real coefficients of the natrix Ô.

Let ! = Real Part of I . . . (s.10)

and 24G) = þ(t) + b*(t)

Hence, equation (5.9) becomes

. . . (s.11)+ 2d(t) = Q
ðt

ETÐ 2Ð p (t)

rn order to obtain an unique solution for p(t) ít is necessary that the

natrix B in equation (5.11) is non-singular. Referring to equation (5'8a)

we see that the matrices YT* and Y are not square matrices in general

while the matrix ô is "t 
i"t*iti"i rnuati*, since c is a diagonal natri-x by

assumption. Therefore, ! i, a teaL syrunetric matrix, and assuming it to

be non-singular the perturbations are given by'

-1 ...(s.12)
P (r) =-S g (t)

where g-1 indicates the i verse of the matrix B.Equation (5'12) indicates

the solution of a large number of sinultaneous linear equations and it

is necessaTy to keep the number ninimum as far as possible' Having found

p(t), we can calculate the adopted response in tine domain (equation 5'4)

and hence the achieved response in frequency domain (equation 5'6)' Before

attenptingthemethodtoFilterl,itiSnecessalytoexaminetlre
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properties of the quantities defined in the equation (5'8)'

(1)MatrixY:ThenatrixYisofthesameformutlpandinfact

itrepresentsapartofthewholenatrixFnTherefore,theelementsof

Y are the same as the elements of F:p
2n n-1 n-1

Y = ATeflrD

in which rmr will have K values

and M are less than N.

...(s.13)

e1-

( ì Vf) and rnr will have M values' both K

Y F
"p

(2)

of x

Matrix Y

Therefore,

T* The matri* IT* represents the conplex conjugate

its elements are given bY

+
2rj (n-1) (n-1)

N

YT*
ll rfl

ATe

as before, tmt will have K values

being less than N. The elenents Y

but,
AT
Ãr f

( ì U) and In' will have M values both

T* can also be written as,
Dril

2tr -1 -1

YT*lrñ

fronthedefinitionofinversetransforrnationmatrix'Y

Pm¡n

+

AT

^1

Afe

f:p

Tìt
orfl

YT*
AT

^r

. . . (s.14)

(3)MatrixÇ:AsnentionedearlieritisadiagonalmatrixrvithK

arbitrarily assigned coefficients'

Matrix A:(4) The matrix A is Hernitian of dinension M'
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l_.e *cru*¡,rl = 'lli,..l 9(r*r) Icr*vl

(5) Matríx B: The natrix B is the real part of $, hence, it is a

real, symmetric matrix with the same dimensions as that of å. For B to

be non-singular rKr must be ì tMt.

(6) Vector Þ(t): The vec.tor b(t) can be interpreted fron equation

(5.9c) as the tine donain response of the weighted error response in the

frequency domain of positive sPectrun only. It can be evaluated using

the transformation matri-ces as defined earlier which in turn can be eval-

uated using the discrete FFT routine.

(7) Constant rg: The constant '16 represents the initial cost before

perturbations are applied, as is evident from equation (5.8). Its eval-

uation in the solution of linear equations is not necessary, however, the

evaluation of total cost before and after optimization gives a good measure

of the effectiveness of the technique.

(S) Perturbation vectoï p (t) : It is a real M-dimensional vector

obtainable by solving a set of M dimensional equations (equations 5'11)

using the standard natrix nethods and tve can expect a unique solution pro-

vided the number of variables in p(t) is the same as the number of condi-

tions selected in the frequency donain'

Having thus established the mathenatical developnent, we next

apply it to the sl.nthesis of SAI\I filters with arbitraty frequency 1esponse

and then focus our attention to the case of filters with linear phase

responses.

5.3 Application to Non-1 inear Phase Responses

If the specified response has a non-linear phase characteristic'

then the time donain response F2 (t) is not even and because of the way the
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discrete FFT algorithn written the sidelobes aÏ'e centled around the half-

periodic intervals and the principle-lobes towards the beginning and end

of the periodic interval. However, by introducing an appropriate group-

delay characteristic in the frequency domain, the time donain response

lz (t) can be made nainlobe centred around some time interval with the

sidelobes falling on either side. This operation is necessary because of

the convenience in truncating the sidelobes and the indices in the optirniza-

tion program can be assigned to vary in an increasing order.

The basic equations are the same as derived in the last section,

but here we show how to nanipulate tl-re matrices and Vectors in a conven-

ientwayforcomputingpurpose.Sunnarizingtheformulaeweget,

-1p(r)

Þ (r)

g (t)

d (t)-B

Þ = Real part of Ô

.r'*
Y'
: ! {J 3 (t) - lz (or) Ì

.n*
A=T' CY
i!::

I tu ¡.¡ + b* (t) Ì = Real Part {b (t) } ... (s.ls)

Y ATe
mn

i2n(n-1) (m-1)

YT* = aTeDril
N

=P:p

pfY

I
*T AT

m

we assign the cost coefficients at each frequency sampling point at which

the response is specified, i.€. if the response is specified at K sampling

points, then the cost coefficients are given by Cii, where i = 1'K' Next'

íf the truncated time response a(t) is specified at M sampling point, and
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if we perturb the response at all the M sarnpling points we obtain a per-

turbation vector p (t) of M dimensions . l\Ihatever the value of K (provided

K ì M for reasons rnentioned earlier) we always end up rvith M simultaneous

linear equations and the choice of K and M depends upon the number of con-

straints required in the frequency and tine domains and is of course,

linited by the computeï storage and the tine'

Now consider the matrix A: since c is diagonal the elements of

$ are given bY,

i2r(J-I) (k-1)
N

A = LT2 x ctt . . . (s.16)
,JI e

K

I
k=1

where I,J will have M values, starting frorn the sanpling point at which

the perturbations are applied. The elements of B are given by the real of

part of the elenents of $, and since B is symrnetric it is sufficient to

evaluate only the upper or lower triangular matrix of B and, therefore, \^Ie

can restrict the index J to be greater than I'

consider the vector þ (t) : The vector b (t) can be evaluated

directly as given in the equation (3.15), but it can be evaluated more

efficíently by using FFT routine. substituting equations (5.13) and

(5.14) in equation (5.15) þ(t) vector can be written as,

Þ (t)
AT
¡T Ç(ln 3(t) - lz(,)) ...(s.17)

in which all the vectors are of dilnension N with a nunber of zeros except

in those regions of interest where the response is significant in either

donain. The cost matrix C is also considered to be of dimension (N x N)

with diagonal elements present only in the region where the frequency Tes-

ponse is specified and the rest of the elements being zeTo' In such a sit-

uation we can use the Fourier transform notation as defined in equation

(3.12 and 3.13), and we obtain a vector Þr(t) given by,

f3p
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Þr (t) a(t) - Fz(t¡)) . . . (s.18)

which can be evaluated using FFT routine and the vector b(t) is obtained by

selecting only that portion in time donain of þi (t) where the perturbations

are to be evaluated. One point to be remembered while using FFT is that a

conjugate.frequency spectrun is necessary to give rise to a real tlme

ftrnction, while equation (5.15) indicates that þ(t) is to be evaluated

only for positive spectrum. If we use only positive spectrum in the FFT

routine we obtain a complex tine function whose real part is half the

magnitude of the real time function obtained when both the positive and

negative spectrums are considered. That means we actually obtain twice

the required value of b(t) in equatì.on (5.13). Therefore, it is a simple

matter to show that the d(t) vector is given by'

g(r) . . . (s.le)

The perturbation vector

(5.13) viz,

is then calculated using the relation i'n equation

= # tn cLL(Fp

å Þr C.l (for M cornPonents of t)

d (t)1
p (t) -B

andtheadopte<lresponser(t)fromtheequation(5.4)andlrencethe

achieved response aft er optinization fron the equation (5.5) '

ForanonlinearphaseresponsewehavetosolveMsimultaneous

equations whereas for a linear phase response this can be reduced to half
of

the nunber, thus savi.ng a consiclerable amountAcomputing time as well as

storage. Tl-re same equations for B and d(t) can be used for this case also

by varying tlìe indices over half the range, and imposing synmetly in the

other half range of the perturbation vector, however, we present in the

next section an indepenclent proof for this approach '
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5.4 Applicati on to Linear Phase Responses - OPTIM Method

If the phase response is linear, the tine donain response F2(t)

is even and can be made mainlobe centred at nid point of the periodicity

interval as indicated in Chapter 3. If the lesponse is truncated to M

sarnpling points, we need to perturb the response 3(t) at M sampling points

and hence solving of M simultaneous equations is necessary' The ain is to

reduce the nunber of simultaneous equations, still preservíng the linear

phase characteristic in the frequency domain. This can be achieved by

naking use of the symnetry property of the truncated tine response and we

explain it more clearly on this approach, since this is the nethod followed

for optirnizing the Filter I and for other filters discussed in chapter 6'

We call this approach as OPTIM METHOD '

Consider an M dinensional perturbation vector p(tr) (i = 1,M),

symnerrical about its central point (Ð , M being an odd integer ' lve

designate the left-half perturbations p(ti) by q(tr) and by symmetry the

right-half perturbations are also equal to q(tr) in the reverse older, i'e'

q(ti) = p(ti)
M-1for i - I, -l- ... (s.20)

P (t,rt+ 1-i)

Itre assign only half the anplitude of p(t) to the last value of q(t), i'e'

'I
t

M+1

I
= z2

(s.2r)

The relation between q(t) and p(t) can be expressed in a matrix form as

follows:

-p (r)

(Mx1)

where S ís a matrix of the fonn

s q(t)

(M#*) ,ry,

. . . (s.22)
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I

0

1

I

substituting for p(t) in the equation for total cost (5.8) we get

gt* [.) = bT* (t) :

The total cost becomes,

0

1

0

. . . (s.23)

. . . (s.24)

(s. 2s)

. (s.26a)

. . . (s.26)

. . . (s.27)

t

0

Let

and

r = g(t)r(:rå:)g(t) * þt* (t)lg(t) * 'qr(t)ltÞctl + 10

H=STAS

. = gT(t) I g(t) * "t*(t)g(t) 
* qT¡t¡"çt) + r0

As before the minimum cost is given by,

5fu = 2 H q(t) * (9*(t) + e(t)) = o

Further if we let

g*(t) + g(r) = 2s(t)

The symrnetrical perturbations are given by,

q(t) = -ï-t g(., . . . (s.28)
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Having found q(t), the total perturbations p(t) can be found from equation

(5.20), and the a:dopted response r(t), and hence the achieved response

r(f) can be calculated as before'

The Relation between H and A Matrices:
! 

-iTocalculatesmatlixitisnotnecessarytoactuallyevaluatethe

s natrix but we make use of its properties in evaluating the H matrix ele-

ments in terrns of I natrix elements. If we exclude the last perturbation

of q(t) (central one in ptt)) we can see that each elenent in H is conposed

of four elements in A in the following fashion:

A =LT2
Ys

4.. = LT2
YS

A =LT2
Ys

A. = LT2
YS

A +4.+4.
YS YS YS

e

. . . (s.2e)

samples in an FFT

With this notation

. . . (s.30)

H + 4..
YSsY

where the indices y and s have values ry A dot on the index represents

the conjugate point which we mean a point that is symmetrical about the

central point in the truncated tine response' For N

routine the conjugate point i' is given by N + 2 - \

the elements of Ô fron equation (5'16) are given by

2r k-1c.-
K

Ie
k=1

+K

I
k=1

ctt

2tt S- -t
ctt

2t¡ 2- s+ -1
N

s+

)

+

e
K

I
k=1

K

I
k=1

ctL

ctt

Further, it is clear that,

e

{z-
N

-1
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or, = (Aig)* and Ayg = (Ai5)

where r*r indicates conplex conjugate. Therefore the elements of H are

given by

fl = 2 Reat Part (A-.^) + 2 Real Part (Arg) ... (5.3f )-Ys ' YS'

with an elementary algebra they can be shown to be equivalent to,

2r s-1 -1 2r(y-1) (k-1)cosffiCUU . . . (s.32)H = 4Nl2
YS

K

T
k=1

cos

In the actual progranrning the elements are evaluated in a slightly differ-

ent fashion, viz,

e

2ni (s-l) (k-1)
NK

I
k=1Y

H = 4LT2 ReaI Part
S

CnOReal Part

. . . (s.33)

which is identical to equation (5'32)'

Relation bet.ween g(t) and d (t) Vectors

Onceagainexcludingthelastperturbationinq(t)(thecentral

" "T*(t) 
vector can be obtained fron equation (5'25) âs'

T* T*
e (t) =2b- (r)

or
g*(t) = 2 Þ*(t) and e(t) = zb(t)

from equation (5.27)

ze3) =z(b(t) +b*(t))

but, b(t) + b*(t) = 2d(t) fron equation (5'10)

g(t) = 2d(t) Cror S conPonents) . . . (s.34)

and whereas before d(r) is given frorn equation (5.19) d(t) = å Þrftl and
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Þr(t)isobtainedfromequation(5.ls).Notethatthefactor2canbecan-'
celledinequations(5.33)and(5.34)andacomputerprogrzlfngivenin

Appendix (42) is written after implenenting this cancelation'

Treatment of Las t Perturbation in I t Central one in B(Ð
observingthematrixelementsinequation(5.30)showsthatthe

lastperturbationpointinq(t)orthecentralpointinp(t)isalsothe

conjugate point, hence, all the elements are the same and, therefore,

equation (5.33) can still be used for evaluating the natrix elements

corresponding to this point. However, for the g(t) vector we can proceed

as follows:

from equation (5.25) r'.fry] = Þr*[.qr]

Þ

b

g*

I

o1 ['ry]

fryl

*

and

but from equation (5.27) '

1. e

['u.rl 
. þ.l,'s]lT) rZ

,

b

=2d

=d ("t
Thus we see that only half rtre rnagnitude of d(t) (Ref . eqn. (5'34a) is

required at this perturbation point and the equations for q(t) can be

solved in the usual way, but the actual perturbation p(t) is to be nulti-

pliedbyaf.actorof2rthusobtainingalltheperturbationsinthe

required region.
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5.5 Conputational Techniques

In this section we present some of the computational techniques

for the TV IF filter as synthesized in Chapter 3. Even for tl"re syrunetri-

cal responses a(t) we can apply the technique developed for nonlinear

phase responses (Section 5.3); in this case the matrix B is still real,

symmetrical and nonsingular and the vector d(t) is symmetrical and the

perturbations p(t) after solving the equations will come out to be auto-

:natically symmetrical because of the particular nature of the B natrix and

hence the total vector r(t), is symnetrical, thus retaining the linear

phase response of the filter. The only drawback is that it takes consid-

erable amount of time and storage compared to the OPTIM METHOD. In the

early part of the project this technique was adopted and hence, we present

the nethods followed in this optirnization scheme for achieving the desired

Iesponse. The truncated response a(t) in Filter 1 contains 227 sampling

points starting from 400 to 626 (both inclusive) and if we perturb the

response at aLl the sampling points, we need to solve 227 símultaneous

linear equations and this is a fornidable task, even with the modern high

speed large digital conputers. Considerable conputational difficulties

arise when handling with such large matrices and rve have to devise ways

and means to reduce the number to a feasible level and at the sane tine

without loosing the obj ective of the optirnizatlon technique. If we trun-

cate the lesponse to a lesser number of points, the erlor in the frequency

donain is large and the present quadratic cost function optimization needs

modification if departures in the error function is large. Several schemes

have been developed by retaining the same number of sampling poínts but

perturbing only at certain points and using the same optirnization tech-

nique. These are illustrated as fo1lows.

5.s.1 Peak-Point Perturbation

0bserving the truncated version of the finite duration response

of Filter I rve find that the response varies more or less uniformly,a (t)
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having 3 to 6 sampling points in each half-cycle and there are about 71

half-cycles in the whole tine duration of a(t). While making the filter-

device we assigned one finger for each half-cycle and the overlap is

proportional to area of each half-cycle. The significant contribution in

the area is the peak anplitude of the response in the respective half-

cycles, and hence it is appropriate to pel.turb only the peak anplitudes

in each half-cyc1e, thus considering only 71 sinultaneous equations instead

of 227, reducing by a factor of about 3. Therefore M = 71 in this case'

- Recalling some of the equations from previous sections we have,

2r J-I -1

A = LTZ e ctL
,J

(I,J will have M values)

Þ = Real part of ô

I
K

I
k=1

g (r) I u, ctl

-1-B 'd(t)

. . . (s.54)

p (r)

I(t) = a(t) + p(t)

r(f) = P {r (t) }p

It seerns lj-kely that a complete reduction of cost to zeTo is possible

provided the nunber of variables in a(t) is the same as the number of

conditions in the frequency domain i.e. by assigning the same number of

cost coefficients to the error ïesponse. In this example the number of

variables (M) in the time donain is 7I and' the cost coefficients (K) will

also have to be 71. The selection of cost coefficients is an arbitrary

choice and the rnost pïoper choice is to assign higher values tvhere the

error is maxinum and lower values where the error is nininun' In fact

any other choice is permissible since the optinization technique does not

depend upon the choice of the cost-coefficients. Having chosen the cost
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coefficients the perturbation vector is evaluated through the various

steps as indicated in the equation (5.35). A conputer program was tritten

to carry out al1 these stages and a flow-chart is shown Figure (5.1).

Examination of the computed results revealed that the tine response is

severely distorted even though the response in the frequency donain is

inproved. By distortion we mean the smooth variation in the tine wave

forn is completely lost. It was felt that perturbing at peak points alone

will not be sufficient and an alternative approach j-s follorved still keep-

ing the same number of constraints in the frequency and time domains.

5,5,2 Coherent Point Perturbation

In this optirnization strategy we retain the concept of perturb-

íng 71 variables in the tine donain in order to satisfy the 71 conditions

in the frequency domain, but we hope to avoid the problem mentioned above

by introducing an expansion natrix E in order to perturb, in a coherent

nanner, all points of the time response in each half-cycle, in response to

a single perturbation variable which pertains to that half-cycIe. The

result is that through the choice of 7 1 perturbation variables in the

time domain perturbation of all l-he 227 points of the retained time window

is possible. A number of policies whereby the expansion natrix nay be

calculated are available, but the one which has been investigated is as

fol lows .

If the half-cycle contains 3 or 5 points, the central point is

perturbed by one unit (for that half-cycle) and the surrounding points are

perturbed by one half this amount, when hov¡ever either 2 o't 4 points of

the time waveforrn fall on a given half-cycle the central points are per-

tubed by one unit (for that half-cycle) and the outer 2 points by half

this amount. If the half-cycle contains only 2 sampling points the outer

point is perturbed by one unit and the lst one by half this amount; thus

covering all the sanpling points in the finite duration time response a(t).
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Aswnnaryofcalculationsbywhichthisstrategywasinple-

mented is shown below:

2n J-1 -1

(a)

(b)

(c)

AI rJ = or'

(227x227)

(227x227)

e
K

I
k=1

cr.t

Indices I and J range ovet 227 consecutive points in the tine

domain. In progranming we vary them in groups belonging to various half-

cycles. Index k ranges over 71 consecutive points in the frequency

donain near 54MHz.

= Real (*)

(227x227)

B

T
R EBE

(7 Lx7 t) (7Ix227) (227x227) (227 x7t)

The natrix E is a staircase natrix specifying the proportion in which

each point of the time domain response in a given half-cycle is varied

as a result of that half-cyclefs perturbation. It is of the form shown

below:

L/2

/2
Ì
i
0

0

0

0

0

0 0

I
r/2
I

0
E

0 t/2
t
t/2
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Note that it is not necessary to store the ¡natrices A, I ot ! but the

steps (a), (b) and (c) can be perforrned within an operation and the

resulting elements are stored in R'

(d)

(e) tr (t)

(7 1xl)

(f) s(t)

= åÞtctl

Er d (t)

(71x227)

-R-1 b (t)

(71x71) (71xl)

E s(t)

(227x7 1) (71x1)

4 (t)

(227xI)

(7lx1)

p(t) =

(227xr)

(g)

once again note that steps (e) and (g) are perforned without using a

stored matrix E. A conputer program was written to caTTy out all these

steps and a flow-chart is shown in Figure (5.2). Exa¡rination of the com-

puted results revealed a similar effect with this approach also i'e' an

undue distortion of the time response and appears likely to concentrate

the effect of the perturbation in the higher harrnonics ' It was decided

to increase the nurnber of constraints in the frequency dornain and this is

followed for the rest of the filter synthesis (Chapter 6) '

5.5.3 Independent Point Perturbation

In this nethod we attempt to independently perturb all the sanp-

ling points (227) in the tine domain in order to ninini ze t]ne sum of the

squares of the differences between the specified response and the achieved

response at 227 points in the frequency donain. Again we can except that

the method should produce conplete reduction to zero of the frequency

difference at the points of interest. However, the method is expected to
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be expensive of botl'r conputer storage and computer time. Hence, this

nethod was not attempted.

5.6 Optimization by Successive Iterations

This is rather a fortutious method and surprisingly produced

fairly satisfactory results with much less effort than any of the above

nentioned techniques. The tern iteration does not mean the iteration

process comrnonly used in the optinization techniques, rather it is used

here to denote transformation from time to frequency domain or vice-versa.

Because of the availability of the.fast Fourier transform algorithms the

¡nethod is considerably sirnpler even though several transformations are

involved in the pïocess. If the required perturbations are obtained in

one set of transformations the nethod is +-erned as zero order iterations,

and if the perturbations are obtained in two sets of transformations it is

termed as first order iteration optinization technique, and finally for

rNt sets of transformations, it is termed t, Nth order iteration'

5.6.1 Zero-Order Iteration

The procedure adopted here as follows: We start with a speci-

fied response in frequency donain of the output transducet T2(Fr(,¡)).

The response is set identically equal to zero at various sanpling points

other than at rvhich it is specified, and the conjugate symmetry required

by the FFT routine is imposed. The resulting response is then trans-

formed to the time domain and subj ect to truncation to a length of seventy-

one half-cycles (400 to 626 points, both inclusive). The time domain res-

ponse is then expanded to a fulI LO24 points by zero filling. This response

is then transformecl to frequency donain using FFT routine and the differ-

ence between the resulting "achieved frequency response" and the specified

response is calculated. This error response is retained only at frequenc¡'

sanples where the cost coefficients are specified and is set equal to zero
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at othel sanìp1ing poitìts. The er.ïor. response is then rnultiplied by the

selected cost coefficients and the conjugate syilnetry conditions required

for FFT operation are inposed. The resulting response is then trans-

forned to the time donain using FFT routine, where it is again truncated

by retaining only those portions which fall within the region defined by

the 71 half-cyctes. The tine'lesponse is then expanded to 1024 points by

zero fi11, transformed to frequency dontain using FFT routines, truncated

to the frequency range of interest, multiplied by the inverse cost coef-

ficients, expanded to IO24 points by zero fi11, subjected again to conju-

gate symïnetïy, transformed to time domain using FFT routine and finally

changed in sign.

The required perturbations are those which fal1 within the trun-

cated finite duration of the titne response. The total time response which

we attenpt to synthesize is then the sun of the previously truncated tine

response a(t) and the presently calculated perturbed response p(t).

More explicitly it will be explained in the following sequence

(1)LetF2(ul)isthefrequencyresponseintherangefl:f.fzof

the apodized transducer to be synthesi-zed. This is obtained following the

procedure described in Section (3.4) . (Note that r¡ = 2rf) '

(2)Calculatetheadoptedtineresponsea(t)fromF2(t),whichis

the inverse Fourier transform of F'z (r) and let the optirnun duration of

a(t) be ti Í t 1tz.

(3) Calculate the achieved response in frequency domain på(r) of

a(t) . This is obtained by taking the Fourier transform of Fz (t) retaining

only that portion between tf Í t < t2 and zero elsewhere'

(4) Calculate the error response in the range of interest i'e' form

the difference between fi(r,r) and F2(o) for f1 -'f -'f2 and assume zero

eïror elsewhere. Note that the requirement of conjugate synmetry in the

frequency domain is always imposecl while transforming it the time domain'
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Multiplytheerrorresponsebythechosencost-coefficients,

ancl forn the resulting response F3(t^r) = Cxx{Få(ur) - Fz(''")}

(6) Transform the error weighted Îesponse Fa(r) to time donain and

tluncate it to tr Í t < t2, í.e. the response is assumed to be zero out-

side these linits. Let us denote the retained window by a1 (t) '

(7) The retained window a1 (t) is transformed to frequency donain and

the resultant response is retained rvithin the interval f1 : f : f2 and

assumed zero elsewhere. Let us denote the resultant frequency response by

F+ (,r) .

(s) The resultarrt response Fa(t,l) is rnultiplied by the inverse cost-

coefficients i.e. by # and then transformed to time donain' once again
xx

truncating to ti : t 1 tz. Let this new time function be denoted by

a2(t) .

(e) Now the corrections (perturbations) that are to be added to a(t)

for irnproving the achieved response in frequency dornain aÏe given by

-az(t) and therefore, the resulting

{a(t) - a2(t)}.

adopted time response r(t) is given by

Synbolically the perturbations are given by

-1 (s.36)p(t) = -l C{
I
xx

F,* (r) ]

where 7-1 irrdicates the inverse Fourier transform operation and Fa(ur) is

obtained as indicated in step (7). The rvhole sequence of operations from

(1) to (9) is termed as one set of transformatíons and if the required

perlurbations are obtained in one set of transformations, it is defined as

zero order iteration process as indicated earlier'
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ths.6.2 N Order Iteration

This procedure is the Nth order iteration of the zero order

process just described. In this iteration the adooted response is con-

sidered to be the sum of the previously adopted response and just calcu-

lated perturbation. A new value on the achieved response is calculated

as the Fourier donain transform of this now adopted response. The next

round of optirnization procedure then follows the sequence. Calculation

of the difference in the frequency domain, truncation and weighting in the

frequency domain, transformation to the tine domain, truncation in the

time domain, transfornation to the frequency dornain, truncation and inverse

weighting in the frequency donain, and finally change of sign, trans-

fornation to and truncation in the time donain to produce a new value of

the perturbation.

The need for this technique did not arise because the achieved

response obtained with zero-order iteration i.s nearly optimun and the

whole sequence of steps took less than lOsec of CP tine on CDC6400 com-

puter, indicating the effectiveness of this fortuitous nethod.

Thus we conclude this chapter with the various optinization

techniques developed for the synthesis of SAW filters and some of the

results obtained for optirnized TV IF filters are presented in the next

chapter.
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CHAPTER 6

COMPUTER ILLUSTRATION OF OPTIMIZATION TECHNIQUES

6.0 Introduction

In this chapter we present the theoretical results of the

synthesized TV IF filters using the techniques developed in Chapter 5 '

Since rve assumed a linear phase characteristics in the specified IF

response we fo1low the OPTIM METHOD for illustrating the synthesis tech-

nique. Filters other than IF responses like bandpass lesponses are also

considered to illustlate the feasibility of the technique' Results

obtained by zeto order successive iteration are of particular interest

because of the way the nethod is developed. The choice of suitable para-

meters and other design considerations for each of the examples chosen

are discussed in detail and the variation of the parameters and their

influence on the behaviour of filter are also presented. All the com-

puter programs have been developed in terns of a -Henber of subroutines,

assigning a specific operation for each of the subroutine. A brief des-

cription of the progI.am is given for each of the examples considered'

6.1 Synthesis of TV IF Fi lter using OPTIM T,ÍETHOD, FiltET 2

lle apply the oPTIM METHOD introduced in chapter 5 for optimiz-

ing the Filter 1, developed in chapter 3, we recal'l that the finite dura-

tion sampled response 4(t) of the output tiansducer T2 is symmetrical

over its half-periodic intetv*l corresponding to 51sth sampling point

and the response extends fron 400th sampling point to 6Z6th sampling

point, both inclusive assuming a total of L024 sampling points. In the

OPTIM METHOD we need to consicler half the response in a(t) and hence, it

is sufficient to perturb only at half the number of sampling points i'e'

from 400th ao 5t3th sampling points, both inclusive. Thus we have to
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solve 114 simultaneous linear equations.

6.1.1 Selection of Cost-coefficients

Selection of cost coefficients seems to be a significant

design pararneter in the whole optimization process. In the early attempts

it was felt that it is proper to select the same number of cost-coef-

ficients in the frequency domain as there are the number of perturbation

variables in the tine donain. If we wish to perturb the response at al1

the 114 points we have to assign 114 cost coefficients and then a question

arises to which portion of the frequency donain we have to assign the cost

coefficients. An obvious answer is to assign the cost coefficients to

that region where the specified response is centred around the 114 samples

in the frequency domain. A preliminary conputer investigation with this

choice indicated that the response is not improved to the satisfactory

level and at the sarne time it was found that the resulting time response

is distorted very much, i.e. the smooth variation of 3 or 4 sampling

points per cycle is destroyed and abrupt changes with huge amplitudes at

the adjacent sarnplj-ng points are found. This results in an unrealizable

SAW devjce. In the frequence domain it was observed that response in the

low-frequency range is not smaIl compared to the original specification,

and it u/as thought that the huge amplitudes in the time domain response may

be due to this large low frequency component. Hence it was found that

selecting cbst coefficients as the same number of variables is not a suit-

able criterion.

In another attempt the cost coefficients are assigned to that

region not only covering the IF passband but also right up to zeto fre-

que:lcy component. In this case the number of cost coefficients selected

were 210 while the number of perturbations are still 114 which ensures a

non-singular natrix for H equation (5.28). The selection of the arnpli-

tudes of the cost coefficients is quite arbìtrary, horvever, an appropriate

cl'roice rvill be to allocate higher cost coefficients where the en:or
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Iesponseislower.lVitlrthiscriterionarlappÏopriatechoiceofcost-

coeffjcients was made and o¡ce again a conputer investigation by perturb-

ing a.ll the 114 sarnpling points revealecl that the optirnized response is

very close to the specified respcnse in frequency dornain but rvith a di's-

tol.tedresu]-tantwaveformj.rrthetinedonain.Bydistortedwavefornhle

mean the smooth variation in the original finite duration tinte response

1(t) rvith 3 to 4 samples per half-cycle is destroyed and abrupt changes

with iarge variations in amplitudes aTe found so tha-t a sA'l\I filter cannot

be built wj.tli this waveforrn representation. However, rvhen hle coilìpare the

reduction in cost jt is quite protnising. For the criterion follorved in the

optimization technique rve expect a reduction of cost and in fact calcula-

tioi-, of the above approach indicatecl a reduction in cost of about 94vo artet

optinization indicating the effectiveness of the metl-rod' The 1eve1 at

souncl trap i.ncreased fron 19dB to 32dB while the levels at band edges are

also increased by about 10d8, showing a good agreeilcnt rvith the specified

response.

Withthesepreliminaryinvestigationsitwasfotrndthatitis

necessary to assign cost coefficients throughout the frequency spectrurn' not'

simply to a portio¡r of it, whatever the number of perturbation vari'al¡1es

in the time domain are. That means tve have to assign 513 cost coefficient's

in the frequency domain and this requires a considerable amount of conput-

ing tine if we rvish to perturb at all the 114 sampling poj-nts in the tine

dornain, because of the large number of computations required in evaluating

the ! matri.x. Hence, it is better if we can further reduce the number of

eqtrations i.e, by considering less nuntber of points than 114' In Chapter

3 i'L r^ras rnentioned that the sidelobes in tirne domain are responsible for

forrning the sound trap in the frequency domain, hence, a suitable choice

rvill be to consider all the sampling points in the sidelobes and few

sarnpling points in the mainlobe, thus reducing the ntlnber of eqr'tations

considerably.InthepTogranìgiveninAppendixA,2forFilter2orrly86

points are perturbed startíng from the sidelobe end'
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Returning back to the cost coefficients, we indicate here a choice

of amplitudes for the 513 selected cost coefficients' The 50 cost coef-

ficients at the specified frequency sampling points are taken to be

approximately inversely proportional to the absolute values of the speci-

fied response at these sarnpling points and the remaining values at the

other sarnpling points are selected arbitrarily. If the remaining coef-

ficients are selected to be large (larger than the peak amplitude in the

above 50 sample intervals) then we are trying to optinize the response in

the sidelobe region of the frequency domain i.e. we a1.e trying to achieve

zero sidelobe response and this is difficult to achieve in practice'

Moreover, our motive is to optinize the response in the specified range,

not in the sidelobe range and anyúow they are negligibly snall conpared to

the nai-n response. On the other hand if they were selected to be small

(much snaller than the mininum anplitude in the above 50 sanple interverls)

we are trying to optimi ze t:rte Iesponse only in the desired Ïange of inter-

est and we might encounter the same difficulty faced at the beginning i'e'

optinizi¡g the response in the desired 1ange of interest alone wilI produce

a distorted tine waveforrn which is unrealízabLe through a SAIV device. There-

fore, the remaining cost coefficients a1.e to be selected in a conpromising

tvay. The best compromise was found to be to select the amplitudes of the

order of 0.Ieo of the peak amplitude of the coefficient selected in the

specified aange of frequencies. In the program of FILTER 2 they were

selected to be equal to 0.01.

6.L .2 Design Considerations and Choice of Suitab 1e Parameters

Design of the filter up to finite duration time response of the

apoJized transducer is the same as indicated in chapter 3. Some of the

design parameters are:

Number of sanPling Points N = 1024

Periodic tine duration T = 5usec

F::equencY resolution Àf = 0 '2WIz '
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Initial sanpling point of the specífied response in

frequency domain IFI = l-48

Final sanpling point of the specified response in frequency

domain IFF = 197

Results obtained frorn program of FILTER 1 (Figure 3.6) ale:

Initial sampling point of finite duration time response

ITI = 400

Final sarnpling point of finite duration time response

ITF = 626

Total number of sanples in the finite duration including

ITI and ITF, NT = 227

Choice of parameters for optirnization are:

Number of cost coefficients NC = 513

Nunber of perturbations starting from ITI, KP = 86

Following the arguments of Section (6.1.1)

C for i = IFI, IFF

lr2 Cor) I

= 0.01 for i < IFI and > IFF

where Fz(o) is the specified response.

Having selected the various paÎameteÏ.s a computer program was

written to carry out the OPTIM METHOD.

6.1.3 Opt imization Program FILTER 2

The program used for cornputing perturbation solution by OPTIM

METHOD is called FILTER 2 and a listing is presented in Appendix A2

preceeding with a flow chart. A matrix subroutine called LSSS is used

for solving the tinear simultaneous equations, which nakes use of the

s)îffnetïy ploperty of the matrix. The program calculates the optimum
ITL

solution, adopted response and the achieved response i"s frequency domain'

1
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The results are shown i-n Figure 6'I' Further, the program generates '

the gap-width and the overlaps necessary for plotting the pattern and

then calculatesthe expected response of this pattern by assuming a sinu-

soidal representation of the source function in each gap'

6.I.4 Discuss ion of the Results

If the achieved response after optimization Figure (6.lc) is

not satisfactory, ì¡re may have to change sorne of the design parametels

and repeat the whole optimization process once again. Possible changes

in paranetels are (i) increase the value of KP at the expense of comput-

ing tine, (ii) a different set of C,. Both approaches have been tried

and it was found that the paraneters presented in the program are the

optimun for the achievable Iesponse. Increase in KP did not improve the

response anything better than that presented in Figure (6'Ic), except

increase in computing time. This is expected because large perturbations

are observecl to occuI. at sidelobes rather than at the nainlobe in the time

response, and increasing the perturbation points near the mainlobe does

not influence the optimized response very nuch. A slightly different set

of cost coefficients have also been tried, bearing in nind the precaut-

ions mentioned in Section 6.1.1 and it was found that the change in res-

ponse is negligiblY smal1.

Anestinateofthetotalcostbeforeandafteroptirnization

indicated a reduction of about 65% which is nuch less than for the case

when we considered for l14costs only. This is also expected because we

are trying to reduce the sidelobes to zeÛo by assigning cost coefficients

throughout the spectrun and this will be difficult to achieve in general'

Had the response been specified with sma11 arnount of sidelobes instead of

zero values, vre can expect a higher reduction in cost than 65%' Bttt

including siclelobes may arise aliasing problems when using the FFT rout-

ine. Horvever, a reduction in cost of 65% is quite substantial and the

requirenents are nearly achieved in the frequency domain indicating the
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effectiveness of this nethod.

6.2 Synthesis of TV IF Filter usinq Zero-order Iteration

Method Filter 3

This nethod is considered to be fortuitous as indicated earlier '

and is capable of yielding satisfactory results with much less effort '

An outline of the nethod is presented in section 5.6.1, but the theoreti-

cal results will be presented here applying the technique to the same

finite duration tine response of Filter 1 '

6.2,r De Considerations and Cho ice of Suitable P arameters

Design of the filter up to the finite duration time response of

the apodized transducer is the same as indicated in chapter 5' The

various paraneters up to the selection of cost coefficients and the

number of perturbations are the same as indicated in Section 6.I'2'

Sumrning up the results briefly we have,

N = 1024

T = Susec

Àf = 0.2MHz

IFI = 148

IFF = 197

ITI = 400

ITF = 624

NT = 227

we consider perturbing the response at all the sampling points of the

retained window i.e. 227 perturbatj-ons, but assigning only 50 weighting

coefficients in the frequency donain. The weighting coefficíents selected

are
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hrhere k I ,50ctL,
lr2(urn) I

Having selected the various parameters, the perturbations are given by

(equation 5.36),

-1 {+ F+(,)}p(t) = -|' -kk

where ra(o) is calculated as described in section 5.6.1.

6.2,2 0Ptim ization Proqran FILTER 3

ThecomputerpÏogramusedforcomputingtheperturbationsolu-

tion by zero order successive iteration method is called FILTER 3 and a

listing along with a flow chart is given in Appendix 43. The progran

calculates the 227 perturbations by successive truncation, weighting and

transformation opeïations, as outlined in chapter 5, evaluates the adopted

response and the achieved response in the frequency domain' Further, the

p1logram generates the gap-widths and the overlaps necessary for plotting

the pattern and then calculates the expected response of this pattern

using a sinusoidal representation of the source function in eaclÌ gap' The

results obtains by this nethod are shorvn in Figrue 6.2.

6,2.3 Discussion of the Results

If the achieved response after optirnization is not satisfactory'

we may have to change some of the design parameters and repeat the whole

successive operation once again. The only variable available in this

nethod is the choice of a different set of weighting coefficients ' A

slightly different set, has not produced any appreciable change in the

optimized lesponse, however large variati.ons j-n the weighting coefficients

either too small or too large compared to the present set of values have

cleteriorated the response after optinization. The same effect has also
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been found by increasing the number of weighting coefficients than the

present set of values and hence, it was found that it is difficult to

draw any conclusion regarding the choice of weighting coefficients, how-

ever, with the present choice the nethocl proved to be successful with

much less effort. The solution does not require any natÎix inversion and

took less than 20sec of cP tine compared to about 350sec of cP time of

the previous method.

6.3 SYnthesis of a TV IF Fitter with ldea1Specifications using

OPTIM METIIOD, Filter 4

In the procedure described so far we have been trying to design

a filter to achieve a given response as closely as possible, but in

actual practice certain tolerances are pernitted and it is sufficient if

the response falls within these limits. l4Je now consider a TV IF response

with a given specified linit and try to synthesize a filter whose response

lie within these limi.ts. The ideal magnitude r:esponse of a typical TV IF

system as indicated by one of the major electronics companies in Australia'

with the prescribed limits is shown in Figure 6.3. The basic synthesis

procedure is to assulne an average characteristic which lie between the

prescribed lirnits and then fol1ow the method described in chapter 3 a:rd

apply the optirnization techniques developed in Chapter 5. Once again if

rve assume a linear phase characteristic the ideal technique is to apply

opTIM METFIOD. As we see frorn Figure 6.3 that the lower limit is infinitely

large at the band edges* (adjacent channel carriers) and that flat band

responses in some portions of the entire characteristic connected with

steep slopes are present, an ideal characteristic is difficr'rlt, in fact

inpossible to achieve in practice. It is also to be noted that deeper the

traps at the band e<lges and at the sound carrier the better wj-ll be the

* However, a 60dB is assumed for plotting purposes'
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design for various reasons discussed in chapter 3. Fron Figure 6.3 we

note that a minimum linit of 45dB at the band edges and about 22dB at

the sound carrier is necessary while designing the filter. lve also know

that flat band characteristics v¡il1 produce undue ripples in the IF res-

ponse because of the finite truncation in the time response (Gibbrs pheno-

rnena). Ripptes in the passband, however, is not a serious problen so long

as they are within the prescribed limits. Further, the optimization will

reduce the ripples to some extent (the anplitudes but not the nunber) '

Another aspect of reducing the ripples is to choose the response in a

smooth variation rather than sharp changes. All these factors have to be

taken into consideration r^Ihi1e selecting the average characteristic of

the IF response. The deep trap at the band edges may be obtained to some

extent by adjusting the ntmber of fingers in the uniforln transducer and

this will be discussed in the folloiving section'

6.3.1 Design Cons iderations and Choice of Suitable Parameters

In the procedures described so far the proportions of input

transducer T1 have been arbitrarlly set to 9 fingers with a centre fre-

quency of roughly 34.Qtr{tlz, so that the contribution due to Fr(') is

assuned to be fairly constant over the desired IF range. Howevel, bI

increasing the number of fingers, the nainlobe is nade nar outer and if the

first nu.Ils are ¡nade to fa1l at the band edges, we can expect deep traps

at these edges. With the average characteristic shown in Figure 6'3c, the

central portion of the response (4,2MHz out of TMHz band) is fairly flat'

Choosing a naïrow band response for lpt(t)l produces large amount of

ripple in the passband region and we have to seek an optinun number of

fingers which produce ninimun amount of ripple and at the sane tine

increases the levels at the band edges. A prelirninary conputer investiga-

tion revealed that a choice of 11 nulnber of fingers is a lnost suitable

parameter in calculating the lft(r)l with a centre frequency of 34'0Ml1z

r.l
uence Nr = 10 and fs = HMHz in the expression l+l tvhere
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Nrn
* = + tff) The response is assumed to haye specifled from 29-4w|z

to 38,2MHz with a sanpling frequency of 0.2MHz givíng rise to a total

number of 45 sanples in the specified region of inierest. The other

pararneters for computing the FFT routine are the sarne as indicated in the

previous progr'ans, i.e. N - IO24 and T = Sysec. Design of the filter

up to truncated time response of the apodized transducer is the same as

indicated in Chapter 5. Sunnerizing the results we have,

N = 1024

T = Susec

Âf = 0.2MHz

IFI = 148

IFF = L92

The optinum finite duration tine response in this case was found to U" equal

to 79 half-cycles corresponding to 25I sanpling intervals in the tine

donain.

i.e. ITI = 3BB

ITF = 638

Sínce the optirnizatíon technique followed is the same as for Filter 2 we

appty the same conditions as indicated in section 6.1.2 í.e.

Number of coefficients NC = 513

Nunber of perturbations starting fron ITI, KP = 86'

Following the arguments of Section 6.1.1, cost coefficients are

C fori=IFI,IFF
lr2(urr) I

0.01 for i < IFI and > IFF

1

where lpr(r) | is ttte specified response.
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Having selected all the paraneters a coìnputel program was written to

obtain the optimum solution for Filter 4'

6.3,2 OPtimizat ion Program Filter 4

Thecomputelprogramdevelopedforevaluatingtheoptimumsolution

using OPTIM METtloD for achieving the ideal specified response is called

FTLTER 4 and a risting along with the flow chart is given in the Appendix

A4. The prograrn evaluates the symnetrical time Ïesponse, calculates the

optinum solution by considering KP sanples and then the adopted response

and the achieved response of the filter. The results are shorun in Figure

6.4. Further the program generates the zero crossings and the overlaps

necessary for plotting the pattern and then calculates the expected res-

ponse of this pattern by approximating a sinusoidal source function rep-

resentation in each gaPrvidth.

6.3.3 Discussion of the Results

Theeffectofchangeincostcoefficientsorthenumberof

perturbations is the sarne as discussed for Filter 2 in section 6'1'4'

since the specified response of the filter has a flat characteristic for

nost of the IF passband, the response of the apodized transducer has a

downwarcl s1.ope in this region so also the ripples in the frequency domain

of the a.dopted tine respollse. It was observed that , more the number of

fingers in the transmitting transducer, mo1.e will be the slope and hence a

large amount unequal ripples in the IF region. In order to minimize this

effect it is necessary to reduce the number of fingers in the transmitting

transducer which in turn reduces the leve1 at the bancl edges ' A conpromise

of 11 fingers rvas found to be nost satisfactory. Further, it was found

that it is necess a:y to increase the truncation limits in the finite dura-

tion time response than in the previotÌs example to keep the sound trap to

a reasonable 1evel.
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In general it was found that any attenpt to improve the level at the

band edges will deteriorate the level at the sound carrier or vice versa,

even though sone allowance was given to the ripple in the passband. The

optinum design will depend upon the number of fingers in the transmitting

transducer, truncation linits in the apodized transducer and the number of

perturbations in the optimization technique. Of the various trials, the

present pararneters indicated in Section 6.3.1 seems to be the best con-

pronise for achieving this ideal response. For all the filters synthesized

with OpTIM METH0D it was found that rnaj or perturbations l{ere occurred in

the sidelobe region than near the mainlobe region.

6.4 Additional Illustrations of OPTIM METIIOD

Wg present here some of the additional examples considered using

OPTIM METHOD. The sirnple example considered is a rectangular bandpass

filter. The basic paraneters are the sane as used for Filter I but insteacl

of using the IF response a bandpass response is introduced in its place'

Hence, the variables used are:

N = 1024

T = Susec

Àf = 0,2MHz

IFI = 148

IFF = 197

The nagnitude of the bandpass filter is constant throughout the entire

region, except at the band edges where it is assumed to be 40dB dotun'

The filter is then synthesized with sinilar approach as used for the

synthesis of Filter 1, except that the response is truncated arbitrarily

in the tine donain. The sanpled response is retained only at 109 sanp-

ling points out of 1024, starting fron 459th point.

1.e ITI = 459
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ITF = 567

The frequency response of this retained window is then calculated using

FFT routine, and obviously the response is quite different from the speci--

fied one. The levels at the band edges are only of the order of 15dB,

while a large anount of ripple is present in the passband with l^/ide skirts

at the band edges. The OPTIM METHOD is then applied to the retained

window assigning sarne number of cost coefficients as there are the nunber

of variables and perturbing all the samples in the finite response' The

optimized response is very close to the specified response, with a reduc-

tion of about 95% in the total cost. The teveLs at the band edges increased

to about 40dB while the skirt slopes are also increased considerably. The

ripples, though increased in number, reduced in size to a great extent.

However, the resultant time response distorted considerably and SAW filter

cannot be devised with this waveform representation. üIhen the cost coef-

ficients are assigned in the whole frequency spectrum, a realizable pal-

tern was obtained with a satisfactory inprovement in the frequency donain'

The exarnple of bandpass filter is presented here to show the

effectiveness of the OPTIM METHOD, and it is not the purpose to make a

practical SAW device. Moreover, well established techniques are available

in the literature for synthesizing the bandpass filters, but the purpose

is to show that the method is most general and is applicable to synthesize

any sort of filter.

Thus we conclude this chapter illustrating the optimization tech-

niques developed in the previous chapter. The experinental performances

of the synthesized filters will be presented in the next chapter'
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CI]APTER 7

EXPERIMENTAL PERFORMANCE OF OPTIMIZED FILTERS

7.0 Introduction

InthisChapterweplesenttheexperimentalperfolmance

of some of the optimized filters, synthesized in chapter 6 and compare

their theoretical responses by evaluating the transadnittance formula

developed in chapter 2. Theoretical and experimental investigation

of the filter insertionloss is also presented. Precise details of

the filter fabrication and measulement pTocedures have been documented

asdescribedinChapter4,exceptthegenerationoftheoriginal

artwork, the esselrtial difference being that the artwork was drawn

to be arnenable to a single stage reduction for the final transpalîancy'

insteacl of two stage reduction as followed for Filter 1' Tuning and

nounting techniques are exactly the same as described in an earlier

chapter (chapter 4) , except for a few refinements in the techniques '

/ r - !r^^ 
-^...r+Cornmercially available Eðdy/stone boxes were used as the mountlng Jrgs

and the internal screening is prepared in the Departnental workshop'

conputer pTograms have been devêloped to evaluate the input-

output adnittance parameters in the adnittance nodel of the filter

and the results are illustratecl for a typical optirnized filter'

7.t Pattern Genera tion and Filter Fabrication

TlrefilteÏpatternswelegeneratedbythecomputelusing

theprogramARTWORKasdescribedintheAppendixAl.Thepatterns

were designed for a single stage reduction and the electrodes were

drawnusingblackinkwithapentipof0'5runsíze'Thefilters

which rve describe in the chaptel are similar in construction, hence

they wilJ. be dealt with together. After a choice of suitable substrate'

the working alea of the interdigital digital transducer structures

was selected and with an appropriate reduction ratio, the fj-Iter

patterns were drawn as described above. A surnrnary of the filters

description is given in Table 7.1.Filter 1 was alteady discussed in

Chaptcr 4, but it is presented here sinpl)' for conparison purpose



Filter 4

Filter 3

Filter 2

Filter I

FiIter
tification

Response with
ideai speci-
fication

Saine as
Filter 1

Same as
Filter I

IF response
of a tYPical
test receiver

Response
Specification

OPTIM METHOD

Zero order
iteration

OPTIM METHOD

Four-Tts
method

Method of
Optinization

11

9

9

9

No. of
fingers

Transrnitting
transducer

6. 25nnt

6 .25mnt

6.25nm

6.25nn

Maximum
overlap
length

78

72

72

69

No. of
fingers

Receiving
transducer

5 . Ornrn

5. Orùn

6.Omn

5.Orun

Maxinun
overlap
length

6. Busec
(2. r5cn)

6 . Busec
(2.14cm)

6. Busec
(2. 14cn)

7.8usec
(2.47cn)

Group delay
between the
transducers

25.2

25.2

2s.2

60

Reduction
ratio

It

il

YX Quartz

¡r|"xr"d')

Choice of
substrate

and
propagation
direction

3. l45kn/sec

3.14Skm/sec

3 . 145km/ sec

3.16km/sec

Assumed
surface wave

velocitY

TABLE 7.1 Description of the filters drawn by the computers using Progran ARTWORK
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rvith other filters. The program, ARTWORK given in Appendix 41, is for

Filter 2 and appropriate data has to be changed for draling the other

filters, the necessary requirements being nentioned in the program

itself. The electrocle patterns of the three filters, Filter 2, Filter

3 and Filter 4 are shown in Figures 7.1,7.2 and 7.3 respectively.

The filters were then fabricated using the photolithographic

techniques mentioned in Appendix B nounted in metal boxes following the

sane principles as described in Section 4.3.I and a 50ohm ternination

was adopted for measuring the frequency response characteristics as shotvn

in Figure 4.4.

7.2 Experimental and Theoretical Results

The frequency response of the filter was measured in the same

manner as described in Section 4.3.4 and the results are shown in

Figures 7.4, 7.5 and 7.6 f.or the three respective filters, conìpared with

the theoretically predicted Tesponse using the trans-admittance model, a

computer progran of which is described below.

7.2.I Transadmittance Programs, Y2lFIL

The program used for computing the theoretical performance of

the filter is identified as Y21FIL and the listing of a t¡pical exantple

(Filter) is presented in Appendix 45, preceding a flow chart. The pro-

gram evaluates the frequency response of the uniform and apodized trans-

ducer structures by approximating an independent cosinusoidal source

function representation in between the gaps and then calculates the

transadmittance in siemens with the given material contents. The program

can also calculate the insertion loss of the filter, if the load admit-

tance acïoss the output transducer is provided or calculated j-n a sub-

routine with given circuit parameters. Provision is also nade to include

small changes in reduction ratio or surfacewave velocity or both, if

required, in ordel to compare the theoretical result-s with the
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Figute 7.2 Electrode pattern of Filter 3.
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Figure 7.3 Electrode pattern of Filter 4.
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experimental ones. The graphs shorvn in Figures 7.4, 7,5 and 7.6 are

the voltage transfer ratio of the filter and the product of trans-

admittance and load irnpedance of the filter (equation 2.5), plotted in

dB scale, rnaximized with respect to peak amplitude. The radiation con-

ductance and susceptance of the input-output transducers have been neg-

lected in both the measurement procedure and in the theoretical evalua-

tion of the filter frequency response. As pointed out in the beginning

of Chapter 2, their nagnitudes are negligibly snal1 conpared with the

static capacitive reactances.

7.3 Input-outpu t Adnittances of the Filter

By input-output admittances of the filter hre mean the input-

output admittance parameters of the uniform and apodized transducer

structures under short-circuit conditions as defined in the admittance

nodel (Chapter 2). For the experimental devices presented in this

Chapter or for the filter presented in Chapter 4, measurenent of these

quantities is extrenely difficult, except for the static capacitances,

because of low coupling naterial and only a small number of fingers are

used in each transducer, (particularly for the uniform transducer). As

an illustration, consider the input adnittance of a uniforn transducer.

Recall equations (2.33), (2.34), (2.55) and (2.36) and at the synchro-

nous frequency,

rr r (t¡o ) = G(oo) + jur¡c,

- lro laüIN2n2 (e ¡+eo)
+ joçC,

. .. (7.1)

. ..(7 .2)
4 x 1 .8542

- | .,re lc, r,t

t- j rrrgC, . ..(7 .3)
4 x L.8542

For YX qúartz substrate a* = 0 .r% and even for 201 fingers (N = 100),
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the nagnitude of first term is approxinately 0.1 tines the nagnitude of

the capacitance reactance term, for a 9 finger transducer this is much

smaller than 0.I and there is considerable difficulty in neasuring such

asmallquantity,hotvever'wecancalculatetheinputadnittancefor

the uniform transducer, using the expressions derived in section 2 '3 ot

usingthetransadmittanceY2lFlL,byconsideringtwoidenticalt1lans-

ducers and putting túe separation between them equal to zero.

7 .3.r Input-admitt ance of the Filter

Theinputadmittancepalametersofthefilt,ersconcerned,

comprisetheadmíttanceparametersoftheuniformtransduceralonewhen

the reflections fron the shorted apodized transducer aI'e neglected' This

is, of course, one of the basic assumptions in the admittance formulisn'

Cornputerplogramshavebeentvrittentoevaluatetheinputaùnittance

paraneters of the uniform transducers and the nagni ude responses G (ur) '

B(,¡) and urcP obtained are similar to those published by other workers

llll,2 , except for the fact that the responses G(t'r) and B(ur) are not

s¡.mrnetrical over the synchronous frequencyr 00¡ and so also the side-

lobes because of the lrl factor in the input adni'ttance formula of the

adnittance nodel. The results are fairly obvious, hence, the graphical

representationsoftheresponsesG(rrl)andB(o)arenotpresentedhere'

Howeverrasaspecifiedexamplerforagfingertransducerof6'25run

width on YX qúaTtz substrate, at the synchronous frequency of 34'4MHz

the following quantities were obtained'

G (,¡o)

B (t¡o)

= 2 .7 65 p siernens

= :0.18 ir sienens

,gCT = 260 v siemens, CT = 1'2pF (theoretical)

DqCT 540 u siemens, CT = 2'5 pF (measured)

In all the transclucer capacitance measurements' it was found
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that the measured values are higher than the predicted values by an amount

of 1 to 2 pF, the exact amount being dependent upon the layout of the

pattern and of the circuit wiring '

7 .3.2 OutPut-adn ittance of the Filter

The output admittance parametels of the filter concerned, com-

prise the admittance Parameters of the apodized transducer alone, with

the same reasoning given in the preceding section. However, calculation

of the adnittance parameters is not as sinple as that for unifonn trans-

ducers for the reasons mentioned in Section 2.4 of Chapter 2. The nethod

followed here is sinilar to that described by Hartnen et al ' [Z] 
3 in

their impulse model design ofa:coustic surface uiave filters' A conputer

progran was developed by the author to evaluate the admittance paraneters

of the synmetrica:- apodized transducers, a listing of which is given in

Appendix 46. The progran is called Yzz¡lPOD and evaluates the radiation

conductance by dividing the apodized transducer into a number of uniforn

but unequal width striPs and adding the contributions from each strip'

The radiation susceptance is again given by Hilbert transform of the rad-

iation conductance, and the capacitance reactance is calculated from the

relation,

tcT p)= | urçee*e
N

I
i=1

(Ai.) ...(7.4)

where A, are the overlap lengths on the apodized transducer of N half-
I

wavelengths long and eg and en are the material constants. The progran

can also be used for uniform transducers in which case it divides the

transducer into a single strip and the rest of the calculations follow

thereafter. The computed results for a typical optinized filter (Filter

2) are shown in Figure 7.7. It is interesting to see that the radiation

conductance characteristic is similar to the magnitude response of the

filter itself, the probable reason being that the total burden of produc-

ing the filter response is bestowed upon the apodized transducer alone
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and the contribution froln the uniform transducer is assurned to be con-

stant. Had the ¡verlaps been the same we expect a (+)2 chtracteristic

but because of the particular apodizatton to reaLize the desired fre-

quency I.esponse the radiation characteristic is also sinilar to the

desired frequency response. At the centre frequency of 34'4MHz the fo1low-

ing quantities were obtained.

G(u'O) = B'75 U siemens

B(to) = -J.9 x 1o-2 P siemens

t¡oCT=460psiemens(CT=2,L2pFtheoretical)

t¡oCT = 855 u siemens (CT = 4pF measured)

No atternpt was made to measure the quantities G(o) and B(o)

because with these transducers it is conpletely doninated by the static

susceptances. In this situation, the static susceptance and parasitic

strays are of more concern to the filter clesign, than G(r'o) and B(t^l) and,

therefore, G(t¡) and B(ur) rnay be neglected'

7.4 Insertion-1oss due to Irnpedan ce lr{ismatch

The theoretical and experimental insertion-loss of the filter

with a 500 load termination, ag]^ee quite well apart from an average of

3dB diffeïence in the IF passband and this can be attributed due to var-

ious losses in the practical SAI{ devices. The theoretical insertion-loss

is calculared fron the relation 20 log{ | yzt(co) Inr} and the measured in-

sertion-loss is calculated fron the relatj-on 20 tot [Fr) . The calculation

of these values is incorporated in the proglam cal1ed Y2lFIL given in

Appendix 45. The observecl value of the insertion-loss at the centre fre-

quency, is rather high of the order of 72dB down (further increasÌng on

either side) and is due to impedance misnatch of the transducer r\'ith the

source altd load impedances. The high impe<lance of the low transd¡-rcer is

clue 1-.o the use of the low K2 naterial, tvhile a low impedance measulement
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systen is nece-ssary for t-he various reasons ntentioned earlier. Thus, hle see

a great arnount of misnretch in the irnperiances an<l thjs fact lvill be el abola-

ted more clearly as follotvs.

First of all, a conment on the definition of the irtsertion-loss rvil1

be rliade. The tern insertion-loss, referred in thj-s investigation neans the
\T

voltage transfer ratio expressecl in decibels, i.e. Z0 iog[;a) (a1so approx-"'Vr'

irnately equal to 20 loglyr, (o) Rrl , where ú, is the output voltage ac.ross

the filter and ú, is the input voltage to the filter. T}ris facilitates

comparison betrveen the theory and the experinent for both passband shape and

the insertion-loss at the band centre. Hoir'ever, it is more appropriate to

clefine the insertion-loss of the filter as the power transfer ratio expressed
P,*

in decibels, i.e. 10 log(Þtj, where P, is the power delivered to the load and

delivered iy .rt" ,orrtl". These ttto results viz. 20 logtlfl)
,P

and 10 fog[*) aïe not the same in general, except undel certain circumstances.
,I

For the ptupose of illustrating the insertion-loss, we assurne the

filter has the souïce and load conductances G, and G, respectively, as shown

in Figlre 7.8(b), and the radiation conductances and susceptances are neg-

lected. This will be a reasonable assrmption on rveak-coupling materials,

least for anything other than ve::y narrow band-widths.

The power delivered by the source to the transducer at band centre

is gi.ven by
I,,,

. . . (7.s)Pt
4G

S

the porver delivered to the load is given by ,
P

lYrt (o) l'It
t trtå

. ..(7 .6)

where lfr, (r,t) | is ttre magnitude of the transadnittance between the trans-

ducers and I, is the input current source and G, is the load conductance CtJ

Therefore, the insertion-loss of the filter according to the power transfer

ratio definition is given by'

In nornal terminology it repïesents the pol{er gain but it is termed here
as the insertion-1oss.

*
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Pr, llY ", 
(t) I 

t

When G, = G, the exP::ession fo:: n'"(ul)

voltage transfer ratio expressed in dB

20 1og{If,, (o)I Rr} excePt that I-n(o)

P (cu)
1n

output

7.8(d).

G
S

G

(1.aï)

where

Ql = oolrGs

SinilarlY the equivalent shunt

by,

G,

S

in clB sc.ale is si-ni1aT to that of

scale i.e. ,o t"tlïtl oï

Pt Gr,G

will be 6 dB lolÍer. Theiefore, we

and exPlore the

...(7.7)

. . (7.8)

. . . (7.e)

. . . (7.10)

assume'GL = GS (the untuned load ancl sourc'e conductances)

ideas for improvements in the insertion-loss of the filte::'

FigureT.s(c)showsttvoseriesinductortuningsintheinput-

circ.uitsandanequivalentshuntrepresentationisshowninFigure

Tlreequivalentshuntconductanceintheinputcircuitisgivenby

x

G,

,¡oCS

conductance in the output circuit is given

G
v (1.aå)

where

Q2=tol2tr=o|h

The equivalent shunt inductances can be calculated in a sinilar way if

requir:ed,butisnotnecessalyinthissituation.Witlrthesetuning

inductors, the insertion-loss of the filter is given by'

Pt, 
- +lYrt(t¡o)12p.n(roo) ={=-qç-

Forimprovementintheinsertion-losstheexpressj-oninequation

(7.10)ismaxinizedbymakingG*andtr"'snallaspracticable'Thecon-

ductances,horvever,mustbekeptlargeenoughtornaintainareasonable

bandrvidth in the input-output circuits. The Q-factor:s of the para11e1 circuit'

Figure 7.8(d)' are given bY
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QS

ooCS *
=-_

G

and

where C, anrl CO

relation (7.11)

0oC.
n=^XLG

v

are the transducer static capacitances' If we use the

to elininate G* from equation (7.10)' we obtain,and G
v

olrrr(tuo) l'QrQ,

X

P (t¡o )1n

. . . (7.11)

...(7.r2)

...(7.r4)

P. 
n((l)0)

*lcsco

Thus we see to calculate the insertion-10ss we must know the

forward transadmittance, the input-output capacitances and must be prepared

to riecide what are the highest values of QS and Q, which rvill give acceptable

responses. As an example consider the case of Fí1ter 2. The calculated

value of transadnittance (Progran Y2lFIL, Appendix A5) was'

lrrr(to)l = 3.925u siemens "'(7'Ls)

with a low irnpedance ternination (: 50ç¿) and assuming the same source and

load conductances, the untunecl insertion loss of the filter from equation

(7 .7), is,

-66d8 (-72d8 according to voltage
transfer ratio definition)

in which we have assumed GL = Gs = 15'6m siemens' Thus we see by using

low source and load irnpedances we have obtained a very high value of

insertion- loss .

Now we consider the case when the transducer capacitances are

tuned out with the respective inductances. Taking the rneasured values of

c* and c, fron sections (7.3,1 and 7.3.2) and calculating the respective

inductances required at resonance and substituting in equations (7'8)

and (7 . 9) tte have,

* Froln equations (7.8) and (7.9) it is easy to prove that Qr=Q, fot Qtttl

ancl QrtQ, fot QZttl
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Ql = 28'g

Q2 = 18'z

Therefore, the equivalent shunt conducta'nces are'

(7 .s)

Gx = 18.8¡.r sieìnens

fron equations (7.8) and

. (7. rs)

. . . (7.16)

...(7.77)

. . . (7.18)

G, = 46'7P sientens

.'.Theinsertion-lossofthefilteris,fronequation(7'10)

P.n(oo) : -11.55d8

The associated Q-factors ar:e, from equation (7'11)

: 28.8

a x L8.2

QS

L

Thus.we see vre are able to irnprove the insertion-loss of the filter con-

siderably, with the tuned circuits but at the expense of high Q-factors'

equations (7.15) or (7.18), which severely restircts the filter performance'

because of the narïot^/ bandrvidth and hence operating the filter with such

highQ-factorsisnotdesirable.Therealeseveralwaystoreducethe

Q-factorsequations(7.8,9and11)forobtainingreasonableamountof

insertion-loss and at the same time maintaining the adequate bandwidth of

the fitter. rn view of the equations (7.8), (7.9) and (7'11) the possible

approaches are 1) increase static capacitances' C, and C*' 2) reduce

tuni-ng inductances L, and Lr, 3) use lol. adnittance sources G, and Gt'

The first factor is not desirable, since tl're static capacitances

depend upon the substrate naterial and the number of fingers ' The number

of fingers depend upon the filter design and hence cannot be increased' The

static capacitance can be incr:eased by using a high K2 material but using

high K2 materials have their own problems as discussed in Chapter 10

and is not Preferred.

The second factor is interrelated rvith the first factor and cannot be
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reduced any fur.ther. Therefore, the tliird factorr'Jiz use of lotc con-

ductance values for G, and G, is quite possible by using high impedance

IC operational eunplifiers. For example if tve wish to use Q-factors of 5

(Qs = Ql = 5) for the input-output c.ircuits, then the source and load

concluctance will be fron equations (7.S) and (7.II) '

Gå

uoC-
(1 * Q|) -a; = 1.34m siemens

. . . (7.ls)
(^)oC.

Gi = (1 * Q;) -o,- = 2.37m siemens

and these values can be easily achieved with tlìe help of suitable IC

anplifiers, rvith capacitances nearly matching with that of the transducer

capacitances. The insertion-loSS rvith these new source and load concluctances

will be from equation (7.11).

P.rr(o0) = -19dS " '(7 '20)

Thus we will be able to inprove the untuned insertion-loss (with = 50Çl

source and load conductances) from -66dB to -19dB with tuned circttits and

with source conductance of 1.3m siemens and 10ad conductance of 2'37m

siemens.

In fact it is possible to iurprove the insertion-loss without any

tuned circuits, and incorporating the HF linear IC anplifiers to natcl-t

the transducer impeclances. Refering to equation (7.7), if we select suitable

IC amplifiers (eq. FET transistors) say with G, = 1ms and G, = 0.5ms, then

the insertion-loss would be fron equation (7'7)

P.n(oro) =: -39d8 "'(7'21)

Thus we see the potential advantage in using IC arnplifiers in improving

the insertion-loss of the filter. The filter design has to be nodified

to incorporate the responses of these amplifiers and of matching circuits

if any, and the design procedure is presented to some extent in chapter 9'

As a final remark we have to renind ourselves that the insertion-
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10ss of -66dB nentioned in this section is referred to the untuned source

and load conductaltces, each approxinatell' having values of 15'6lnA/v'

Hourever in the experinental proceclu::e, t,¡e have used a series of inductance

tuning in the input circuit and the inpr-rt voltage is monitored rvith a

higlrirrrpedancecapacitiveprobe,rvhiletheoutputisdirectlyconnected

with an anplifier terminated with a 50f) resistance' In this situatj'on the

insertion-loss at the band centre is given by refering to Figure 7'6(d)'

(1 . ai) lr,, (to) I '
Gr,Gs

where Q, = r,lolG,, and |LI is the irrductance required to tune the total

capacitance in the input circuit, viz, the transducer static capacitance'

stray capacitances, the capacitance of the BNC connectors, anC' the capaci-

tance of the high ínpedance probe. As an example, considering once again

for Filter 2, from the nieasured results we obtained the follorving results

P.n((,)0) ...(7.22)

. . (7 .23)
Qi = 6.05

and

P (oo) = -5o.5dB
1n

7 .4.I Other Sources of Insertion-Loss

The insertion-10ss cliscussed so far arises due to electrical

misnatch at the filter input-output terninals to the source and load

inpedances. However, there are several other sources of losses which can

occur in a SAIV device Í713. Some of them are, 1) bidirectionality loss,

2) electrical dissipative losses in the transducer pattern, 3) losses in

the natching networks, 4) propagation losses in the substrate, 5) losses

due to beam spreading, 6) apodization losses and 7) losses due to trans-

ducer misalignment of the list nentioned aboye, loss due to bidirection-

ality in the prominent one and the others ale usually snall if proper care

is exercised in design and fabrication of the filter.
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The filter configurations considered in this thesis have an

inherent bidirectionality loss of 6dB [7] 
1, half of which occurs because

the input transducer radiates only half of the power toward the output

transducer, because by reciprocity it can only reconvert half of the

acoustic power incident on it into electrical output. There are several

schemes proposed l7)a to ninirnize or elininate [7]5'6 bidirectionality

loss but at the expense of aclded complexity of transducer fabrication'

Tl-re loss due to bidirectionality has been included in the deriva-

tion of the transadrnittance forrnula and adding the contributions due to

other factors mentioned above pro ably explains the average SdB difference

between the measured and the calculated insertion Ioss of the filter'

7.5 Discussion of the Results

on the whole, the experitnental results of the optimízed filters

agree quite well with the theoretical results. It was found that ninor

changes in the reduction ratio and the surfacewave velocity were observed

than the estinated values because of the 1i¡rited facilities in the photo-

fabrication proceclure. Flowever, considerable intprovement was observed in

neasured results of the filters rvhich have been fabricated with a single

stage reduction process than with a two stage reduction process ' Had

accurate techniques been available, the specified response, the predicted

response of the model anct the experinlental response of the filter can be

compared together and precise frequency specifications can be obtained'

The good agreement obtainecl achieved in the experiments can also

be taken to provide empirical justification in the derivation of the

a-pproxinate soulce functions in the transadnittance formulisn' Although

only quartz substrate matelials have been used in these experiments, we

can use any other wealt coupling subst::ate material's for characterisation

of the surfacewave filter using the transadmittance fornulation' There

are seveïal other new materials appearing in the field and a choice c¡f
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suitable ïnaterial regarding the cost and ease of fabrication in the sAW

IF filter will be discussecl towards t.he end of the thesis (Chapter 10) '

Even though the observed acoustic signal was not distorted nuch in the

experiments, some of the factors contributing to the distortion effects

will also be discussed in the same chapter'
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CHAPTER 8

SYNTI]ESISoFATVIFFILTERUSINGCHIRPEDTRANSDUCERS

8.0 Introduction

AnovelteclrniqueofdesigningTVlFfiltersusingchirped

transducersispresentedinthisChapter.Achirpedtransducerisone

in which the spacings of the interdigital electrodes aÏe graded fron

one end of the a:Tay to the other v¿hi1e naintaining the same electrode

lengths throughout the aïTay, SAW filteÏs can be designed using two such

arïays as input-output transducers ancl suitably nodifying the spacings

between the etectrodes. There a¡e two types of such filters (8) 1

If the trvo transdueers in the filter are sinilaT, viz" identical in

finger spacings and in orientation, the filter is dispersionless and

the linear phase response is retained. on the othel hand, if one

transclucer is the mir:ror image of the otlrer, the fitter exlribits

dispersive characteristics and the gToup delay becomes frequency

dependent. Broadbandwidths can be achieved with both types of filters'

but however: clispersive filters have received considerabl'e attention

in recent years (B)2'3'4'5'6 , in particular linear Flvl dispersive filters'

because of their nany impoÏtant appl ications in radat and communication

systerns. A linear FM dispersive filter is designed to have a constant

envelope and linear group delay (quadratic phase) verslls frequency'

In a linear FM dispersive filter, the transclucers are designed to have

uniforn finger overlaps and a constantly clecreasing finger spacings '

The two tr:ansducels are of course arrangecl as the mirror images of one

another.

,Ihe advantages of using uniform finger overlnps is discussed in

chapter 3, the main advantage being increase in irrput-output adnlitt-ances

which in turn recluces the insertion-loss of the filter' T'he design of

linear FM dispersive fj.lters is straightfonvard and ha's been studied by
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several authors (s)14. Bandpass filters rvith regular passband

characteristics have been studiecl by worley (B) 15 using nonlinear

FMtechniques.ThesynthesisprocedurefollowedhereforTVlF

filters makes use of the techniques developed by Forvle çs) 
16 ror

designing FM pulse compression signals. The first technique discussed

consists of designing two identical input-output chirped (FM) transducers'

the FM function which describes the transclucer structure is deternined

according to the required IF characteristic. Later on a method is

presented in which only one of the transducers is chirped and the other

is apodized.

8.1 Basic Approach

The basic principles involved in designing an FM signal

for obtaining a desired magnitude frequency Ïesponse will be briefly

reviewed.Supposewehaveanarrowbandsignals(t)centredata

carrier frequency fo with an envelope u"(t) and a phase rnodulation

O(t), then we have,

s (r) u"(t) cos{2nlot + O(t)}

'tl2nl t + 0(t)]
Re[u" (t) ; o ]

Re{v. (t)}

5{2n{ot + Q(t)}

(8. 1)

(8.2)

(8.3)

(B .4)

where

v, (t) (tu ) e
e

isthecomplexFMsignal.Forsimplicityinalgebraweworkout

with conplex quantities and, therefore, v. (t) will be taken as the

ínput signal. In practical situations only the real part will be
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considered. Suppose v(f) is the Fourier transform of v. (t), hrith

magnitude spectrum v,n(f) and phase spectrum 0(f) i'e'

v(f) v
m

j0 (f )
(f)e J{v

1

The signal autocorrelation function, Rrr(t) is then given by,

Rr r (t)
i*
Jvr(t) vi(t-r)dt =

l*
Jvr(t) v. (t+t)dt

(8.6)

where x represents complex conjugate and by autocorrelation theorem

(s)17 Rrr(.) can be written as,

2 j2r{r
(8. 7)Rr r (t)

Thus rvhen Rf r(.) is chosen, the nagnitude spectrrrm vr(f) can be

detennined by the inverse Fourier transfor:m of R1 r (t) . Therefore

v
m
(f) (8. 8)

n(t)t

11(r)io
)

ed{

t'¿i2r{t U,

Thus we see designing an FM signal of arbitrary envelope shape to have

a specified autocorrelation function is equivalent to that of designing

a signal of ar:bitrary tine envelope or nodulus so that its Fourier

transform will have an arbitrary modulus. With the two modulus

functions u"(t) and v*(f), specified, Fowle (B)16 derived approxima-te

phase functions Ór(t) and or(/) for the phase functions s(t) and e(/)

in terms of the quantities derived frorn v*(l) and u"(t) alone so as to

forrn the approxirnate Fourier transform pair, i.e.
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i{2ntot + $1(t)}
(B.s)

evr(f ) e

YztG)

<=+ U t( ) e

or more specifically to say, given vr(/) and u"(t), we can calculate

0r(t) and 01(/) so that

i{2r{ ^t + 41 (t) }
lJ{u"(t)e ' }l :y (r)

*

m

OT

-I jsr(f)
ll--{vr(f) e } I -u (t)

It is to be noted that, once we calculate the phase function in one dornain'

we also obtain the associated phase function in the inverse doma.in,

and we have no control over the phase functions obtainable in either

domains.

8.t.2 App lication to SAW Filter

In order to inplement the FM technique nentioned in the

previous section to SAW filters, it is nec-essary to choose a scheme

for employing two transducers tthich togetl"rer produce the desired

frequency, response. specifically, it is necessaly to find thlo source

functions fron which the two individual transducels are to be designed'

It will be shown he:¡e horv this can be achieved through the use of

transadnittance node.

we know that the transadmittance between the transducers

T1 and T2, each having a real source function f(t) in the tine donain is

given by, according to equation (2.7)

* -j2rft
K Fr (f) Fr (/) e

o (8. 1o)

where FI(f) is the flequency resPonse of T, and F1(f) -i2r{te- o1s
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the frequency response of T, and to is the constant group delay

representing the separation between the two transducers ' The

contribution due to lrl factor has been neglected for the time being'

I/lIe also know that y 
2JÐ 

replesentes the filter transfer function

when the load irnpedance is constant, hence it can also be considered

as the specified ïesponse. Let f(t) be of the form r(t) cos{2nfot + a(t)}

which is the desired FM function, and for convenience it is choosed to be

the real paït of a complex function R(t), where

j{2rtot + a(t)}
(8.11)R(t) ) e

LetthefrequencylesponseofR(t)beU(f)withmagnitudespectrum

Un(J) and phase sPectrum V(l), i'e'

u (/)
iv(r)
e

(tr

un(f )

J{n(t) } =J [r(t) 
i{2rtot. o(t)}]

The source function l(t) can be written as,

(8. 11a)

(8.11b)

j{Zrt^t + u(t)} -j{2rfo + a(t)
,,r(t)E " + e l]/ (t)

Assuning Í(t) to be a narrolband signal (function) which is normally true in

practice (the value oftfto whetheï at radio frequencies (RF) or at inter-

mediate frequencies (IF), will always be several tines greater than the

bandwidth of the filter), the Fourier transform of tl're first term on the

right hand side of the equation (8.11b) gives rise to a spectrum which is
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centïed around the positive frequ"rt"y 
tfto 

to a great extent and is negligible

in the rest of the frequency donain. But the spectrul of this first term

aroundtÍ'^ i, equal to the Fourier transform of f(t)' within the same
o

range, i.e.,

Jfu
t{Zrt t + cx,(t)}-o.ìel(tT )

u(f )

I
J- {yzr (l) }

J{t (t) }

u(f )

2F r (/)

um(/) e

(8.11c)

(8.11d)

o

and by definition,

... from equatíon (8 . 1lc) '

J{f (t) } F1(f)

i {2r{ t + a(t) }
Jfr(t); o ]

provided / is near fo

substituring right hand side of equation (8.11d) in equation (8'10)'

the transadrnittance in frequency domain can be written, for { near lo' as

I * -j2r{t
Yztu) ;K u(f)u (f)e (s.11e)

I
where K is a constant (=%K).

Now considering the magnitudes only in equation (B'1le)' we have'

I
lyzr(f)l = K um(f) for I near fo (B'11f)

The transadmittance is tine donain is given by the inverse Fourier transfornt

of y21(f) in equation (8.11e)

-I | 2 -jZnít
vå r (t) J )

or this can be written as

for I near f
o

{ K

(s. I le)
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the exact treatment a.nd the results obtained will be presented in the

following sections.

8.2 thesis Procedure wi th Two ldentica 1 Chi ed Transducers

we will now demonstrate the synthesis of uniforn amplitude

waveforns with appropriate phase nodulation for obtaining the desíred

frequencylesponse.Thiscanbedonethroughtheuseofthestationary

phase principle. A detailed theoretical derivation of the principle is

given by Fowle (g)16, as indicated in the previous section, and hence,

only the pertinent equations are shown here. Rewriting equation (8'1la)

we have

i{Zr{ot + a(t)}j,¡ (/)
U (f) e e

The instantaneous frequency ís defined' as usual' by

] (8. 17)

dq (t)
dt

(8. 18)

stationary phase principle gives rise to'

J{r (t)
m

f . (t)
t_

un(f ) df

1*;-
O ¿TÍ

Í

A second equation derived using the

t{.
I

I

Jï

2
U (E) dE

m

z

2r (n)dn

2
r (t) dt

(8. 1e)

(8.20)

-@

and according to Parsevalrs Theorem,

These three equations (8.18, 8.19 and 8.20) are sufficient to establish

the necessary phase functions. Note that r(t) is a rectangular tine

envelope function and Ur(f) is the square root of the specified magnitude

response over a band of frequencies. In this case the ban<l of frequencies

is the channel rvidth which ís Tlvfl.z and the centre frequency is about 34'0WJz'
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The various steps involved in calculating the phase functions rl(l) and

{2n[ot + cr(t)] so as to obtain the approximate achieved frequency response

are described below.

The magnitude response according to equation (B ' 11f) , can be

written as

2
un(f)

R (t)

iz
un(E) dE

- K2lvzr(f)l lr<{'fz (8'21)

(where K2 is a constant and f is near fo)

where ({z-Íi) is the channel width'

Forunifornfingeroverlaps,arectangularenvelopefunctionis

assumed for r(t) and the complex phase function R(t) can be rvritten as,

j{znlot + a(t)Ì
r(t) e

with r (r) /B- rect (þ = 1 for o<tcT

= 0 elsewhere

(8.22)

whereBisaconstantandTisthedurationofthesourcefunction.

.nce the tirne interval is chosen, Parsevalrs Theoren sets

up the constant rBr in equation (B'22)

i. e. {2
2 (8.23)

B

[¡

The relation between fi

in equation (8. 19) , i.e'

and t can be found through the integrals

m
U

L

T
d{{)(

{t

Bt (8.24)
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2
U (r) dE

m

t

f
I

Q(t)

f1

Bt

Then the instantaneous frequency f.(t) can be solved from equation (8 ' 25) '

This can be rePresented as

(8.2s)

(8. 2B)

I
{ (t) P1 (Q(t) ) (8. 26)

1

Ha.ving obtained f.(t), the approximate phase function a1(t) for o(t) is

given by

r -r
ar(r) : 2r 

.|{P1 
(Q(t))} dt - 2rFot + C¡

(8.27)

The approximate pl'rase function ,l,r(l) for rf (f) is given'by the following

{,1(Í) {Pr(l)}d{ + cz
I

-2r a

Having obtained the approxinate phase function o, (t) in tine dornain the

approxirnate nodulus function in frequency donain can be found through the

Fourier transform relation, viz',

t 2r{ t + u, (t)}
l¡{r(t); o ' }l:una(f) (8. 2e)

where,
2 2

u (f)
mma

for f f l<{z (8.zea)

U (f) KzlYzr (t) I )
)
)
)

The approxination of Ufl*tfl to UlCfl depends upon the extent to which the
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(4) Solve for l.(t) or invert tÌre function PI(fi) to obtain the relation

between instantaneous frequency veIsus time using equation (8'26)

(5) Obtain the approxinate phase function crr(t) using equation (8'27)'
2

(6) Evaluate the approximate rnagnitude response U-a(f) using equation (8'29)'

22
(7) Conpare U;a(f) with U;(f) and if the results are not close enough

inerease the time duration T to a new value and repeat the steps (2) to (7)'

(8) l\Ihen a close agreement is obtained, the FM function in the tirne donain

isusedinevaluatingthetransducergeometry.Thefingerlocationsare

givenbytheequation(s.29b)andthefingeroverlapsarecalculatedby

introducing the appropriate constant of proportionalit'y in equation (8'21)'

(g) Assign the same geonetry to the other transducer introducing the

required separation between the transducers'

AcomputelplogranìwasdevelopedtocaTTyoutthevarioussteps

(1to8)clescribedaboveandalistingoftheprograÌncalledCHIRPTR

is given in the Appendix A7' The step number (9) is requíred in

fabricating the device but is not necessary in the synthesis procedure'

calculation of phase function in the frequency domain ancl the nr.rmber of

finger locations in each transducer was also included in the program'

The synthesis procedure evolved a tine duration of 40usec in order

to achieve a good comparison wj-th the specifiecl respon'se ' The number of

fingers in each transducer, according to the adopted sampling procedure

are approxinately 2720. The phase function of the tra-nsducer in the time

domain was found to be fairly steep in certain regions' Hence, it was

found that it is necessary to reduce the sampling interval in the time

donain more than has been used in the previous filter examples.

The FFT algorithm in the progÏaln operates wi'rl'r 4096 sanpling points

conpared to 1024 sanpling points in the previous exanrples' This enables

us to increase the time resolutjon, but it was found that it is necessary

to increase the frequency resolutiotr also because of the inversion

operation i.n step number (4). IJence, a choice of 10Usec periodic tine
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interval,operatingwith40g6samplingpointswasfoundtobeasuitable

cornpromise, in frequency and time resolutions in this case' The theoretical

results of the filter aTe presented in Figure 8.2. Even though the

achieved response aglees well with the specified response, fabricating

a sAW filter is not practicable for the reasons rnentioned in the following

section.

8.2 .2 Discuss 10n of the Results

ThebasicassumptioninthedesignofchirpedtransduceTsuslng

stationary phase approximation nethod is that the time-bandwidth (TW)

product of FM function ïnust be large comparecl to unity' Larger the Tl\l

product, better will be the approximation in the desired response'

Horv large it must be is a question rvhich depends upon the type of response

to be realized. Fowle (s)16 indicated that if both nodulus (in tirne and

frequency dornains) are snooth, continuous and well behaved functions' then

TW products of the order of three is sufficient to achieve tl"re desired

Ïesponse.Int.heextremecaseifbothnodulihaverectangularenvelopes

a TW product of the orcler t20 o't more is necessaÏy to achieve a reasonable

agreernent with the desired response. The irnportance of TW product is also

discusse<l to some extent by Worley(B)15. In SAIV devices the Tl\r product

will have an influence on the number of fingers which in turn determine

the size of the substrate'

.FortheTVlFfilterconsideredherethechannelwidthísabout

7flfrlz,but because of the unusual shape of the IF characteristic it was

found that suc¡ large time durations (40usec) are necessary to achieve a

reasonableagleementwiththedesiredresponse.InfactvJearetryíng

to achieve a lesponse with a ban<iwiclth corresponding to the bandwidtir at

the seconcl carrier frequency where there is a trap in the IF passband'

If we assume the width at the souncl carri-er is approximately equal to 0'ls}fHz

(refering to the transmitted signal) the actual TW product is 6 and perhaps

we may require even greater TW product (>6) wtiich means t{e may require even
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longer durations (>4opsec) for bettel agTeenent in the results' In the

designed filter each transducer is having 2720 flngers, 4Ousec duration

corresponding to a length of approxinately 12cm and this requires quite

large substrates. This is highly undesirable especially when size and

cost are of prime importance. Further, consiclerable difficulty ari'ses

in photofabrication with a ]¿tge number of fingers. The number of fingers

can, however, be reduced using the sarnpling method indicated by Atzeni (B)18

i.e. instead of locating the fingers at niultiples of n in the phase

function, the fingeïs can be located at the multiples of Kn, where K is

a.n odd integer. This involves operating the transducer aT-ray at the Kth

harnonic of the fundanental frequency and in the particular situation in

order to reduce the number of fingers to a reasonable level rKr must be

of the order of t7. working the transduce r at LTth harmonic frequency,

particrrlarlywithtveakcouplingsubstratesisagaininpracticable.

TheobservedripplesinthepassbanclofFigureB.2a.risesdue

to sharp cut-off at the edges in the time envelope function and these can

be removed or at least minimized by srightly tapering a few end elect::odes

in each transducer. Thus, even though we are able to synthesize the

TV IF filter using chirpecl transducers, the result is not amenable to nake

a practical device, but the technique is quite sirnple and straightforward

and is capable of designíng any desired filter Ïesponse' To test the

validity of the technique a îew other exarnples have been considered like

rectangular passband, and a cosine shaped passband with the same fo as that of

TV IF filter and in both cases good agleement was obtained with the desired

responses even with less time durations (<4opsec). In case of a rectangular

passband of 10N{Hz bandividth, it was found that a time duration of 10Usec

(TW=100) is necessary for good agreement in the results' In case of a

cosine shaped passband with a 3dB ban<ilvidth of SMHz it was found that a

tine cluration of lusec ('IW=S) is enorrgh to obtain a reasonable agreenent

in results and sAl\l filters can be easily fabricated, since they contain
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only a snal1 nurnber of fingers in each transducer and occupy a length of

about 6nm on the substrate.

AnalternativemethodofdesigningTVlFfiltersusingchirped

transducers with less tine durations is proposed in the next section'

Since the design with trvo identical chirped transducers does not give rise

to practical realizations, it is intended to use one chirped transducer

and the other is apodized to achieve the desired filter characteristic'

It is hoped that the technique yields favourable results to inplenent

in practice.

8.3 thesis Procedure with One Ch d and One dized Transducer

It is well knortrn that wide bandwidths can be obtained using

chirped (linear FM) transducers and nor^¡ we are faniliar in designing

chirped (nonlinear FM) transducers for realizing any desired fil'ter responses'

Intheearlysynthesistechniques(ChapterSand5),theentireburdenis

placed on the apodized transducer in producing the desired IF characteristic

and the input transducer contains only a snal1 number of uniforn fingers'

If the burden is shared between the two transclucers in proclucing the

required IF passband, then the input transducer rvill have large nurnber of

fingers instead of only a srnall ntlnber: and the problens associated with

the filter having only a small nurnber of fingers in the input transclucers

will be reducecl to sorne extent. This is discussed more clearly in

Section (3.3) when comparing the various finger weighting configurations '

with the knowledge FM techniques (section 8.1) it is possible to synthesize

the input transducer to be a chirped transducer r'¡ith a reasonable amount

of tine cluratíon. The arbitrary response is taken to be the specified IF

response white synthesizing the input transducer, thus allocating some

bur:den to it in creating the IF passband. The required response is then

obtainecl through the other apodized transducer. Since the input transducer:

is a chirped transducer with uniform finger over:1aps, the t::atrsadtnittance

nodel can still be used for the filter synthesis' Therefore' the filter
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SynthesisfnainlyconsistsofthlopaTts.Thefirstoneisdesigning

of a chirped transducer and the second one is designing of an apodized

transducer. The chirped transducer 1s ctesigned according to the

stationary phase approxirnation as described in section (8'2'1) and the

apodizedtransducerisdesignedaccordingtothefour.Tlsmethodas

described in Section (3.4'3)

8.3.1 Conputa tional Procedure

The computational procedure consists of a preliminary design

of the chirped transducer, followed by the design of an apodized transducer'

TheprelinínarysynthesisisexactlytheSameasdescribedinSection

(8.2.1).Twoidenticalchirpedtransducersaresynthesizedtotealize

the desired TV IF response, but rvith less tine duration. The tine

duration is selected such that a practical SAW device can be fabricated'

Typical time duration selected in this case for each transducer was

lusec cornpared to 4Ousec for the example considerecl in section (8'2'1)'

Since the TW product is small the achieved response in the frequency

donain departs far away fron the desired Tesponse, but it will be sinilar

in shape to some extent. one of the two iclentical transducers is

taken as the required chirped transducer and then the apodized transducer

is synthesízed to meet the required specified lesponse' If the chirped

transducers have approxinately the same desired IF characteristic' then

we can expect the apodi zed transducer recluires only a snall amount of

apodization with the same tirne duration as that of the chirped transduceT'

on the other hand, if tl"re chirped transducer's response deviates consider-

ably from the desired IF response, hre can expect the apodized t-ransducer

nay have a longer tine duration than the chirped transducer and we have to

search for an optimum duration to achieve the specified Ïesponse'

AcornputerprogramvJasdevelope.dtosynt}resizeonechirped

transducer and one apodized transducer according to the procedtlre described

above. The prograìn is basically the same as given in Appendix A7 rvith
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an extension of designing the apodized transducer as well' The chirped

transducer was designed with a time duration of lusec' which corresponds

to about 68 fingers and the optinum length in the apodized transducel was

found to be equal to 1.9usec. corresponding to about L08 fingers'

The extra time duration of 0.9usec. was found to be necessary in order to

produce sufficiently close level at the sound trap with the desired level

andthisisexpectedbecauseofthereasonsnentionedearlier.The

apodization was found to be sma1l conpared to the apodízation of other

filters discussed in previous chapters, which indicates an improvement

in the insertion and diffraction losses of the filter' One point to be

remembered in this synthesis procedure is that a conplex (cornplex in shape)

phase response is associated with the chirped transducer which is inherent

in the synthesis procedure itself and we have no control over it' Therefore

the phase lesponse of the apodized transducet, is to be conpensated' in

order to obtaín a linear phase response of the TV IF filter' That means

thephaseresponseoftheapoclizedtransducerisequaltothelinear

phaseresponseofthefilterntinusthecornplexphaseTesponseofthe

chirped transducer. since the phase is nonlinear the Tesponse in the tine

donain is uns)n'nmetrical and it was found that it is necessary to introduce

asuitablegroupdelayconstantrsothatthetimedomainisnainlobe

centred h¡ith sidelobes falling on either side. An approximate gloup

delay constant nas found to be equal to half the periodic interval of the

time response in the FFT algorithm. The results of 1usec. chirped-apodized

transducer filter are shown in Figures 8.3, 8.4 and 8"5

8.3.2 Imlrrovement ín Adnittance Parameters

It will be shown here that the adnittance parameters of the

filter (input, output as well as transfer admittance parameters) will

increase as a result of chirpecl-apodized conibination of the transducers'

compared to a simple uniforn-apoclized conbination of the transducers '

The increase is mainly due to a ra'rge number of fingers required in the
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chirped transducer in orcler to achieve the specified lesponse' Increase

in transadnittance indicates improvement in insertíon-loss of the filter'

while increase in input-output admittances indicates that it is nuch

easier to select high irnpedance sources and loads to match the transducer

admittances which in turn indicates further improvement in the insertion-

loss of the filter. A very rough estimate in the irnprovenent of the

adnittance païameters is presented, the absolute values can' however'

becalculatedusingthecomputerpÏogramsdevelopedforFilter2.

Irnprovement in Transadmittance

Wewillconpaletheresultsofchirped-apodizedtransducer

configuration with that of an unweighted-apodized configuration' with

only a snall nunber of fingers in the unweighted transducer' As an

exanple let us compare the results with that of Filter 2 (Chapter 6)'

LetFi(f)bethefrequencylesponseofuniformtransducer.WehaveNrr .[-{ o,
assurnecl it is of the forn (!4) response where x = -1- (-T-) ' in which

N1 is the nunber of half wavelengths and fo is the centre flequency of

thefilter.LetF(/)bethefrequencyÏesponseoftheapodized

transducer (after apodization). therefore, the transadmittance is'

neglecting the contribution due to l'l factor'

Y2¡G) K F1(f) Fz(f) (8. 30)

where K is a constant of proportionality'

or in the tine domain,

lzt9) = l( ll (t) n {z(t) (8 ' 31)

where fr(t) is the souïce function of uniform transclucer and tz t) is the

source function apodized transducet t¡d 
t*t 

indicates convolution'

Let A1 be the absolute nagnitude of tl-re peak amplitude in J1(t) and

B1 be the absolute peak amplitude in l2$), obvi.ously, these tv¡o will not



r45

be the sane as we have assigned a certain nagnitude to lyzt( f)l (units of

siemens) ancl a different nagnitucle to ler(¡) I (unlts of length) and

obtained Inr(f)l (units of length) according to the design procedure;

bur in device fabrication ir is desirable to have l¡r(.)l*"* a l¡r(t)lru*'

we will consider the case totlt2(t)lnax = llr(t)l^r*' i'e' we scare

the time response ízG) so that the peak anplitude ín I2(t) will' have

the sane peak amPlitude in /i (t)'

{2 (t)
Ai

Ei { |ft) (8.32)

and the Fourier transform of f2(t) be F2 (t)

Let

,r A1 A

Jttz (t)) = Uf tt tz3)) = Bi Fz(f)
1.e F, (f)

L.e

but fron equation (8.30) ,

(8.33)

The transadnittance will also be scalecl ac.cordingly, and let the new value

be equal to y21(f)

A

YztG) * ¡T rr,rl FzG)

A

)
)
)
)
)
)
)
)
)v2¡U) r 5f rzr(J) (8. 34)

Now consicler tl're chirped-apodized combination. This configuration is also

clesigned to neet the same specification as that of Filter 2 ' Let

F (/) be the frequency response of chirped transducer and let F (f) be the
x 

,quçlr\-Jl I çrPv¡tJv vt v¡r¡^rv y

frequency response of the corlesponcling apodj-zed transducer' Therefore'

the transadmittance can be written as,
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YztG)

or in the tine domain,

vz r (t)

1e

K Fx(/) Fy(f)

K /2(r) * /y(t)

Ur ttr*it) )
x

Ã-L 
Fx(f)

x

(8. 3s)

(8.36)

(8.40)

where /x(t) is the source function of the chirped transducer and [y(t)

is the souïce function of the colresponding apodized ttansducer.

Let 4.. be the absolute peak anplitude in f*(t) and B* be the absolute
x

peak amplitude in lr(t) respectively. 0nce again these two will not be

the sane in general.

Now we scale lx(t) in such a way that its peak magnitude is

the sane as /1 (t) .

i'e' 
A

Ler I zft) = Ui fx(t) (8.37)

Let its Fourier transform be F" (l)

AA
F zG) = J{{ zG)}

(8. 38)

Now we scale / (t) in such a way its peak arnplitude is the
v- '

same as that of { zG) .

i.e.

Let { (t) (r) (8. 3e)
14/ v

A
I

B2
{

Let its Fourier transform be F"(/)

Fw(f) = J{fr(t) }
A

J{rr(t)} = 4 tr,r,

KF rfl F lÍ)w- -

A

B
I
X

the transadnittance will also be scaled accordingly and 1et the new value
ll

tt

A AI Jp (f) F (f)K
AX

be y2 I (f)

YztG)

Bxx v
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But from equation (8.35)

2
tt I (8.41)v(r)-K YztG)ABxx

Therefore, the i-mprovenent in transadmittance is given by, fron equations

(8.34) and (8.4L),

A

YztG) ArBr

;{Ð 
= 

çç
(8.42)

)rz I 1¡4p

i.e. the improvement in transadnittance is given by the latio of the

product of the absolute peak anplitudes in the unweighted-apoclì zed

configuration to the product of the absolute peak anplitudes ilr the

chirped-apodized configuration, provided these two configurations are

designed to meet the same specified 1esponse with the same magnitude to

lyzt(t)l in each case. For the same load admittance this ratio also

represents the irnprovement in the insertion-1oss of the filter.

The calculation A1 is sinple. once the nunber of fingers in

the uniforn broadbancl transducer is selected, tl"re length of the transducer

(duration) can be evaluated. Asssigning arbitrary magnitude to

ler(¡)1, and considering at the centÎe frequency fo, At is given by

the following relation: (spectral component at { = fo equals the area of

the uniform transducer),

lrr(ro) I

A1 (B .43)
(Transducer length)

The peak nagnitude B1 is automatically obtained r'rhile ciesigning the

apodized transducer.

The value of A* is obtained lvhile designing the chírped

t:ransducer and the value of B* is automatically obtained while designing

the respective apodized transducer. Thus knowing the values 41, 81, A*
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andBwecanestiÌnatetheimprovenentinthetratrsadmittance'x

(equation 8.42) and, therefore, the insertion-loss of the filter'

I
(units of velocitY)

(")6

Fortheexamplesconsideredthefollowingresultswereobtained.

For Filter 2 = $.85 x 10

= 10.2 x LO

A1

B1

For the filter with two identical  0usec'

A = B and fron the conPuted results'
xx

13
4 x 1.145 x 10 (units of veloci:cY 2)

Had the filter been fabricated with sinilar fabrication considerations

as Filter 2, t:ne inprovement in insertion-loss rvi1l be, substituting

for Ai, Bl, A* and B*

rzrl¡4P : Lg7 (:46c18) (B'44)

For Filter 2, the theoretical insertion-loss with a 5Ofl termination

(volta.ge transfer ratio expressed in dB) was found to be (chapter 7)

approxinately equa:- to -72d8, and, therefore' fron equation (B'44)

the insertion-1oss for a 4OUsec. identical chirped transducer filter will

be, equal to -26d8.

For 1usec. chirped-apodized transducer filter'

7

2
A

xxAB
x

duration chirPed transducers,

a (units of velocitY)Ax = 1.14 x 10

- 1.23 x LOBx

and the irnprovernent in insertion-loss will be from equation (8'42)

Yz r lyp

i. e. for the L¡-rsec. chirped-apodized transducer'

the 50t-¿ termination rvill. be approxinately equal

3.43 (1o.7dB) (8.4s)

the insertion-loss with

ro -61d8.
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ThesynthesisprocedureoutlinedinSection(8.3.1)wasalso

carriedontoa2psec.chirpedtransducerandthefollowingresults

were obtained.

7
1.51 x 10

8.96 x 10

(units of vetocitY)
Ax

7

B

and fron equation (8.42) '

Izrl¡4P = 6'78 (16'6dB) (8'46)

i.e. the 2usec. chirped -apodized transducer will have an insertion-1oss

with 50f¿ termination will be approxirnately equal to -55d8'

ThusweSeethepotentialadvantageinirnprovingtheinsertion-

loss of the filter by i.ncreasing the time durations in the chirped

transducers (Iarger the tine durations, larger the nunber of fingers in

the transducer).

Inprovenent in InÞut-Output Admi-ttance

We can also anticipate an improvement in the input-output

admittances of the chirped-apodized conbination compared to the sinple

unweighted-apodized combination of the transducers. Refering to section

(2.3)theinputadnittanceofthefilter(consistingoftheadmittance

parameters of the chirped transducer) is given below:

x

Yr r (J) Ga(/) + j{8.(f) +2r iÍc l̂l
(8.47)

where

Ga(r) is the radiation conductance

Ba(f) is the radiation susceptance

ar, tt the transducer static capacitance

'fhe expressions for these three factors are given by'
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2

A n (eo-
2 2

-lrl ) l11 ¡/) I

2ca (Í)

B (f) t{ {G (r) ]
a ]. a

W x 1-. 854
*

)
)
)
)
)
)
)Ct, = % W(Nr-1) (eo+ en) (8.48)

The notation used here being the sane as introduced in Chapter 2

Ft(f) is the frequency Iesponse of the chirped transducer. Unless

otherwise the duration of the chirped transducer (in turn the number of

fingers N, in the chirped transducer) is sufficiently large so that

^N_ 
i 1, the radiation conductance and susceptance, the two first terms

I

in equation (s.47) are negligibly smal1 conpared to the static capacitive

susceptance, the third term in equation (8.47). In the present case

even for a 2¡rsec' chirped transducer (Nr:138)' and for quartz substrate
4

(À = 9.8 x 1-0 
- ), NI .. l- and the input admittance is predoninently

given by static capacitive susceptance of the transducer, which ís

given by the third term in the equation (8.48). A sinilar conclusion

can be drawn for the output adnittance of the filter, i.e. the output

admittance is essentially given by the static capacitive susceptance of

the apodized transducer. In the case of an apoðized transducer the

static capacitance is given bY

Nz

cr, - '4 (eo+ rn) 
,1, I til (8.4e)

where L, are the overlap lengths of N^ half-wavelengths long and eo and
-i -- ?-

e aTe the naterial constants. Therefore' we compare the inprovement
p

in the static capacitances in both the cases and the associated Q factors

with the same souTce and load irnpedances as used for Filter 2

(section 7.4). Based on theoretical calculations, the results are

summarized in Table 8.1. In all the cases the following quantities

were assumed ¡Refering to FigureT.Ø ,

LI
*

1
denotes the Llilbert t-ransform.



Filter
onfiguration

Fsec. chirPe
apodized

atron

c . chirped
ized
guration

apod

Filter 2

136

67

9

No. of
Fingers
in T1

198

129

72

No. of
Fingers
in T1

13. SpF

6.OpF

1. 2pF

Input CaPacitance
tt,.

10. 2BpF

5.62pF

2.L2pF

Output CaPacitance
,,,

5.4

12.l

60.5

Input Q

Q-rI

7 1

12.9

34.2

Output

I

a
a-t2

Table 8. 1
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centre frequencY lo =

source and load conductances a

YX-Quartz substrate with eo =

ande =p

maximum overlaP length in each
transducer

e
o

34.21tfr12

15 .6nsienens

8. 854pF/n

4.5s

5nm

Thus we see the chirped-apodized configuration increases the input-output

admittance and it is nuch easier to select suitable IC arnplifiers to

match these capacitances thereby inproving considerably the insertion-

This is discussed more clearly in Chapter 9 'loss of the filter.

8.3.5 Discussion of the Results

Theclesignofchirped-apodizedtransducerconfigurationfor

realizing TV rF filters, seems to be quite pronising, especially in

regard to the improvement in insertion-loss of the SAW filter (equation

8.33). The tirne wave forn of the apodized transclucer (Figure 8,3)

varies unifornly containi¡g about 3 to 4 sampling points in each half-

cycle.However,onexaminationofthecomputerresults'(a1soFigure8.3)

showecl that a skewed finger patteln night result if designed according

to the method clescribed for other filters (section 3'4'4) ' The skeruing

effect can only be visualized after actually drawing the pattern and some

conclusions can be drawn whether it is tolerable of. some other alternative

nethod has to be follorved for representing the transducer geornetry'

Unfortunately, time did not permit to investigate further in the

fabrication design and experimental verification of this filter'

If a tolerable skewed pattern is obtained, the nethod is very attractir¡e

compared to the previous design techniques. The tern tolerable is used

in the sense that the pattern can be accomodated on a suitable substrate'

Note that skerving in finger patterns does not influence the perfolmance

of the filter. A slight disadvantage rnight arise in photofabricatj'on
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of the chirped transducer, since the finger widths are graded from one

end to the other resulting in narrol fingers on one side' However' with

aclvent techniques in photolithograpl'ry, this iS not a serious problem'

especialLyatlFfrequencies.Theonlydrawbackinthernethodis

that the phase ïesponse of the apoclized transducer is nonlinear and

hence the time response is unsynnetrical which in turn rnight produce a

skewed finger Pattern.

8.4 Conclusions on Chirped Transducer Desrgn

In general there are no restrictj-ons in designing chirped

transducers for realizing any passband characteristic provided the

TW product is large as pointed out earlier' For this reason the

chirpedtransclucelsarewellsuitedathighfreqrrenciesintheUHF

andUHFrangewherethebandwidthsare'usuallylargeandhenceonly

sna1l tine durations are needed in which case the sAlll devices are

quite practicable.

T\,voidenticalapodizedtransducerscanalsoberealized

using these FM techniques, once again provicled that the TW product

is large. The product form of the two integrals in the transadnittance

formula (equation 2.7) can be used for the two identical apodized

transducers under the strict conclitions mentioned above i ' e ' large

TWproducts.Forexa'nrple,forthecaseofTVlFfilterwecanassunìo

a curved time envelope furlction, instead of a rectangular envelope

(section 8.2) in whicl-r c.ase we end up with iclentical curved ' apodized

graded transclucers. An obvious advantage with this configuration is

that the ripples in the passband can be removed or ninimized, but it

was felt that we rnight encounter the same difficulty as with the

chirpedtransducers,i'.e.verylongtinedura.tions,andhence,this

rnethocl was not attempted. Moreovel , the algebra becomes more cornplex'

than with sitnple rectangular envelope functions '

TherestrictionsoflargeTWproductscanberelaxedusing



153

one chirped and one apodized transducer and by far this weighting

conbination viz., chirped-apodized combination, is a very effective

nethod of designing sAW 1v rF iitt""r, as pointed out in the last section'

.Thusweconcludethischaptersayingthatthedesignof

chirped-ap odized transducer configuration constitutes a novel technique

for designing SAW TV IF filters'
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CITAPTER 9

SYNTIIESIS OF A 1'V IF FII,TER IN A I]F LINEAR IC ENVIRONMENT

9.0 Introduction

In the first chapter attention rvas drarvn to the fact that sAI\l

delay lines are very attractive for realizing TV IF filters and in la'ter

chapters (3, 5 and B) several synthesis techniques had been developed for

achieving the desired TV IF response. Although not all the theoretical

responses have been tested as practical filters, the neasured results on

those have shown good agreenent betlveen the theoretical and experilnental

investigations. However, as pointed out in chapter 7 the insertion-loss

of the filter with 50fì source and load impedances was found to be of the

order of -70d8. The insertion-l0ss of the filter should be niniurum in

orcler to achieve good signal-to-noise ratio perfornance in the TV

receiver, t1pically of the order of -10d8 or so tg]l' It was pointed

out in Section 7.4 that if we use high source ancl load inpedances j.t is

possi.ble to improve the inserti.olr-loss of the filte:: to sone extent' In

this cìrapter a synthesis plocedure r^¡il1 be described to inpr:ove the

insertion-loss by incorporating the HF linear IC anplifiers in the

input-output side of the SAIV delay line. If we consider the IF lesponse

to be the overall response of the amplifier-delay line-anplifier: chain

and clesign the filter accorclingl.y, the filter nay exhibit gain character-

istic insteacl of jnsertion-1oss, becau.se of the presence of rC arnplifiers

and it nay be possible to reduce the number of amplifiers ilr the receiver'

Tl-ris is tl.re basic synthesis proceclure follorved in this chapter'

9.1 General Consider:ations

The t¡'pe of system rvhicl-r we study is illustratecl in Figure 9(a)

and alr equivalent cj-rcuit of such a conbination is sholvn it-r Figure 9(b)'
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rn lrigure 9(a), Ar and A2 are ty-prcal rc rF or FIF amplifiers, lr{Nl and

lr{N2 are passive matching nettvorks alrd sAWF is the surface acoustic wave

delay line. In the equivalent circuit of Figure 9(b)'

C1rG1âletheoutputadnìittallceparametersofAmplifierAl

Cf,. is the static capacitance of ínput transducer T1

Cg,. is the radiation susceptance of the input transducer T1

GR,, is the radiation conductalrce of the input transducer T1

a*, is the radiation conductance of the output transducet T2

Cg, is the radiation susceptance of the outptlt transducer T2

ct,
cz,Gz

co rGo

Yr,

is the static capacitance of the output transducer T2

are the input aònittance parameters of Arnplifier A2

are the output adnittance parameters of Amplifier A2

is the load adnittance'

The matters that are of interest in this study are: -

Suitable choice of IC amPlifiers '

The definition of a suitable gain function for the above type of

amplifier -delay line-amplifier chain' It will be shorr'n

rater t:,'a.t it is defired as tr-re voltage transfer ratio of the

systen considered.

The selection and detailed clesign of matching networks'

Thes¡.ntlresísprocecluretoachieveaprescribedoverallresponse.

(1)

(2)

(3)

(4)

9.2 Choice of Suitable IC lifiers

Integratecl circuit anplifiers aÏe normally characterized by

admittance païameteïs t9]5. 'I¡e basic requirement in t¡e choice of a

suitable IC amplifier for the filter concerned is that the input (or out-

put) aclnittance nus-u match approxirnately the transclttc'er aclmittance for

improvecl insertion loss. In Figure 9(b) the transclucer input (or output)

admittance consists of a statj-c capacitance, radiation conductance and
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radiation susceptance [9]4. In weak coupling mater:ials the static cap-

acitive admittance doninates the other t\.o and hence they are usually

neglected. This was clearly illustrated in Section 7 '4' The rneasured

values of the static capacitances for Filter 2 (section 7,4) were found

to be 2.5pf and 4pf for the input and output transducers respectively and

this corresponds to susceptances of 550U siemens and 875U siemens at the

centre frequency of approximately SsMllz. very lorv admittances (conduc-

tances as well as susceptances) can usually be obtained with the help of

Field Effect Transisitors. In common source configuration, the FET

exhibits 1ow ínput adnittance, high gain and a lol noise figure' Hence'

it was decided to use FET's for the,two amplifiers A1 and A2' It is

appropriatetoselecttheamplifierssuclrthattheinput-outputSuScep-

tances wilt approximately match the output-input static susceptances of

the transducer and then choose a suitable load impedance as described in

the fotlorving paragraph. Note that it is also possible to choose the

arnplifiers to match the radiation conductances, while tuning the capaci-

tances with respective inductances, but such a perfect matching is not

desírable as it will create moïe problems than inproving the insertion

loss of the filter (e.g. increased reflections in cle1ay line which may

cause ghost irnages in the TV receiver) ' 
/

Let us consider some of the significant features of the Phil/ips

Silicon N-Channel Dual Insulated Gate FET, Type BFS2B lgl2, rvhich we wish

to use in our synthesi.s procedure. From the characteristics, in the

35MHz region, for a drain cu1:rent of lÛmA, the aclnittance paraneters are:

(13.0 - j2.0)mA/v

(0.07 + j1.0)mA/v'

(60.0 + j500)uA/v

(0 - j1.57)uA/v

If, = 8f, - jbf, =

Yi, = 9i, * jbi, =

v = c' + ib
'os oos ' os

\¡ = (, - ib 3,rS "1.S " IS

. . . (e.1)



t57

An important question in the use of such amplifiers

a load itnpe<lance can be usecl before problems of stab:ility' or

distortjon of the passl-rand lresponse,'ca-n arise as a consequence of the

interrtalfeedbackinthesedevices.TliisparticularFEThasaverylott

feedbackcapacitance(<25fF),however,weadoptasaroughcriterion

thattlreVoltagegai.nAgofthetransistor,nlhichisgivenapproxinately

bylr,'l/lr,l,shouldbelinitedtoabout(I/10)ofthereversevoltage

feedback ratio, which is given approximately by lrrrl/lyt,l' From equa-

tion (9.1) we find that,

Ë",1

is horu high

excessive

= 637 ,O

A * 63.7v

lYrl
lrr=l

=- A
V

: 0.2m siemens

¡ 14.0

. . . (e.2)

. . . (s.5)

or Rl = ,rï = sKe

Therefore, keeping voltage gain to about 63'7 and hence keeping the load

impedancetolessthan5KQ,wouldbeasoundpolicy.Underthesecon-

ditions,thevoltagegainofthestageisabout36dBandifmoregainis

required two stages may be used '

TheQ-factorsoftheinputandoutputcircuitsoftheindividual

amplifiers, with the load impedances contempl-ated above' will be estinated

as follows, For the input circuit without any added damping, tve would

corrsicler Q to be given bY,

o.-b

Qo = borRl

ir/9i.,

For tlre output circuit in which we have a load concluctance of 0.2m A'/v, and

negligibl.e output conductance we consider the Q to be given by'

2.5 . . . (e.41
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It is to be notecl that the above calculations indicate as a

guide to the order of magnitude of the impedances and bandwidths we

expect to encounter i.n the matching circr-rits connecting the transducers

to the anplifiers. l{e may have to offset the tuning* of such circuits

from band centre some\{hat to compensate for the rather complex variation

in frequency of the adnittance paraneters, and other complications

brought about by attenpts to match transducer and arnplifier inpedance

may arise. Further considerations of tuning circuits may be found in the

section dealing rvith the design of matching neturorks '

on observing the admittance parameters of the Field Effect

Transistor Type BFS2B equation (9.1) v/e see that the input susceptance

is nearly twice the output susceptance and fron the measured results of

the input-output ca¡tacitances of the experimental fjlters, we find that

tl-re static susceptance of the output transducer (apodized transducer) is

nearly twice the static susceptance of the input transducer (unifor:m

transducer), and also approxirnately sarne values as given in equation

(9.1). Tlrerefore, it is appropriate to choose the amptifiers in such a

rvay that the output susceptance ntatches rvith that of the uniforn trans-

ducer rvhile the input susceptance matches wjt-h that of the apodized

transducer.

9.3 Defin ítion of a Gain Function

A synthesis procedure for a prescribed overall response can ouly

be developed after we have given a clear definition of the gain function

for rvhich v/e wish to synthesize the response. The gain function nray be

definecl in the follorving fashion, refering to Figure 9(b),

nif rny. There Seems fo be a goocl leason for omi-ssion of tuning networks

because of i.he resr.rlti-ng simpli'city of construction'
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where

AI is the voltage gain of the input Anplifier'

is the transfer function of the input rnatching

network.

forward transadmittance of the SAltt delay line

V1

V
1,,Nt

x

ï2

- 
- l2I

V1

üY-*
- 

- z'))
L2

v2

The impedance across the output transducer

HMN, is the transfer function of the output natching

network.

is the voltage gain of the output anplifier'

V

vo:
i2 ^2

With these clef initions the gain funct'ion becomes '

c, = GorH¡,rNiizr)rrùrtNr-è¡, "'(9'6)

NotethatthevoltagegainsGo'andGo,arenotthesameevenifweuse

identical input-output a:nplifiers because the operating conditions are

different, in other rvorcls the source and load impedances are different in

the two cases.

The exact calculation of GAr, GA, and 2r, is complicated

(largeIy as a lesult of the amplifiers A1 and A2 not completely being

unilateral), and a very useful approxinate understanding of the frequency

behaviour of these factors can be obtained if we assume the load inpedance
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is low, and we neglect the internal feedback in the anplifiers. This

approximate knowledge of the behaviour of these factors will then forn

a basis for the selection of the topotogy of the rnatching networks and

perhaps also their circuit parameters. With these issues deternined

the more precise analysis can then be used to calculate the responses

of the factors GAr, GA, and 2r, so that appropriate allowance for the

contributions of these responses to the overall response can be made in

the synthesis for /21.

9.4 Matching Networks

The netlork parameters of interest to us here are the transfer

functions H^, and H^flrl, fot the input and output circuits respectively,

as defined in the previous section. In principle a wide vàriety of

choices, involving R,LrC elements and ideal transformeas are possible

for the tuning and natching networks. Sone of them are discussed by

Jones et al. 19]5 for surface wave devices. Practical considerations,

however, further limit the range of choices in this situation as discussed

be1ow.

Considerations of space and geontetry in planar IC-delay line

configur.ation rnake transformers difficult to irnplement, so they wj-11 not

be considered here.

9.4.f Input Matching Networks

We recall that we have already decided that the maximun load

impeda¡ce which should be presented to amplifier A1 is in the r¡icinity of

SKA Since this impedance is much less than that provided by the trans-

ducer 'I1, it must be providecl either by extra parallel-connected elements

or sone form of irnpeclance na.tching system. Four circuits are set forth

in Figure 9.1 for examination.
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The sirnplest circuit we can use is (1), in which R is about sKa.

The conductances G1 and G*, are negligible, and (C1 + Crr) is much

greater than COr. The time constant of R and (CI + CTt) is about 12.5

nsec, so this circuit has a low pass response with a sinple high frequency

time constant at about I3MILz. Hence, it is not a very suitable circuit.
rn circuit No. (2), we make use of an inductor to produce peak

bandpass response centred around 35MHz and following on either side of it.
A resistor of about sKCI is sti1l needed to keep the load presented to

anplifier A1 to the value we decided was desirable for stable operati.on.

However, a flat- band response is desirable throughout the IF region and

this may be achieved through circuit No. (S) .

In circuit No. (3) , we again make use of an inductor to provide

a lotv Q resonance at high frequencies to inprove and flatten the response

in the frequency range of interest. The r:equirecl inductance L, is deter-

mined to give a good response shape, and thus is the circuit which we will
use it in the synthesis proceclure.

Circuit No. (4) differs from the above three circuits in that an

attempt has been made, by the use of tapped inductor principle [s]6 to
step up the voltag" i* at the amplifier output to a high"r valu" v1

acloss the transducer. However, this circuit has not been consiciered in

detaí1 since very large inductances are required than in circuit (2) or

(3), moreover tapped inductor principle is useful if there is great mis-

match between G*, and the load conductance l/R.

Since a single shunt ci-rcuit is used in the input matchíng net-

work, 
1,¿N, = 1, but the effect of this response will be included i-n tl're

calculation G
L.

I .4 .2 Output lvfatching Netrvorks

The netlorl< parameter of interest to us, here is the transfer

function l1rfirl, "r defined in section 9.3. Again we must note that
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practical consideratiolrs rvill iimit the choice of t-uning anci matching

netrçorks to a ferv sirnple configuratiorls. Before discussing these in

detail tve should note that a¡" ¡¡¡¿1*cl'ring situation here has an essential

dj.fference from that stucliecl in thc previous section, in that the values

of Crr, GR2 ".d CB2, and their variation with frequency' tvi-ll not be

knorr,n until the -synthesis procedule has been completed'

The sirnple circuj,t nhich ca-n be used as output natching circuits

are shown in Figure 9.2. Agajn we assune that no suitable transformers

can be made for this aPPlication'

CircujtNo.(1)hasnonta-tchingcirctritsatall,adirect

connection between the output of the transducer to the input of the

amplifier. A considerable slope of the lesponse would be expected

across the passband, but this can be compensated for in the synthesis

of tl-re transducer response.

CircuitNo.(2)rl,ouldbeexpectedtohavehighergain,andby

proper choice of Lo and introducing additional danping in the circuit rve

can achieve a substantially urliform Ïesponse across the passband'

CircuitNo.(3)wi.llhar,eahighergainwithanalrowbandwiclth

and js not ParticularlY suitable'

circuit No. (4) represents tapped inductor inpedarlce rnatching

ancl thjs is much more complex in design and used only for high degree of

rnatching. In fact, a perfect impedance match is not desirable, as it

would increase the extent to which the overall Iesponse depends on the

detailedfrequencydependenceofG*randCrr'Therefore'thiscircuit

is also not suitable.

In the actual design we follow the circuit No. (2), and once

again we ended up with a single s'hunt element in the output matching

net.workancl,therefore,thevoltagetransferfunction\,,*r=t'lVitha

damped resistor R, the Q of the circuit is approxinately given by

b. R and for R - SKCI it is equal to 4' The response due to this network
1S

wilt be taken into account while calculating the other palaneters in Gr'
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A¡raIysis of the Gain Functi.on

with the choice of nlatching netlorks the gain functi.on defined

in equation (9.6) becomes'

G è orí r."'.i rrèL
. . , (9.7)

..(e.8)

. . . (e.e)

...(e.10)

^2

We present here some approxinate for-nulae for the parametert ôOr, GO, and

)r, which are all valid when the loa-d impedance is snall and the ampli-

fiers can be regardecl as unilateral, and the radiation adnittances of the

transducers are negligible. Refering to Figure 9.2(b) the impedance

paranreter 2r, is given by the parallel combination of Crr' Lp' C, and G,

i.e.

(r¡) + i(ucrZ + uCr) I+-
R

2

The gain of the out.put anplifier is approximately given by'

G (o) :
rt, (t^t)

^2
G o (t¡) +Y +J oC o (t¡)

L

similarJ.y, the gain of the input amplifier is approxinately given by,

lt, (o)
G (o) :

A1 1
cr(trl) + joCr(trt) + julCt 1 + 

R+júrLS

I,et us now examine the calculation of COr{ur), àrrlu) ana COr(ur)

in rnore detail. For the exact calculation of cor{o), the information

required consists of the characteristics of anplifier A, the parameters

of the matching network, R ancl L, and thc input admittance (at- least

the static capacitance) of the uniforn transducer. once the number of

fingers and the centre frequency is chosen, the input admittance can
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be easily calculated. In the matching network, t}re value of R is chosen

to be the value of the load ì-mpedance of the ampl.ifier which was assumed

to be of the order of 5Klì. Knowing the input capacitance of the trans-

ducer the value of L, ca¡ be determined ancl hence the calculation of

GR, (r) presents no difficultY.

For the exact calculation GOr (o) the information required con-

sists of the characteristics of amplifier A2 and the value of the load

adrnittal-rce these are already knor,vn and present no problem at all.

For the exact calculation of Lzz@), the informatj-on required

consists of the characteristics of amplif.iet A.2, tl-re paraneter of the

matching lretlvork LO and the output admittance (at least the static cap-

acitance) of the receiving (apodized) transducer. A problem arises here

because this output admittance will not be known until after the synthesis

fo:: f21(rrr) has been performed. However, with the knowledge of pr:eviously

designed filters (without IC amplifiers), approximate values of the out-

put admittance parameters can be selected and hence the values of LO can

be calculated. The transadmittance function izr(r¡) is then synthesized

and the actual values of the output adnittance parangters are then cal-

culated and compared rvith the approxinately chosen t¡a1ues. If the results

differ very rnuch, a ner{ set of values are selected ancl the synthesis pro-

cedure is repeated until a reasonable agreement is obtained. It is most

like1y that tlvo or three iterations are enough to obtain the appropriate

values for the output admittance païarneters and hence the requirecl apod-

ízatíon function for the output tr:ansclucer.

The main concern in the design of the parameters, 2zz(r),

COr{r) ana COr(r) is that flat passband responses are clesirable as far

as possible so as to obtain a smooth apodization function, for realizìng

the transducer geolnetry.
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Synthesis Proceclure

We set forth here the detailed steps involved in the synthesis

filter using the gain function G' as defined in the previous

Recall equation (9.7) and note that G, is the voltage transfer

of the filter, hence we can represent the desired TV IF res-

GL.

c, = G¡ri ztLzzèx

Select suitable IC amplifiers and calculate maximun load

impedances (refer to Section 9.2) .

Calculate the elements of the input matching network, viz. R

and L,

Select suitable number of fingers in the uniform transducer

and calculate the input adnittance parameters of this trans-

ducer.

Evaluate the gain of the input amplifier COr(o), equation (9.10).

Evaluate the gain of the output amplifier: GOr(rrr), (equation 9.9).

Calculate the inductance of tl-re output matching network, viz. Lp.

Assurne appropriate values of the aúnittance parameters of the

output transducer.

Obtain the impedance parameter 2zzþ) (equation 9.8).

Divide the desired response G, by the procluct COr{r) àrrlù COr[r)

to obtain the required transadmittance yzr (r).

Synthesize the apodized transducer (output transducer) pattern

to obtain the approximate fi, (o) of yr1 (o) . Because of the

truncation effect in the time response, we nay have to use a

suitable optimization technique developed in the previous

chapters to bridge the gap betrveen fi, (o) and yr, (rrr) .

Calculate the exact aclmj-ttance parameters of the apodized

transclucer and the correspondíng irnpedance paraneter Lir@)
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(equation 9. 8) .

(I2) Compare tl'Le value of ì'irb) witln Zrr(u) (step No. 8) and if

unsatisfactory, select new values of the a.dlnittance pararneters

of transducer T2 and repeat the procedure from step (8)'

(IS) Once a satisfactory value of |ir@) is obtained, calculate the

approxitnate gain function ai, = a, from equat'ì'on (9'7), which

represents the overall frequency response of the filter.

(14) Examine the gain of the filter. If it j-s within the desired

level the synthesis proceclure completes at this stage if not,

cascading the amplifiers or perhaps a new choice of IC anpli-

fiers nay be necessary to bring the gain to the desired level.

Any change in the amplifier systenì requires the repetition of

the entire sYnthesis procedure.

The synthesis proc.eclure descrj-bed above is a complete and

det.ailed design of TV IF filters using IC arnplifiers and requires most

of the design techniques developed for various other filters described

in the earlier chapters and unfortunately, time did not permit to carry

out the cotnplete synthesis procedure. However, the basic advantage of

using IC amplifier:s in the design of TV IF filters rvill be illustrated

in the follorving rvaY.

Assuning that lve are able to clesign the natching netlorks MNl

and N4N2 such that the gaius CO, tr) ana COr(o) ancl the inpedance parameter

|ir@) al-I have a flat band response at least over the IF range of

interest, then the transadmittance païamete" y;r(o) rePresents the filter

IF characteristic so also the gain function Gr . Let us calculate the

approximate gain function Gl for a typical filter, Filter 2 under these

conditions, with the knotqn aclm,i.ttance parameters and with the chosen

arnplifiers, at the centre frequency uJ¡, we obtain the following quantities,

Iri,('o) I' 3'9u sientens

lzLz@ùl = lKa
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x 22.6

Ico, (oo) 
I = 22,I

From equation (9.7)

Thus we see that we shall be able to obtain apart from the

desired IF characterj-stic, we also are able to obtain a gain of 6dB fron

the filter. If the exact synthesis procedure has been carried out lve

may be able to achieve even more gain than this figure. It is just to

show the effectiveness of the filter design incorporating IC arnplifiers.

If we choose a more appropriate choice of IC amplifiers or by cascading

a nunber of amplifiers and then design the filter according to the above

synthesis procedure, we shal1 be able to obtain the required gain in the

receiver thereby reducing considerable number of stages in the receiver.

Note that designing the SAIV TV IF filter first and then pre- or post-

amplifying the signal is different from rvhat has been described here.

Even with high coupling naterials the insertion loss of the filter is

very high (< -10d8) and as pointed out by Van Raalte [9] 
1 a-nplification

after the IF filter cannot avoid the deterioration in noise performance,

while amplification before the filter is linited by the desire for low

cross modulation with arljacent channel signals. Therefore, it is pref-

era,ble to design a TV IF filter with only a moderate arnount of gain before

cha¡ne| sepaïation filterj-ng and only a moderate amount of gain after it.

The design procedure described above is rve1l suited in such applications.

B6dGi=
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CFIAPTER 10

SUMN'ARY AND CONCLUSIONS

The syrthesis of surface acoustic filters, in particular

TV IF filters, have been successfully demonstrated. Several synthesis

techniques have been developed, a1I of them are prinarily based on the

transadmittance fo::mulati-on betrveen a pair of acoustically-

coupled inter:digital transducers on a weak-coupling substrate. The nain

feature of this formul-aism is that it not only provides explicit

formulae for the input and transfer irnpedances between the transducer

pairs but also enables us to predict the accu::ate behaviour of the device

performance rvith consiclerably less conputation effort than required with
. 1,2rTr4

any of the earlier nodels (10)-' .

Starting rvith a simple surface acoustic wave delay line

confi.guration with one tmiform broadband transducer with only a sntalI

number of fingers as the transnitting transducer, the receiving transducer

is synthesized using the transadmittance forrnula for a typical TV IF

specification as indicated by a major electronics industry in Australia.

The synthesis gives rise to a finger length weighted (apodi zed) comb

structure with nonuniform finger spacings (maJ-n1y in the sidelobe portions

of tl're apodized comb) . The initial design is concerned only with the

search for an optimum transducer length. It is found that the sidelobes

are the major contr-ibution factors in creating the trap at the sound

carrier frequ.ency ín the IF passband. Greater the nunber of sidelobes,

deeper will be the trap, but large nrrnbers of sidelobes rvil1 produce

practical linitations in the device fabrications, hence the need for an

optimum transducer length is necessary. In the synthesized pattern only

one sidelobe is kept on either side of the mainlobe. A computer prograllÌ
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is then developed to generate this conplicated pattern and the filter

has been fabricated on a YX-Quartz crystal subst::ate with alluminium

metal electrodes. The experinental resr¡lts agree quite well with the

predicted performance of the filter, thus providing a better footing for

further investigation in the surface acoustic wave filter design'

At this juncture a conment on the choice of a suitable substrate naterial

for TV IF applications will be rnade.

There are vel'y nany itnportant factors which must be considered

for a proper choice of a material for TV IF applications. A few of then

are listed below:
')

(1) I{igh Kz naterial for obtaining a broadband 1esponse with low insert-

ion loss.

(2) Stable and reproclucable rnaterial (a) preferably zeTo temperature

coefficient (b) aging of less than 0.5% pel. year (c) highly reproducable

(errors in reproduciability should be less than 0'7e")'

(3) An hornogenous polished surface to avoi<l acoustic scattering at

frequencies above about 30n.fr12,

(4) Relatively high clilectrj c constant for obtaining low impedance devices.

(5) A naterial u,hich produces zeïo or nininum spur|ous signals like

reflections from the fingers, triple tra.nsi.t signals and other seconcl

or higher order responses all of which cau.se undue inages on the'fV

receíver screelt.

(6) Above all it must be quite inexpensivc= in nass prc'duction.

Even though quartz has been selected for the experimental

purpose for the ïeasons mentioned in Chapter 4, it is not the best

naterial in view of the above requirenents. There aTe a large number: of

new materials on which research has been done (10¡5'6'7 , but is has not

been found so far a nateríal r,¿hich ca-n achieve all of the above require-

ments simttlt-aneousJ-y an<1 hence, Sonle tracle-offs have to be lnade in the

clesign process. For exantple, if we use a hi.gh K2 material for low inse::t'j'o
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Ioss, the triple transiI signal apatt froln other spuriotts signals

becornes a significant factor whj-ch produces a ghost image on the TV

scleen. This condition cannot be tolerated. There are many hlays to

remove or minirni ze the triple transit signal (10)8'9'l-8 , but at the

expen'!e of additional complexity of the transducer stllrctules' Hence'

use of a low K2 naterj,al is highly desirable, especially in the TV IF

applications. Apart fron the triple transit signal being highly attenuated

in a low K2 naterial the ot.her problerns like the second order responses

associated with high K2 naterials are greatly reduced in a 1ow K2 naterial '

However, to encompass the 1ow insertion-loss it is necessaly to use

external tuning circuits, but the inductors inevitably increase the

size and cost of the device package, but this is not necessarily disastrous

as there is an added advantage hrith the extra selectivity, so introduced,

it is possible to suppress the bulk wave Ïesponses. An overwhelmingly

attractive nethod is to use high inpedance, high frequency IC arnplifiers

in the filter design itself. This does not involve additional cost'

as amplification of the signals before and after filtering are normally

used in the receiver and if the anplifiers-sAW device assembly is

designed in such a way so as to produce the required IF passbatld, we are

in fact reducing some of the amplifi.er stages that aÏe necessary in the

TV receiver. This is demonstrated to some extent in chapter 9'

Having indicated that low K2 materials are necessary for

TV IF applications, it will be indicated here that sorne of the possible

naterials which can be produced in an inexpensive way'

Therecentdevelopnentofmanufacturingtechniquesforthe

production of surface-wave transducers by depositing piezoelectric

thin film materials like zinc oxide (10)10 'tL'72 and cadmium sulphide

(10)13'14 orrto notpiezoelectric substrates creates the possibility of

producing TV IF filters on inexpensive naterials such as isopoustic

glass (10)15. As it has been poí'ted out earlier that 1ow K2 materials
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arc rcquiTed to mininize second-order responses, it should be practical

to use very thin layers of piezoelectric over the transducer metalization,

thus ninimi-zing the problem of frequency dispersion commonly associated

with laminar structures.

It is also apparent that the cost for producing the transparencies

for photolithography using conventional high resolution glass plates,

would be prohibitive in large scale production of the filters, and an

elegant nethod is to use a computer controlled electron beam unit to draw

the required transducer configurations directly onto the photoresist

for each filter unit.

Returning back to the synthesis procedure outlined above, although

capable of providing an approximate representation of the desired Tesponse,

deviates considerably from that of the actual specification as a result

of truncating the tirne-dolnain response of the apodized transducer,

and hence suitable optinization techniques have been developed to bridge

the gap as closely as possible. The optimizatíon technique followed

here for achíeving the best agreernent between the specified response

and the adopted response is the least square error criterion. The method

is fairly simple and well fornulated in the netlvork design, but applying

it to synthesize a surface acoustic wave TV IF filter using transadmittance

nodel constitutes a novel technique. This quadratic cost function

optimization becomes even simpler for designing filters with linear phase

responses, and is refered as OPTIM METHOD in this investigation (text).

Apart fron TV IF filters several other examples have been considered like

rectangular passband and cosine shaped passband to test the validity

of the oPTIM METFIOD and in all cases good agreement is obtained between

the achieved response and the specified response. Synthesis techniques

have also been developed (Section 5.3) for filters with nonlinear phase

responses and in this case they require large amount computing times if

not prohi.bitive, conpared to the OPTIM METHOD.
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The same objective vi-z., the response in the frequency clornain

is made closer to the specified one, while maintaining the same finger:

locations but varying the overtraps in the apodized transducer, may be

achieved with a successive truncating and weighting technique refered as

zero-order successive iteration optinization nethod but with less computing

effort, which seems to be a fortutious nethod. All the synthesis

techniques resulted in rather larger perturbations near the sidelobe

region in the truncated time rvindow, which shows once again that the

sidelobes are responsible for creating as well as improving the trap at

the sound carrier frequency in the IF passband characteristic.

Some remarks about the quadratic cost function optinization as

applied to the SAW filters is worth mentioning at this point. As in any

synthesis procedure, the designer is always faced with selecting a few

design parameters, either empirically or by experience. In this

situation selection of the cost-coefficients is a promitrent design

parameter. It is appropriate to select the sane number of cost-coefficients

in the frequency donain as there are the nunber of perturbations in the

time-donaín. However, with this notion, even though the frequency

response was improved, a clistorted time waveform was resulted which could

not be represented by a suitable finger: pattern for naking the practical

device. Eventually, it was found that it is neces.sary to assign

cost-coefficients thloughout the spectTum even though we consider a snal1

nunber of perturbations in the tine-donain. Wlth this choice the

method behaved very we11, the response in the frequency donain improved

to a great extent and the objective of making a practical filter was also

achieved.

The optimization teclinique followed here is quite simple,

straightforward and requires the solution of a set of linear equations,

however, more porverful and elegant techniques, like dynamic programning

(10) 16 
may be used in rninimizing the maxi¡nurn cleviations. Dynamic
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programlning is a general approach to the solution of sequential clecision

processes. Instead of optimizing a single function, optimization is

perforned on

ìl nrinlrr(i) ,. úi_1(i) I i = !,2, ... N(x)
1

x

where l.(x) is the objective function for the ith stage defined over some

Tange of interest and x. is the combination of (xr, x2, *g **) that

optinizes ,l,i(i). The objective in the procedure is to determine the

value of x. in the ith stage rvhich optimizes,/,i(;) with regard to the

stage resulting from the (i-1)th decision. This decision process is

perfomed N times to obtain the desired optimizatíon. The reduced form

obtained by techniques has a property 1ike, rmonotonicity of convergencer,

and therefore, is well suited to problems like this - the SAW filter

synthesis.

TV IF filte::s developecl with various approaches have been

constructed and testecl using long-pulse CIV-sinulating nìeasurements.

The results agree quite wel1, within the experimental elrors, to the

theoretical predictions. However, the traps at the band edges are not

as deep as the specified Tesponse, and also considerable arnount of ripple,

especially on low frequency band edge is found and we can postulate a

number of reasons for this cause.

(1) Tre unweightecl broadband uniform transducer might have caused the

undesired rounding of the filter due to its sin(x)/x frequency response.

Deeper traps could be created by choosing the sin(x)/x response in such

a way that the first nulls will fal1 on the adjacent channel traps,

which means by incrcasing the nunber of fingers in the uniforn t-,r:ansducer.

However, rvith larger nulnber: of fingers, the sin(x)/x response becones

quite rÌarrower and it j.-s difficult to achieve the required trap at the

sourtcl carrier frequency. In fact, it was found that in the synthesis

j
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procedure any attempt to irnprove the level at the band edges will deteriorate

the 1evel at the sound carrier frequency or vice versa, with this sirnple

uniforrn-apodized configuration technique.

(2) As we have made no attetnpt in su.ppressing the bulk-rvaves, this bulk-

wave ïesponse might have prevented filter from achieving high rejection

at the band edges. Several techniques have been explored in the literature

with some success to reduce bulk-wave response in IF filters. These

inclucr"e roughing the bottoln surface, bonding the surface to a 7,arger,

lossy ntaterial or tilting the various crystal faces at an angle to

deflect the generated bulk-r\¡aves; none of these tecl-rniques are ful1y

adequate. Better means have been demonstrated, such as the use of

nultiple transducers so that surface waves are added in phase while

bulk-rvaves cancel, or the steering of the surface tvaves along the surface

to physically separate them fron bulk-waves. These techniques ate,

horrrever, more costly since they require consi-derably large substrates.

(S) Tl're electrical ïesponse of the tunitrg inductor with the device

static capacitance and the high-impedance capactive probe on the input

side ni.ght have degraded the sjclelobe rejection at the lol frequency

band eclge.

Further, in all the experi-mental filters it rvas found that

there is a shift in frequency scale fron that c¡f the specified Tesponse

and this is due to the limited facilities available in tl'ris laboratory for

the prototype rnanufacture of the delay lines and considerable improvements

aTe necessary for making an accurate device. Moreover, a prototype

system is not expected to be an accurate der¡ice, but rather to function

as a convenient vehicle for tire examinatj.on of the getreral behaviour of

the surface acor-lstic war¡e filter synthesì-zec1 using the aclmittance

formulation. Horvever, by incolporating 1--he possible errors occttrred in

in the ¡nanufactr-rring process of the filter, a conputer nodel revea-l ed tlte

exact shift in the fr:equency scale, thus ensuring that, apaTt from a slight

shift in the frequency scale, the measured results agree quite well
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with the theoretical ones.

A briof remark about the rneasurement system is that it is

desirabte to have a more el-egant receiver systen for measuring the output

signals to detect the deep traps in the DF response than the sirnple

(sirnulating long-pu}se Cl{) measurement system followed here.

TV IF filters have also been synthesized using chirped

transducers with stationary phase approximation method. With two

identical chirped transclucers it was found that enor:mous nunbers of

fingers are needed for achieving the desired response, and this restricts

their use in practical situations. Howevet, an alternative approach

whereby, one transducer: is chirped and the other apodized with reasonable

amount of fingers in each transducer, for realizing the TV IF filters,

once a.gain using transadmittance model is presented. The various

advantages with this configuration are ful1y discussed, the prime impo::tance

being, improvement in the admittance parameters compared to the sirnple

uniforrn-apodized configuration and by far this is the nost efficient

and best synthesis technique for realising TV IF responses. Thus we can

say the synthesis of chirped-apoðized transducer configuration used in

conjunction with the transadrnittance formulation, constitutes a novel

technique for the synthesis of surface acoustic wave TV IF filters.

This technique does not require any cornputer itereration, does not require

any optimization,produces results that are r:easonably in good agreernent

with the specified Tesponse and hence saves considerable anount of

cornputing tine. The experinental investigation of this filter, though

not undertaken due to lack of time, presents no problem a.t all in acl-rieving

the desired response, except it night take considerable amount of time

in generating the art-work.

The last part of the study involves in the synthesis of TV IF

fílters using high frequency linear integrated circuit anplifiers.

It is possible to improve the insertion-loss of the filter, considerably
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using the IC arnplìfíers mainly due to the high irnpedance of the IC

aniplifiers can b: nea::ly matcl'red to the high inpedances of the

transducers. A complete synthesis proceclure for this anplifier-

delay line-anrplifier configuration is presented, once again using the

transadmittance formulation. The synthesis procedure nentioned herein

requires most of design techniques developed for various other filters

described in the earlier parts of the thesis, the most difficult one

being the optimization technique for nonlinear phase responses.

In addjtj.on it also requires the design of suitable IC arnplifiers,

and the appropriate matching netrvorks, and unfortunately tine dj d not

permit to carry out the complete synthesis procedure. However, the

basic advantage of using IC amplifiers in the design of TV IF filters

is illustrated in a. siurpler rvay.

Tlie filter synthesis concerned in this investigatìon is based

ón the transadmittance model. It wíl1 be indicated here that some of

the ir:rprovements that are necessary to make it even more generalised

formulation. The basic assumptions like weak-coupling approxintation,

neglecting the second or higher order responses, have been discussed in

Chapter 2. Reflection from a shorted transducer (not the reflection due

to the triple transit signal.s) is not included in the t-ransadntittance

noclel as it is assunied sma1l enough to be r-reglected. This reflected

signal nay be regarded as being clue to l,aria-tion in tl-re electromec.Jranical

impeda-nce of the propagation path, presented to the surface-wave passing

under the transducer, which may be due to either the mass loading of the

fingers or the localized electric field-shorting effect of each

electrocle (10)17'18 Second or higher order responses have also not

been included in the transadmittance forrnula orlce agairr assuming that their

effec.ts are negligibly small. However, these effects, second order as

wel-1 as reflections from a shorted transducer have to be talien into accouut

if an ac.cul:ate performance of the device ìs required. The second and
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higher order responses rnay be obtained in terns of the admittance parameters

by binonial expansion of the voltage transfer function ecluations (2.2)

and identifying the respective terms i.n the series. Even in the second

order response all the adnittance parameters are p:iesent and in the filter

synthesis the transferadmittance and the output admittance are not knot¡n

until after the synthesis is completed and a practical approach in

such a situation is to adopt an iterative, design procedure, similar to

one described in Chapter 9 for the synthesis of filters incorporating

IC anplifiers.

In conclusion we can say that the SAI{ filters can be designed

with confidence using the transadmittance nodel. Ivith this nodel as

pointed out seveîal tines earlier, it is possible to predict the complete

perfornance of the filter beforehand, and íf any changes in the design

paramete::s are needed, they can be amrnencled in the synthesis procedure

and after assuring ourselves that the predì,cted Tesponse is well rvithin

the specified lirnits, the filter is then fa-bricated for experimental

purpose. The systematic comptlter clesign technique developed for SAIÁI

TV IF filters which have been constructed and tested nay be briefly

sumrnarisecl as fo11.orvs :

(a) The first progran takes the specifiecl frecluency response and produces

a truncatecl time response v¡hich approximately satisfies the specification.

(b) This is then fed into a second pr:ogram which optimizes the truncated

titne response to inprove the approximate specification in (a).

(c) The truncated-optinized time response is then fed into a third

program rvhich designs a transducer structtrre and also calculates the

expected Tesponse of this transclucer stnlcture. After comparison with

the original specification, this produces a punched output (or tape)

for dr:awing the art-rvork.

(d) 'l'his is then fed ínto a fourth program, whicir drives the machine for

producing the art-r,¡ork.
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(e) The filter is then fabricated with the standard photolithography,

tested and the experimental readings are fed into a fifth program, which

conpui:es the frequency response with the given load conditi.ons and

compares with the original specification. If there is something wrong

there is provision in the various prograns to adjust suitable parameters

for conparisons with the final result (e.g. frequency scaling).

A similar computer designed technique can be developed in case

of TV IF filters incorporating lj.near HF IC amplifiers as pointed out

in the closing remarks of Chapter 9.
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A1

A1 PROGRAM ARTWORK: GENERATION OF TRANSDUCER PATTERN

Flow Chart of ARTWORK

Entry

END

Paint the lower electrodes
in the apodized transducer.

dízed transducer.in the a
Paint the upper electrodes

Paint the lower electrodes
in the uniform transducer.

Paint the upper electrodes
in the uniforn transducer.

Plot the title of the
pattern

Generate electrode
coordinates of apodized

transducer.

Generate electrode
coordinates of uniforn

transducer.

Pattern Title
Zerocrossing Ê overlaps of

apodized transducer.
No. of fingers in apodized

transducer.
No. of fingers in

transmitting transducer
surface wave velocity

reduction ration
pen tip síze.
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^2

^I.2 
Listing of ARTIVORK

I
PROORAH ÁRlHORX ( IIIPUT rOUTPI'¡l )

thts pRo0RÀH PROCUCES Â CLACK ANO fHIl€ EI.ECTR00E P^TIERN SUIIABLE
FOR PHOIOGRAPHY

.PEN TIP WIDTH USED I5 0.3 HTLLITIETRES
AVERA6Ê PEI¡ TR^CE OVERLÂP . .l5Mll ¡ .006 INCH
ÂLLO,¡ANCt I5 ¡¡A0E F0R Ft.t.t TJp !IDtH

¡ÑPUI OÂfÂ REQU¡REO 'Ñi - ¡Hr tlUr.lBER oF F Il{c:ERS ¡N rHË TRANSDUCÊR UP Ï0 100

OÀ. SIZE OF l'IRST GAP Ih HILLII'lElREs
)(PA(lt= POSIIION OF FÌRST FJI'IGER Cr:NTRE Il¡ 11H.

XLAfllr SI6NEO HAGllllUD¿ OF FIFSf oVEIìLAP lN MH.

ÀGÂâ RAIIO OF SUCCESSIVS GÀP I{IDIHs
ALAÉ KAIJO OF 5UCCF:SSIYÊ OVãRLAPS (UNSIGNEO)

HNOT I'{JNIHUH NON-OVEFL;IF LENGTH IT¡ H14'

ñôre ov¡ic¡p I IS uET'rE¿ri rl¡tcen I 
^No 

FIt¡cER I+l
nÈoN. TOT¡I REDUCTIOIJ RÂTIO( (OEI.II¿EO GPEA-TER THAN I)
TITLE - IDENTIfYING l'¡Â14E OF THf- PÀTTeRN

PNOT,N¡S ASSUIIES EACh CAP OIVICED INTO OUARTERS A¡IO RIGHT ÀNO LEFT

OUARTERS METÂLLIZED
iiË pÃôõn¡x AssuilÈs rHE suu ùF rHE SIGNEo ovERLAPS Is sMALL

FURTHER C0:1r1E¡¡fS
IHE FIRST OVERLAP HUST EE POSITIVE
FOR UNIFORH TRANSOUCER'IHE OVERLÀPS O'O 26çOCROSSINGS ARE GENERATEO

¡II THE PROGRAI,t ITSELF
iôn ¡pOUlZeO TRANSOUCER TitEy AnE IO BE PROVIOED EXTERN,TLLY ACC0R0¡tlc
TO l rE t ORl.lÀT I
TYPICAL OATA INCLUDED I5 FOR FILTER4

OECLERAf IONS

oI¡.lE¡isIoN al (100) r8l (100) tÂ (to0t rBll00) rxR(400) rYR(4001
OIMENS!oN xPÀ ( loo) rxLA ( I ool
OIHENSI0N XPB ( l0O) rXLg ( l0O) rXT (4001 ¡TT (400)
REAL, LAHDA

DATA TIÌLEl911A/ I I/ I /P?/

PTIP Þ 0.3
RECEIVJNG TRA¡ISOUCER PLOTIING
PRINT IO

IO FoRMar ( lHì T40XTRECEIVING IRANSOUCER PLOITING PREPARATIoNÉ//)
XPA(l).1.0
t{NO . 1.25
REDR . ?5.2
VEL ' 3.145Er06
F0 - 34.0Er06
NA IS NO OF ZERO CROssINGS
¡¡¡r is lhE No oF PEAKS (oNE LEss THAN N0 0F zERo cRossll{cs)
NAa80
NA I -NA- I
READ THE DÀTA. À(I) ARE ZERO CROSSINGS AND B(I' ARE IHE OVERLAPS

READ lr(Al(I)¡IolrÑAl
REA0 lr (Uì (I)'I'lrNAll

T FORMAI (5EIó.8)

PRTNI 2
z rôÀxIr (IHOITOXTZERO CROSSTNGS ANO OVERLAPS'THE PUNCHED OUTPUT FRO

CH THE PREVIOUS PROGRA¡I{/)
PRI¡IT 3ríIrÂl (I) rBl lI) rI¡lrNAl)

3 FORH,tT (I5r5XÉló.8r5xEl6.8l
PRINI 4r (trAl lI) tI'tlAtNA)

4 FORHÀI (I5r5XEl6.8)

O¡IIT fHE FIRST ANO IhE LÂsI ZEROCROSSTNGS SINCE IHIS G.'VE AN ERROR THAT

LINÉ iIIOTH LE55 THAN PEN ì{]OTH
OHIT SO ALSO THE FIRSÍ AND LAST OVERL'\Ps

I

t

c

c
c

t
c
e

c
c
c
c
a

a

DOTI-?¡79
AII-ì) '- Al(I¡

? CONIINUE
Do I I . 2r?8
s(I-lt .8llll

8 CONTINUE
NA . 80-2
NAI . ñA-¡
PRINÌ I5

l5 FoRHAT ( llr0¡ l0)(Úf EfìOCR0SSlt'iúS
CO LÀST PA JR5Ð./I

ANO OVERLAPS AFTER OHIITING FIRST AN

¡
c

pRINTi¡r ( I rÀ(I),t) ( l), ¡El'NAI)
PRll.ll 4¡ (I ¡À{l) t I'NA'NAl

Of.NERATE OAPS ÀNN OVERI.ÂPS ¡N MILL¡MFfERs
xYz.0.0
DO9l-l¡NÂl
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XYZ ¡ AHAXI(l\BS(BlI)) rXYZ)
9 CO¡IT I NUE

O05IdlrNAl
x, A(IlI)-Â(l)
lI . I.l
xPAltl, ã XÞVEL+xPA(I)
xLA(ft - B(I)¡5.0/xYZ

5 COr¡r ¡ r¡uE

PRINT ELECTR0DE P0sITI0tS ANo 0V€RLÂPS
PRIITT 306
FORHÁT (IHOIIO](OELECTRODE POSITTONS AND OVERLAPS
DO J0? J=lrNAl
PRJr.lï 308rJ¡XPA (J) rXLA (Jl
CONI II{UE
FORHÀT (Il0rE22.5rEl6.5)
PRIlll 6r f IrX?A( I) r I-lll\¡tlA)

I ll Hl"lSö,/ I

3

6 FORM¡T (Il0rE?2.5)

TEST f}IE SI6N OF FIRST OVERLAP
IF II t5 NEGATIVE ALTER IhE SIGNS 0F ALL oVERL^PS SO THAT THE

FJSRT OTIE BECOHES POSIIIVE

¡FIXLA(l))lltllrl2
ll D0 13 I - l¡NAl

XLA(J) e -xLA(Il
I3 CONTINUE

PRINT I4
14 FoRNAT (iH0rloXçSIGNS oF OVERLAPS HÀVE BEEN CHANGEÙ fo ¡IAKE FIRSI

COVERLAP P05¡TIVEÈ/)
I2 CONTINUE

CALL COORO ( XPA r XLÀr NA rNAl r RE0R r XR I YR r t/NO)

TRÄNSHITIING TRANSOUCER PLOÍTIIIG
PRINI 20

20 F0RMAT ( lHl r40XrlRANSHITlIli6 TRÀNSOUCER PL0TTING PREí'ARATIOIJT//l
LÀI'IDA ' UEL/FO

C N8 IS NO OF FINGEñs IN TRANSHITTING TRANSOUCER
NB - ll
NBI . NF-l
BN . NB/2.0
N82 = Illï(BN)

C O€NERATE 6AP5 AND OVEÑLÀPS
C TNCRTASE OVERLÀPS 8Y E5 PERCENT TO TAKE INTO OIFFRÀCTION EFF€CTS

PRINT 2I
2I FCRNAT (IHOIIOX*OVERLAP5 IT'¿CREASEO BY 25 PERCENI IO TAKE INTO DIFF

CRACTTCN EFFECTST/}
. llNO û 1.57

XP8(l) = 1.0
DO22l-IrNBl
II U III
xP8(II) : xP8(I)'LÂlloA/2.0

22 C0¡¡T I NUE
0023I*lrNB2
i(l-Bl2oI-l ) - 6.25
XLg(2rI) z -6.25

23 CONT INUE
C PRINT ELECTROOE POSITIONS ÄI.IO OVERLAPS

PntNT 30ó
PRINT 309r (I tXP9 lI) rXLB(I) rl¡lrNBl)
PRINT 6r (ITXPR(I) rI=tl3'l'13)
CALL COOR0 ( XFB rXLSrNß rNt!l rRE0R rXT ¡ YT t!f NO)

SUBROUTINE SETPLT CALLS IFE PLOT ROUTINE AND PLOIS THE IITLE
CALL SETPLI (IIfLETREOR)
PLOT THE TRAN:MITITI.IG TFANSDUCER
TRAVL - 20.0
CALL TRt'L0l (XT rYT rNtl'Ntìl rPl IPTIRAVLl
PLOT THE RECEIVIN6 IRÀTISDIJCER
TR.\VL ¡ 20.0
C^LL TRPLOI (XRTYR rNÂrNAl rP f IPTTRAVLI

999 SToP
END

?

c
c

06

07

3

308

a
c
c
c
I

t
c

I

c

c

c

¡
SUBROUT tNE COORD (XPA rXLA ¡lrAr¡¡¡' p¿9¡.X ¡Y rUNO)

D¡HENSION XPA I t00, rXLÂ I ì 00) rX (4001 rY (¡r00)

SCALE UP TO ARIHORK S¡ZE IIN ¡NCHES)
SC^LE -R E DR/ ?5 . ¿r

tNo q riN0s5c^LE
DO lO9 I ¡ lrNAl
xP^(IlrxPA(lrrscaLe
XLA(I)ÈXLA(I}'5CALE
xPA(N^l D XP^(NA)osC^LE

FINO I}IE IIAXTHUH OV:RLAP
X¡lr0
DO 400 I¡lrNAl
XH . AH^xl l^lls(XLr\l Ir I'xHt

I

c

309

c
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4OO CONTIIIU¿
C FI'{D IOIAL PATÎERN }IIDTh

llTeXH tZ 't¿N0C TESI PÀITERH DOES NOT EXCEED 28 INCHES HIGH
IF (rt.LT.28) 60 lO 402
PRIilI 403

403 FORHAIITÌPAÍTERN TOO H¡6HT'
STOP

402 CoNTIT]UE
C OENERATE ThE COOROINATES ACCORDII{G TO NA IS ODD OR EVEN

AN-NÀ
AN - aN/e.
ANT : AN-AINT(ANl
IF(ANr.E0.0.0)00 Ï0 301

OEI¡ERATE PLOITTNG COORDS - EL€CTROOE I
ç¡ a !a.0
G3= IXPA (2) -XPA ( ! ) ) /¿r
X(l)=xl2)-XP^llr-63
X(3).xi4).xPA(l).03
YHAX=CL }T Ï,/ 2
Yu IN=CL-ttT/2
Y(l)eYl4)ÉYHAx
Y (2)oY lf ) ¡CL-XLA ( I I /2

GET¡ERATE PLOTTING COOROS FOR REHAINING ELECTRODES
D0 4Ol J: ?rtlAlr2
J4:4èJ
G¡ É63
G2- (XPA (J.l r'xP A I J, I / It
IF(J.E0.¡tAt)Go To 405
G3. (xPA lJ+2) -xPA{J.l I ),/4
OO TO 40¿.
G3rGa
c0NT I r¡uE
x (J4-3)-x (J4-2¡-XPA (J)-Gl
X (J4-l )'x (J4r=XP^ (J) +G2
Y IJ4.3}-Y (J4IÈYÈIIN
Y lJ4-2) -Y (J4-l ).Y (.r4-5t.xLA (J-l)
X (J4rl trX ( J4aZ)GXP¡' (JlI I -Gz
X (JA13) sX I J4.4)*XP A ( J+l ) rG3
Y(J4.1)-Y(J4.41*YMAX
Y lJ4f Z) iY lJ¿r13l-Y (J4-l ) +XLA (J)
CONT I NUE
G0 10 302

T

3

c

405
40tt

40t

c

I

c

301

601

CONT I NUE
OENERATE PLOTTING COOROS - ELECTROOE I

CL r 14.0
03=lxPAfAl-XPA(l))/4
X(l)-x(2)=XPA(l)-03
Xl3)=X(4)!XPA{l)+G3
YMAxc CL. H T/ 2
YH I N. CL- ÌrT/ 2
Y(lr-Y(4r.YHAX
Y (2) =Y (3) =CL-XLÀ ( I ) /2

OEIIERAIE PLQ'TTfNO COOROS FOR RE}lAINING ELECIROOES
OOó0lJoZrNAìr?
J4-4oJ
Gl -G3
G2= (xPA (Jll )-XPA ( J) )./4
G3.{XPA (Jr2) -XPA ( J+I ) I /ll
X (J4-3).x (J4-2)-XPA ( J) -Gl
X (J¿r-t I -X (J4)ÉfPA (J) .Ge
Yl.t4-l)-Y (J4)=YMIN
Y (Ja-2) =Y (J4-¡ I ¡Y (J4-5).xLÂ (J-l )
X (J4rl )Él (J4r?) ÉXPA (Jf I ) -0a
)( (Ja+3) rX (J4+4t ËXPÁ (J.l I rG3
Y(J4rtlrY(J4.4)tYH^X
Y (J4r2 ) =Y (J6r3)'Y (J4- I ) +XLA (J)
CONT I NUE

GENEFATE PLOTT¡N6 COORDINAIES FOR THE LAST ELECTROOE

Jrl o 4ÐN,À I
r XPÂ (NÀ;.(XPAf NA'.XPA(NÂI } I/4.
' XPA (NA)' (XPA (NA).XPA(NAI) I/4.
¡ YHIN
r Y(J4-l)fxL'\lNAl)

a,
C PRINT OU¡ COORO¡NATES

302 PRIr{T 50¿
502 FORr'rôT (35)(rpLOllINO COORD¡NATES (IN INCHËsr'//r EL€cfRoDEc6XöXl¡8X

cÐYlsl2xÞx¿oBXÞYeo ¡ 2xtx3oßxoY3{l exrXdoBxrY4Þ/)
DO 503 lslrNA
I r.¡4o I
PRINT 504t I rX I t4-31 ¡Y I I4-3) rX ( I¿r-?t rY I 14-?l rX ( Iô-l I rY I I4-l I rX I I4l r

cY(t4t
504 ToRHAT (IórÒlFl4.3rFl0.3l)

g(l3 CONT TNUE
c

XlJ6.l)
X(J4.3)
YIJ¡rrl)
Y(J4r2l

( J4.2 )
(J4+4)
(J4.4)
lJ/rr3l

-x
cX
rY
rl
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RETURN
END

SUBROUIINE SEfPLT lT ITLETREOR)

CALL PL0T30 (l lHNEBP6B0xl42 I ll I
CALLPAUPLOI ( 2SHALAIiKPAPER r 0.3M|{PEN¡ BLACK Il¡Kr 281
cALL XL¡r.tIl(60.)

PLOI PAIfERh DATA
CÂLL SYHSOL 10.¡26. r0.3r9HPATTEp['l r¡Q¡¡9)
CALL SYHSOL (3.0r2$. ¡0.3rT IIL€r 0. rl0l
CALL SYvilOL(0.r25.r0.3'l?HR¿DUCTION PAIIO =r0.rl7l
CALL UUHBER (5. r?5. r0.3rRE0ñI 0.'4HF6.2)
CALL PLOI(10.r0.r-31
RETURN
ENO

SUBROUI¡NE TRPLOI (XrY rNArilA I TPTIPTTRAVL)

OIHEhSI0N X(400) rY(a00)

NOTE DIHENSIONS NOI{ II.I ¡NCHES
P - PTIP/?S.4
P?=P/2
OLAP¿0.00ó

PLOT THE ELECTRODE PATTERI{

PLOT ThE PAÍIERN ACCORDIIIG AS NA TS OOD OE EVEH

ÂNãNA
AN - AN/2.
ÂNf = A¡I-AINT(ANl
¡FfANT.E0.0.0)00 To 300

PLOT UPPER HALF îF PAIÎERN
DO 601 I¡lrNAr2
J=4o I

IS LINE I{IOTH LESS THAh PEN fIP I{IDTH
IF ( (x (Jl -X lJ-3, ) .Ll.Pt Ó02ró03
PRTNI 604
FORMÂT(+¡LINE IT¡DTh LE55 ThAN PEN UIÐTHI)
STOP
XDÊx (J-3).P2
YD=Y (J-3,
C^LL PL01 lX0rY0r3)
Yo=Y ( J-2 )
CALL PL0T (XDrYDr2l

YD-Y (Jt
CALL PLoT(X0rYDrll

¡S THERE ROOH FOR A FULL STROKE DOIIN

CONT INIJE
IF ( lx (J) - (XD.Pz-OLAPI ) .LT.P ) ó06r60?
Xo=X(J)-P2
CALL PLol (tr0rYDr I I
Y0.YlJ-l)
C^LL PLOI(X0rY0rll
YDÈY (J,
CALL PLOI lX0rY0r I )
GO T0 601
X0.I0 fP-0LAP
CALL PLOflX0rYúrl)
YD-Y(J-ll
C^LL PL0t lXDrY0rl)
YO=Y (Jl
CALL PL01 fX0rY0r I I
G0 r0 608
CONÏ I NUE

PLOI îhE LOIIER HALF OF IIIE PATÍERN

C^LL PLOI (0.rY0rfl
CALL PLOI (U.rY15l r3l
0O 6t0 I"2rNÀl¡2
JÊ6rl
XD¡X (J-3) 

'P¿
YD=Y I J-3 I
C^LL PL0I lXDrYDr3)
Y0-Y ( J-21
C^LL PLOT (XOrYOr?t

YD''Y (JI
C^LL PL0l lX0rY0rll

ô

c
c

t

c

602
604

603

606

607

t

T
c

I

c
T

c
I

I

c

c
c
608

601
t
c
c
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¡S IIIERE ROOII FOR A FULL STROKE DOI{N

CONI JNUE
IF ( f X (Jr - (XD+P2-0LAP) t .LT.P) 306r307
XD=x lJ) -Pz
CALL PLOr(XOrY0rl)
Y0ÈY lJ-1,
CALL PLOf (X0rYDr l)
YC=Y (J¡
C/\LL PL0TlXDrYDrl)
GO TO 301
XD=XD r p-OLi\P
CÀLL PLOf (X0rY0rll
Yo"YlJ-l)
CALL PL0T(XDrY0rl)
YD-Y(J¡
CÂLL PLOI (X0rY0rl)
G0 T0 308
CONT INUE

PLOT IHE LOI{ER HALF OF ¡hE PATTERN

CALL PLOI(C.rYDr3l
CALL PLOT(Ù.rY(5)r3)
O0 310 I:ZrNArZ
J-40 I
X0-X (J-3).P2
Y0ÀY ( J-3 )
CALL PLOÍ lX0¡Yr)r3)
YoÊY ( J-2 )
C^LL PL0I (XDrY0¡2)

5

c
ót8

6tó

IS IHERE ROOH FOR A TULL SIROKE OOVN

coNr It,|uE
IF I (x (J¡ - (xOrPe-OLAP) ) .LT.Pl 6l6ró17
lDÈxlJl-Pz
CALL PL0l lXDrYDrl)
Yn¡Y(J-l)
CALL PLOI (XD rYD r I )
YD=Y (J)
CALL PLOI (X0rY0rl)
G0 T0 610
XD¡XD.P-OLAP
CALL PLOI(X0¡YDrl)
YD'Y (J-l I
CALL PLOI(XDrYOrl)
YD¡Y fJI
CALL PLOI lX0rYDt I )
G0 Í0 ó18
CONT JNUE
60 T0 299

ó17

610

I

3OO CONTINUE
I

OO30ll=l¡NAlr2
Jc4õ I

C IS LINE IIIDIH LESS THAÑ PEN TIP UJOTT+

tr I lx (J)-X(J-31 t .LI.P)302r303
302 PRINI 304
304 FORI"IAT IÐILINE I{IDf H LESS ThAN PEN HIDTHT'

STOP
303 xD-x (J-3) fP2

YD.Y ( J-3 ,
CALL PL0l lX0rYDr 3l
Yo=Y ( J-2 I
C^LL PLO¡ lXDrY0r2)

YO=Y (J,
CALL FLCT(X0rYDrl)

c
c

30l

30ó

30?

301
$
c
c

YD-Y r Jl
CALL PLOI(XD¡Y0rl)

c
C IS II]SRE ROOIì FOR A FULL STROKE DOì¡N

3I8 CONTINUE
IF( tX (J)- tXOrP2-0LAP) t .LT.Pl3lór317

316 xo'X (J) -P2
C^LL PL0T (XDrYDr I )
YOÈY fJ- I )
CALL PLO f (XDrY0¡ I I
YD.Y (J)
C^LL PLoT (XDrY0r I I
eo ro 310

3l? X0.x0rP-OL^P
CALL PL0T (XDrYDr I I
Yo.Y (J-t,
C¡'l-L PLot lXDrY0rl)
YOEYIJ¡
CALL PLOI lXDrYDr I )
o0 T0 318
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I

c
a

]IO CONTINUE
299 CALL PLOI (IRAYLr0.0r-31

RE TURN
ENO

O AfA

^7

1.918761568-06
¿.000603918-06
?.067 47 384F-06
?.154737 t,zE-06
2.22894409E-06
2.31s65769E-06
2.389a19?ìE-0('
¿.463118438-06
2.s36881s7É-06
2.6t0580098-06
? .6843..¿ 328-06
2.77105591E-06
2.8452623eìl--06
2.93?526t61-06
2.99939ó09E-06
3.08I23844E-06
8.96734 l37E-03

-1.0?80ei8368-03
2.095700?0E-03

-8.7995352t8-03
4.983534 748-03

-rr.61165751E-03
2.4396¿5448-02

-4.077 41555f-0?
3.865¡09248-02

-2.01341206E-02
4 . 845 69 429 E-0 3

-6.71360533E-03
7 .?3430??CE-03

-2.01028413E-03
¡ .98 I 78834E-03

-9.43871007E-03

1.885123?2E-0ó
t.965439a3E-0ó
2.038193?6f-06
2. l246ss99E-05
2.t9933883E-0ó
?.?7 l8??27t-06
2.3s9e77008-06
2.4336e439E-oó
2.50737585E-06
2.581 r I 6098-0ó
?.654744.tlE -06
?.74?ll I 38E-06
2.8t55060e8-06
?.89?4309óE-06
2.97243800E-06
3.050146488-06
2.7s5350/.3E-03

-3.758827?0E-03
1.358222198-03

-5.05163922E-03
8.30056661E-03

-2.46?73405t-03
t.5q0ll937E-02

-3.s81632448-02
4.208870?{E-02

-2.853ó5ó2çE-02
8.04001867E-03

-3.465023I98-03
9.53?23?30e-03

-l .l 17 3?2?t|¿- 03
5.l6ll78l7E-04

-8.478205818-03

1,89313488E-06
l.93t65tt7E-0ó
2 .05?7 64958-06
2.13977361í-06
2.?1417?l4F-C6
2.?Asa64a7E-06
? .3146Er,571- 06
?.44A369561_-06
2.52213(,01É-06
2.59545t07E-06
2.66948871E-0ó
¿.15641?60f-06
2.83037437E-06
2.91719124E-06
?.984087t9É-06
3.06s52303E-06

-9.43871007E-03
t.9BI 78834E-03

-z.0lo284l3E-03
7 .234302?08 -03

-6.71360538E-03
4.A45694?_91-03

-2,0134I?06E-02
3.8651O92¿¡E-02

-4,0774t565E-0?
¿.4396?5448-0?

-4.6ttô57stE-03
4.98353474E-03

-e.79953sZtE-03
2.095700708-03

-1.0280t036E-03
8.9ó734137E-01

t.934476974-06
2.0ì59123ìE-O6
2.08280t 76E-0á
?.16"ê25l3E-06
2.?4-r5a7 4oE-06
¿.33051 l29E-06
2.404t49938-06
2 .47'l 8D')99t - 06
2,55161044E-06
2 ,6?530343F--06
?.7Ì413513E-06
? .7 358?7 I 6E- 06
2.e602?139E-06
?.947?3505|j-06
3.01814883E-0ó
3.I0ótr6sl2E-0ó

-8.478?05818-03
5.l6ll7Bl7E-04

-l .f 47 3???ttE-03
9.53723?308-03

-3.46s023t98-03
8.0400t8678-03

:2 .853É'56?9E-02
4.20887074E-0?

-3.581ó3Zi4E-02
1.s90t1937E-02

-?.46¿734058-A3
8.30055661E-03

-5.051639228-03
l.35B22el9Fi-03

-3.758ô2770E-03
2.755350{.8E-03

t.94985352E-06
2.027562008-0ó
2 .1 0756904E-0 6
2.t6449391E-0ó
2.257tì386¿E-06
2.345259098-06
2r4lBflô391E-06
?.49267-) t5l-06
2.5ó6375618-06
?.641102300E-06
? .7 ?817'17 3f-- 06
2.$0066117E-0ó
2.87534q018-06
2.9ól e0ó748-0ó
3.03456017E-06
3.tt4s76eAE-0ó
ó.299435328-03

-6. l/.024825E-04
2.?3t8447tE-03

-9.3t62629sE-o3
2.57139736E-03

-t . t 83230678-02
3.239sJ900E-02

-tr.279ó2510E-02
3.2395890CE-02

-1. I 83230ó7E-02
?.57139?3r-<E-03

-9.3té2ó¿95E-03
?.73r844?lE-03

-6.140248258-04
6.299435328-03
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^2.2 
Listing of FILTEI_l

I
PROGRAH FILIERA ( INPUTTOUIPIIlrPUNCHl
PROGRAH P/09/I/P"

tN THË OPTII'IIZAfIOII PF¿OCEOURE TI-ìE TOIAL COST T IS GIVEN BYI
f . PIBP t ?-DIP l K ' "thEPE 

P If; ll'18 PERIUÍllJAT ION VECT0R
THE ELEI.iENIS OF B HAIRIX ARE EVALUAIED THÊOUGX TTIÉ IJSE OT COMPLEX

ROOTS OF U¡¡ITY uhILE THE E.LEHEÌ.lTS Or 0 vECT0R ARE fvALUArE0 8Y ThE FFT

ROUf I NE

NOTAf ION

NF NIJI4BER OF FIITGERS IN APOOISFO TRAITSOUCERI 7O'
NP fCfAL NUT4BER OF POINTS tli 0ISCÊETE FOURIER TR/\NSFORM¡ 1024'
TIHE TOIAL PERIOOIC TJIIE 5 I{ICRO SECONOS.
DI 5ÂMPLINO TTME INCREI{Ei{I APROX.5 NSEC.
DF SÄtIPLINO FFEOU¿¡.CY IlrCiìEilENfr 200 KH¿'
iil-iñ¡îiÀi INoEX oF sPEcIFIED FREoUE¡¡cY RESPoNSET t48; c0RRESPoNoING T0
29.4 IrHZ.
IFr FINAL INOEX OF 5PECIFIEO FREOUET'¡CY RESPONSET 197 CoRRE5P0N0ING 39.2
HHZ.
ITI lNIflAL INOEx oF ADoPTE0 TllaE RESPONSET 40Or CoRRESP0¡i0ING To APROX 2

c
t
c
c
c
t
t
I
c
t
c
c
c
c
c
c
t
c
I

c
t
c
I

c
c
c
C
c
c
c
c
c
c
c
c
c
c
c
I

c¡
c
c
c
c
I

c
c
c
c
a

c
c
c
c
t
c
T
a
I

c
c
c
t
c
c
c
c
I

I

c
a

l{ Icfì0sEc.
iiË ;iñÀ¿ INDEX oF ADoPTED Tlt'iF REsPoNsEt 6?6. CoRRESPoNDING T0 APRoX 3

H T CRO SEC.
ró cÈ¡lrne FREoUENcY oF UNIFoRH TRANSoUcERT APPRox 34.1 HHz.
lzF SIGN FOR TRANSFORHING IIHE T0 FREAUENCYT -l'0
F2T StON FOR TRANSFORI{lt'lG FREoIJENCY f0 TIMEr rl.0
DIRI DIRECTION IN I'¿HJCH ThE TRANSFORMAIION IS CARRI¿D OIJII F?T OR Ï2F
oÈl r¡rre oR FREoITENcY INcREìtF-NT DEPt¡toING 0ñ oIR IS T?F 0R F2T
iiITI CO¡PIEX ARRAY USED TO TR^NSFORI,I II'I EITHER DIRECTION T2F OR FzI
HAG(I) HAGNITUOE RESPOì'IsE OF THE FILlER.
MAGOB(I} MA6N¡TUDE RESPOhSE IN OBS OF ThE FILTER'
PHAS(I) PHASE RESÍ,ONSE OF APODISEO TRÀNSDUCER.
XY(I' HAGNIIUOE RESPONS¿ OT UNIFORI{ TRANSDUCER.
Y(I' HAGNITUOE RESPOI.¡SE OF ADODIZED TRANSOUCER.
DBI(I) THE OVEARALL MAGNITIJDË RESPCNSE OF THE FILTER
RT(ttr TIr'lE DOHÀIN RESFONSE oF SPEC0FIED RESPONSE

T(II UIiIFORM SAMPLED TIHE ÂRRÂY
FRÈo(I) FREouENcY :ìCALE oF rt{E sPEcIFIED RESPoNSE ?9.4 MHz r0 39'2 HHz'

NOTAIION FOR OPTIHIZATION PROCESS.

zFIfI) SPECIFIED INPUT RESPoNSE IN FREOUENCY oOMAIN ?7.4 ¡4HZ lO 41.2 MHZ.

7ri¡il 
^oopTED 

RESPOT¡SE lN FREOUET{CY OoMAIN ?7.4 tllF'z ro 4t.2 Hhz.
C(I) COSI COFFICIEI¡I5 ASSIG¡]EO IN fII: FiìEOIJENCY OOMÀIN
Ñc-l¡uùern ór polnrs Ir.l FREcuENcY ool'1ÀIN usED IN rHE OPTIMIZATI0N PR0cEoURE

EOUAL TO OR GREÂTER THÅN ¡iF.
IP(I) IIHE INOEX OF PEAK POINI ON ITH FÍ}IGER.
iP TXC NUMBER OF PEIIIUREÂTIONS USEO IN THE ADOPTED IIME RESPONSE

ltNfI) THE NP COHPLEX ROOTS OF UNITY
Io(ii ÄN ÂRRAY IN Tlt,tE DoMAIN iIITH LocATIoNS IIHERE THE PERTURBATI0N ARE

APPL I ED
PT(I) THE PERTURSATION VECIOR
IFI INIT IAL INOEX IN FREOUE¡.¡CY DOMAIN.
IT¿ FJNAL INOEX IN FREOUENCY OOHAIN.
átI'¡i A R¿ÀL (KpxKP) MATRtx i\ssocIATEo wIlH ou¡DRArlc rERHs oF ïHE
PERTURBATION IN THE OU¡\DRAIIC COST FUNCTION.
oirl I REaL ONE DIMENSJOT\AL VECTOR OF Kp ELEMENTS ASSOCI^TE0 rdITH FIRST
OROER IERMS OF ThE PERTURSÄIION IN THE OUAORAIIC COST FUNCIION'

TH¡S PROGR/\H IS MODIFIED IO PERTURE ANY NO OF POINTS HITH ANY NO

OF GIVEN COSI COFFICIENIS
SUAROUIINE LSSS I5 USED IN OBTAINING ThE SOLUÏION
SUEROUTINE BIIÀT IS IIODIFIEO
I a aaaaa a + t al + +l.a a a l a.a t a a 

'f 
++ | + t" a l t + + t +" +l +++'+"' l i' +'a tt 

"'
.ThIsPRooRAHALSoREoUIREsSUSRoUTINEPLIGIVENINÀPPENDIxAS+
a a ta+.a l. tII 

' 
at aa at a aa a l II i+ a.. a l at I II IIai' f 

" 
t 

'l 
l 

' 
l"ìl"|" 1" 

'
OECL ARA I I ON 5

DIHE¡¡SION DBI ( l00t
0Ir.rENsI0N T (650)
OJMENSION ¡P ( 100) r0 (100t .PÌ (100) I I0 (1001 rKF ( 100) t8({000)
DIHE¡iSI0N C (513)
DIHETTSI0Ì. l/N(10?41
O¡MENStoN I (501 .XY(50,
o iMtr.,s toN l't^G (50 ) r MAGDB ( 5? ) rPHÂs (50 I r RT ( I 0?4)
OIMEÀ¡SION FREù(52)
coHPLEX ZF(1024)
DIMENSIoN ZF I (s I 3) rZFT (5lll
COHiION 7l tlll TZFTTFREQ
REÂL HAO THAGOB

BAS¡C PANAHEÍËRS

NP ¡ ¡0¿4
N0-50
TIIlE r s.0E-0ó
IFI.148
lFf ¡ 197



All

trl ã (00
NF.7l

DERIVED PARAÞ'ETEPS

IfÂ r
F?f .
laf 3
P¡.
SF.
P AAP

l. INP /2t
rl.0
-1.0
.0áAlAN2ll.¡1.)
.0Ír08
1.0

4
t

l

c
t

ITF a UPr2-ITl
0T - I Ir'lE/¡rP
DF. l./ll¡tr
FO . l,/16.ÞOf,
DW É z.4PIÚCF
IFt = I
IFZ.5l3
IFH ã JFF-IFIrl
NFI . llFrl
NC ' ¡F2-Ir-lll

I
c

c
c

INPUI OF SPECIFIED RESPONSE
READ lr (HÀG(I) rI-lrtlQ)

I FOR¡,tAt (8F10.5)
FREOUINCY SCALE (29.4i4H7 TO 39.?tlHZ¡
POINlS'
DO2I.lrNO
FREO(L 3 oFt(f.146¡

2 CONTINUE

COFRESPONDJNG TO 5O SAI'IPLING

CALCULATE THE TIME SAhPLES I'IIICH ARE NECESSARY ITI PUNCHING ZERICROSSJNGS
ANO OVEÍìLAPS
DOItI=1r650
T(I) = DTr(I-l)

II CONIINUE

CALCULATE 'fHE RE9,PONSE IN C8 SCALE
DO3IElrN0
HAGoS(I) - 20.ÞAL0Gl0(0.0lrHAG(I)) + 1.0

I CONTINUE
ASSU}¡€ ALIhEÂR PHASE RELAIION
PHÂS ¡ CONSTÄNTðOiaEGA
0O16I'lrNO
PHAS(It = -¿.5E-06{0HrJ

l6 c0r.t1 INUE
PRIITI THE INPUT OATA
PRIN'f 4

4 FORHAT''''"4¡XOINPUT DATA}//6XEI¡iOEX+ 8XÞFREOUENCYTIIX{MAGNITUNE}
rSXTHÄGNITUBE TN OgðI3X'PHASî-I / /I
PRINI lB ¡ ( I rF tlEO ( I ) rìaAG ( I ) rÈl¡6pg I I t rPHÂS 1 ¡ ¡ ¡ ¡=¡ ròlQ)

l8 F0RHAT (I10r4E20.5)

PUNCH IHE INPUT SPECIFIED RESPONSE
CÀLL 0¡JPU¡¡CH (ilO ¡FREQ ¡HAG)

Dû 5 I = lrNP
ZFII) - CHPLX(Ù.r0.1

5 CONT TNUE
C ASSUME A 9 FINGER TRANSoUCER Àl\lO CALCULATE IT/S RESPONSE USING

C SIN(X)/X fORMULÀ
C NO OF FINGERS - 2.)Frl. r ANO FOR 15 F¡¡JGERS F = 7

C CALCULATE TTlS N'\XIHIJM ¡HPLTTUDES CORRESPO¡IDJI{G TO TOTONE 08
C ÂHPLJTUoES ARE CALCULATF-0 IN THE SUBRoUTIÑE SINEX AS FOLLo"{S
C AHPLIIUDE s 100.ÙéP,\IlfJrSlN(i(t,/X

F . 4.0
CALL SINEX (NQ rF tPAVPTFOTXY)

C CALCULATE THE XECEIVING fRÀÑSOIJCEÊ RESPONST BY DIVIOfNG INPUT

C SPECIFIED RESPC¡iST ÊIY T,ITE ]RANS¡IIT.TING TRAi\iSOTICER RÊSPONSE

C ANO ALSI DY OHE0A FACIOR ¡t|¡0 PRESC¡1LE IHE RESPONSE BY A FACTOR 0F l0rrg
DO6I'lrNQ
Yf I) ¡ NAGI I )/ (XY (l) ÞD'l'( I'14ó)'1.0E-08)
zF ( 147+I) ã CttpL;r (Y ( t).CcS (PHAs ( I ) ) rY (I ) Ð5lN (PHAs ( I I I I
IT , I.¡a7
ZF(NP.¿-¡ t) r C0NJG(ZF(IÌ!l

ó CONTINUE
C NOÍE IH^T IÈROH IIERE ONHARÍ)S FOR THE SYNTHESIS PURPOSE IHIS RESPONSE

C HILL 8E TÂKEN ÂS IhE SPECIF¡EO ITiPUT RESPONSI:
0Ol0I¡lrNC
ZFI (I) ¡ Re^L(Zfllrlrl-l),

l0 coNftNuf
C PLOT 1HI.: sPECIFIEO RESPOI.ISE US¡N6 SLIÛPOUIINE TRÀNS

t:NrRY . l ù.0
CrlLL TfìANS2 ( IT í r f TF rNP rl'J0 rPAHPr Ì ti'lE ¡ El{TR'l r lìI I

c IRANSf'ORil l0 f ¡HE 00rlAJN
OEL . 0r'
DIR " f2ï
CAI L EFAST (2Fr l0 rOlRrDIt.)

c ¡lof E TH.l l DEI- HAs t)tlt'N \('!ll cli^¡!cf:o l0 f)T ÀN0
C ALSO ZP NOI{ CONTÂIN5 TRAN:;FOIIHFD TIiIT: OOH,\IN IìESPONSE

I
c
c

c
c

t
c

c

I

c

I



^L2

DO9I-lrNP
RlIT' ¿ REAL(ZÊII,,

9 CONIINUE

CALCULÂTE f}iE PEÂKS CF THE AOOPTEO ITIi€ RESPONSE

CALL PEAKS3( lTl r ITF rtlFrRT r lPl

PRTHI OF TIIIE DOI.IAIN TRANSFORM OF FPECIFIED RESPONSE
PRIt¡l t0l

¡0t FORI{^l (llllr4ZXrãTlM€ D0!1Atl{ TRANSFORII 0F SPECIED RESPONSEÞ//'
CALL TPRINT ( ITItITFTRTI

Ð

PUIICH 555r (RT (Il r I'ITIr IfFl
555 FORMÄT (6E13.31

t
C €FTECT OF TRUNCATII'¡G fHE T¡I1E FUNCÍION
I

E¡IIRY - 0.0
CALL lRANSA ( IT I r I f F rNP rN0 rPAÈlP r TIHE r ENTRY I RT I

STORE IHE FREOUENCY RESPONSE OF ADOPTED TIME RESPONSE TN ZFTfI)
DO 397 I = lrl'lC
ZFf lll a REAL(ZF(I+IFl-l) )

397 CONT JNUE
PRINT 398

398 FORt't¡I (lXrl40XiFREOUENCY RESPONSE OF AOOPTED TIHE RESPONSEË¿//
15XÞ J\DEXISXIFRECJUEIICY ( HHZ )' AXÞRE¡\L PART}/ )

PRINT 399r lIrFS€O( l) rZFT ( Ir ¡F¡-l ) I I=lrNO)
399 FORMÂf (18r2E20'.5)

CALCULATE TFE OVERi\LL RESPONSE OF THIS TRUNCATED TIHE FILTER
OO55óI=lrN0
DBIII) - REAL(ZF(I+l¡r?t)rXY (It+Dt¡j+(¡rt46)Ð1.08-08

556 CONT I l.lUE
CALL DAPUNCH (N0tFREQ¡DBll

+strt*)t+ëãåÞ{t{t+¡tretrtSa }rcès}f c!!*Ðtl
} OPIIHIZ;IT¡ON PRCCÉSS SIAÊTS T'ROI'I I]ERE T
I+ÞtllÐt+t¡!Þ{tlÈl'?9iþÐf }{Ior}IÈ+ÞÕ{IlÉül

PRINl 4OO
400 FORHAI (lltlr/50X+oPT¡¡lIZATl0N PROCESS STARTS FR0M HEREE/,

SUSROUTINE CUNITY CALCULATES IO24 í,IEAL PARTS OF OF COMPL€X UNIIY ROOTS

CALL CUNIII (NPrÌlN)

3

a
c

I
I

c

aÌ
c

c

T
I
c
t
t

c
c

t
c
!

c
c

IF I
IF¿

SELECT SUIIABLE COSÏ COFFICIENTS

COFFI ARE lHE VÀLUES OF COSTS BETtiEEN IFI AND

COFF2 ARE T¡18 VALUES CF COSTS BETTEEN IFF I\NO

COFFI . 0.01
C0FF2:0.01
CALL COSI2 (C0FFl r C0FF?r IFI r IFI I IFF ¡ IF2 rNCrC)
CALCULATF. ÌHE TOTAL COST 8ÊfORE OPTIHIZATION
CALL TC0SI (i\Jt' r IFI'NC'CrTl )

c

a

I

401

40?

403

404

XP-86
DO40lI'1185
IO(I) . TTT+I-I
CONT I NUE
¡Q (KP) a IIA
0O 402 I - lrKP
IPI. ¡o(Il
D(It - Rl(IPI)
CONT J NUE
PRINI 403
FORHÁI (IIIO'IOX}RESPONSE AI I{HICH IHE PERTUREATIONS IS APPLIEOI//I
PRII{l 404r (I r IO(i} r0( I) r I¡l ¡KP)
F0RHAI (5(21órEl?.3) |
0F . 1.,/1 t¡tE
iUANCUT¡IC DVCTz CALCULAIES THE D ELEMENTS USING FFT RúUIINEc

I

a
c

CÂLL DVCf Z IKPTNP rNCr tFl r lF?,T JHEr ¡O'CtSFr0¡

SUEROUIII,IE BMAT CALCULATES fHE ELENENTS OF B USING FÎ ÀLGORIIHÂH
0T ¡ I lÌ'lE/NP
KPI s KP.l
CALL EHAf t XP r F.P I r flP ¡ ¡ ¡ ¡ r IFI r I 0 r € ¡ Ìifl r 0f r llC r 5F r 6)

SUBROUTI¡IE 5OLU-CALCIII.ATË5 IHE SOLUTION US¡NO SYMHEIRIC HAIRJX SUSROUIINE
LS SS
CALL S0Lt!Z lKÞ rKF r Or B ¡ 5F rPf )
RECor\Sltlucl I0N 0F R1( I t
0O$elIclrXP
IPI o lAlIl
RT(IPtt 6 RrllPIl'Pl(I)
RT(NP'¿-JPlt. nT(lPI)

8?3 CONT TNU€

I
c
c

c



413

PRINf 824
iôÃiìil ii xl,z,,oxo¡ol^L TIt{E RÊsponsE AFfËR A0olHG PERÌURBAIIoNS',//l
CALL TpRtNl I lTJr lTf rRl)

CHECK IHÈ TREOUENCY RESPO¡¡ST IITH IhIS PERT f¡HE FUNCfION

INIRY r 0.0
õnul rn¡¡¡sz ( IT I r ITF rNP rNQ r PAHP r T IME TENTRY ¡ RT )

CÂLCULATE IHE TO1AL FPEEUEhCY RESPONSE OF IhE OPIIì'IIZEO FILTER
00 558 I z lrrJO
og¡ii¡, aE^LlzF(Irl4z) tGxt rI)+¡¡r(!r!46)+1.0E-08
c0N1 I r¡UE
CALL OEPITNCH (NQ rFREOrOtsI )

CALCIJLATE THE PEÂKS OF THIS TIE'I TIIlE RESPONSE

CALL PEAKS3 t ITJ ¡ I TFr¡lFrRTr IPI

cALculATE THE lorAL cosr ATTER oPrIHIzArloN
0o829I=lrNC
ZFf II1 A REAL(ZF(ITIFI'I))
cor¡ r I NUE
CALL TCOST (NFrIFl rNCrCr t2l

4

a
c

t
C

ê?4

5s8

829

+
c

t
c

I

I

c
I
c
c

c

a

c
c

T

t
c
c

I - 7?/Tl
x = 100.0{(1.0-xl
PRII'lI 997rX

99? FORITAT (lH0rl0XéPERCENTAGE

996

995

998 STOP
END

REDUcTIoN ll¡ C0Sr =rF5.2)

GENERATE OAP FUNCIION FROM THIS OPT¡I¡IZEO TIUE FUNCTION

AOD ONE FINSER ON EI,THER SIOE TO ENSURE THAT THE ENO PERTURBÂTIONS ARE

INCLUOEO II¡ THE ADOPTED RËSPONSE

ITI = III-3IfF = ITF+3
CALCULÀTE TIIE PEAKS IN IHIS NFIi LIMJfS
CALL PEÂX53(IlI rITF rNFrRTr lPt

¡FPI|ICHIsLESS]rANoò¡EIHEzERocRoSsINGSANDIHEoVERLAPSARENoT
PUNct,ED 0TtlER'iISE IHEY ARE
PJNCH á 2.0

CALL PATERN ( IT J r ITF rNP rNF r IP r RT r TIME I T I PINChT NA I PAI4P)

oBTAINovERALLRESPoNSEBYMULTIPLIìl0BYTRÀNS¡lITTIl¡tjTRANSDUCER
RESPONSE I OHEGA FACTOR ANO 8Y SCÂLE FACTOR

O0 99ó I - lrNA
irtiil¿r¡ ë zF tt+l4TrlxYlItloHÞ(I.t46)rl.0E-ù8
CONT INUE
PRINT 995
¡ôn¡r¡r (iHlrtoxor.xpËcrE0 ovERALL REsPol¡sE 0F Tl'lE FILTERÞ/)
PLOT THE RESPONSã UsJNG TRANs2
ENfRY - I 0.0
õ¡lu rn¡Hsz ( ITI r I TF rNP rNQ r PAHP rT IME TENTRY r Rr I

c

t

I

SUBROUI INE OBPUNCH (N0rFREOrXl

OIMENSIoN FREO(2) rXl2) rY(100) tYY(1001

XYZ . 0.0
DolIolrNQ
XYZ - A¡lAXl (XYZtÀ85(X(¡)l)

I CONlINUE
0O2I¡lrN0
YY(It ! ¡00.ÞrtBS(X(It )./XYZ

2 CONT]NUE
0O 3 I o lrNQ
Y(tt . 20.04L0G10(0.0ìrYY(l))

3 coNr INUE
PRINI 4

4 FORMÂT (lH0¡t0XÞFRËCUENCY 'ESPON5E IN DU SCALEð/)
PRII*ll 5r IITFFEQ(I) rYY(I)'ltI) ¡I'l¡tlOl

5 FORHÂT 1I10.3E20,3)
PUNCF 6r(Y(Ilrl-lrNQl

6 FORHAT (óel3.3t
CALL PLI lNQrl ¡Yl

R ETURN
END

SUSR0Ul t¡.¡E LSSS lN rNS ¡ ArlJ ¡ l8 r IC)
OtME¡rSlOl'¡À ( ì ) rt¡ ( lB rNS) ¡Hll (5) 'Hl (5rZl I ICINI
OifutlLE PfIEC TSION Y

ó¡i¡-rrrzloox t.sss ARRÄYs Dtllt-:N. INcoR¡lEcTLY 0R lN0IcEs.LE.0
¡s stHout¡lt SlSTEH. NO UNIOUÉ sOLUì'l(¡N. /

LSS
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OATA H3/5Oh LSSS NEAR sII¡GULAR SYSIEI.I. CALC. CONIIhUEO. /
DATA EPs/I.E-15/
¡D=l
IF ( N.LE. O . OR. N5. LE. O. OR.¡I. G T.I B I GC rO 4l

5

NR E2

l¡D! t'l

5 NPsID
J.I D
K.ND
x-À8s (A rIO) )
Lsl0rl
IC(NR)ã0.
DO 6 IcNRTN
J=J oK
K.K- I
Ir(r..GE.A8S(A(J) ) I G0 TO ó
xÈABS (Â (J) I
IC(NR)-T
Np.L

ó L=Lrl
IF(X.f0.0.0) G0 T0 40
IF(NP.EO.ID) GO TO 7
¡ I=l

32 IFINR.EO.z¡ GO TO 34
L=IC (NR)
J-NR- I
K=N-l
D0 33 l'3rNR
X=A (J t
A(J)-Ä(L)
A(L)-X
L=LiK
J=J rK

33 K=K-l
34 J-JC(r{R)

D0 35 l-l 'l{Sx=B (Nrì-l ¡ l)
8(NR-lrI)-ê{JrI)

35 8(JrI)ÞX
L-NP
NP=Lr I
IFIND.LE.I) GO IO 38
NP=NP- ¡
J- I0
K-NO
DO 3? TËI'NO
X=A (Jl
A lJ) "A (L)
ÀlL)rX
K¡K- I
J:Jrl
IF(J.GI.NP) X-l

37 L=L.K
38 X=A(lD)

A(I0).4(NP)
A(NP¡a¡
IF ( I I .E0.2) G0 T0 29

7 LL-ND
¡¡-¡p+N0
J ENI +No-z
K=IDrl
DO t0 NP$NR'N
L-K
X-A(K)/AlI0)
DO I I.l'¡l 'JA(I)=A(I)-XÞA(L)

I L=L.l
0o 9 I'ltNS

9 B (NP, I )=Ð (l'lPt I)-X{B (¡lR-l I I)
LL-LL - I
Nt'Nl.LL
J =Nl +l-L-2

l0 K.K+l
I0=I0+ND
ND.N0- I
NRTNR. I
IF(NR.t.E.N) OO TO 5
X.AlI0)
IF(¡\ljSlX).LT.EPS) CALL La0RI(lrH3r0l
NR.N
Nl*N-l

I I LL-N-NR
IF(LL.e0.0) tlù lO t¡¡
DO llì K¡lrNS
JoI0rl
Y.DULËlt¡(NRrKll
DO l2 I.¡¿tlrNl
Y' Y-0tìLÉ ( 

^ 
(.J I ) rDBLE (B I I o I rl( I I

le J.Jll
l3 lJ(NRrKl¡SN(IL(Yl
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ls

?9

30

40
4t

I
?'l

2

3

4

5
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X.A ( IDI
O0 l5 I.l rl¡S
B(¡'lRr I)-B(NRrIl/X
NR¡NR - I
ND=N0. I
I 0. I D-N0
trilrR.oI.0l 00 T0 ll
I0= (Nr (N.l ) r/¿-2
NDE2
NR=N
OO 30 Nl-ZrN
IF(IC(NR).EQ.O' GO TO 29
L-Ic (NR)
NP¿l0rL-NRII
I t.?
GO T0 32
ND=t.¡D t I
I0=lD-ND
llR-llR-l
REfURN
lO*?
CALL LABRf ll rHl (l ¡ I0) r0)
RETIJRN
END
SUBRC'Jl INELAB.RT ( IS''r rLH0L I lhX)
oIr,tEt¡sIoN LHoL(5)
L0GICÀLPSTIS
IF I ( lSt{.EO.0) .oR. ( IS|¡J.GT.5' ) RETURN

G0I0(l r2r3rlrr5) r I5l
DATA NP/10/rP5/.1 RUE./ ¡Î S/.F ALS1. /
lF(pS.A¡r0. (NP.GT.0), PRINT 2?rLtlOLTINX
FORHaI (lttO r9X r5Al0 r3Xr06)
NP=NP - I
IF(TS)CALLEXIT
RETURN
P S= . F,ILSE .
R ETURN
PS= .'f RUE.
NP' IliX
RETURN
fS= .1 RUE .
RãTURN
TS=.FÁLS€.
REÏURN
ENO

t
c
c
T

SUBROUI INE SINEX (NQ ¡FrPAtlPrF0rXY)

SUBROUTIhE SINEX CALCULATES TRA¡]SMITTII.I6 IRANSDUCER FREOUENCY RESPONSE

IiITH CENIRE FREAUENCF F0 AÌ'.0 FOR r\ UNIFORH NO FTNGERS EGUAL TO z'aF+ì'

0IMENSI0N XY(50) rX2(50)
OI¡IENSION FREO (52¡
OIME¡¡SIoN ZFI (513) rZFT (513)
corlPLEx ¿F ( 1024)
COHMON 7F ¡ZFl rZFÏrFRE0

PRINT I
I FORHÁT (IHTI4OX}FREOUENCY RESPONSE OF TRAN5HITTJNG TRANSDUCERII/I

PI - 4.0ÞATANZ(l.rl.)
¡tF ' 2..F.1 .
PRINI 3rHF

3 FoRHAT (lH0rloXfNUilBER oF fINGIRs -rIs/]
PRINT 4 rFO

4 FoRH,tT ilH0rl0X.CENTRE FREcUENCY JN HZ -t?l0.2/,
O0 l7 I o lrtJo
x ! FrPI.( (FF:\¡lI¡-FO)/F0)
IF(X.EO.0.0)X - l00.0nPAMP
XYf I' - IOO.O'PAHP¿SIN(X)/I

I? CONIINUE
IYZ ¡ 0.0
00l8I.lrNQ
)(YZ . AMAXI(A8S(XY(II I rXYZ¡

I8 CONI JNUE
0019¡alrN0
XZ(It . ?0.lALOGt0(ABS(Xl(I))/xYZlol.0

I9 CONTINUE
PRTNI ?O

20 FORHÂl (óXr INCEXTBXo¡pf rlr.rtùcYrl I xrNÂGNITU0E¡ÛXrHA6NlÌUDE IN 0Br/)
PRINI el r ( IrFRët) ( Il rXY( I ) rXZ(It I I"lrN0)

2l FORHAT (ll0rfE?0.5)
CALL PLT(NOrl¡XYl
PR I r.¡t a2

22 FOIIìIÀT IIHOIIOXIFREOUENCY R€.SPONS€ ¡N LINEAR SCALEI/I
RE TUNN
ENO

I

6

SUhROUI INe TRAI'lSZ I tf t t t lF ròiP rNQ ¡PÂMP r I tllF ¡ENIRY r RT I



I

c
I

c
c,
c
c
t
c
c
I

c
t
c
c
T

c
c
à

c
c
I
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SUSROUIINE TRANS OOES THE fOLLOIiTNG OPERAfIONS

II)CALCULATES¡hE/\DOPlEDRESPONSEBYTNUNCATI'I6ThEIHPULSE
RESPO¡¡SE IO THE OESITTE0 LIHI tSr ITI I ITF'

(2) C^LCULATES I}iE FR€QIJ¿t¡CY REsPONSE OF THIS IRUNCATED TII'I¿
RESPONSE US II,IG FFT ROTII I¡IE

(3) C^LCULÀIES THE RELATIVE IIAGNITUDE ÂND PHASE FESFoHSES Ill IHE
SPECtTIËO NANCE OF FREêIJÉ.IICY LIHIT5.

I4) PLOT5 IHË PREOUEI.ICY RESPONSE IN FELAIIVE SCALE ANO IN D8 SCALE

(5)tFEt¡TRY¡SE0U^LToz¿'ìoITTRANSFoRMSTHEGIVENTIIIERESPoNSe
ió'rn¡oue¡rcv ti6Spo¡tSe AN0 ldEN PLoTs IN L¡NEÂR Sc^LE AS !¡ELL As IN DaScALE

t6) IF ENTPY IS NOI EOIJÀL lo ZERo IT PLO-ÍS ONLY THE GIVEti FREOUETTCY

nÈsro¡lse IN LIIIEAR scALE AS rlELL 
^S 

Ir¿ 0B 5C.ÀLE

PAMP IS THE FACTOR BY WHICh IlAXII{UH AHPLITUOES IN LIIiEAR SCALE

}IOULD REPRESEI.IT ABOVE IOO UNITS

DIHEITSIoN RT(10241
DIMEñSION ZlA(52) rZTl (52) ¡2T?(52) tZÏ3l5?l
DIHEhSION FREO (52I
CoMPLEX 2F (10241
OIHENSI0N 2FI (5131 rZFT l5l3)
COMHON ZF rZFI rZif rFREO

DT - lI¡iE/NP
T2F - -1.0
FZT = rl.0
IF lEtiTRY I 499 r488 ¡ 099

q88 CoNTINUE
OOs00I=lrNP
ZÍ llt r CI'IPLX(0. r0.)

5OO CONTINUE
O0 s03 1. ITITIIF
ZF lll â CI4PLX(RT(ll rD.)

503 CONTINUE
TRANSFORH TO FREOU¿T¡CY DO}IAIN
DEL - 0T
91¡ = ï2F
CALL EFAST(ZFrl0r0IRrDEL)
NOTE THAI DEL HÀS NO\{ BEEIJ CHANGED TO DF

ÂLSO ZF NON CONTÀINS TRANSFORI.'!ED FREGUENCY OOMAIN RESPONSE

499 PRINT 5
5 FORMiìTllXr/rr0XÞFREAUENCY RESPONSE IN COHPLEX lORll4//

.5XcthDEX{8XËFREOUfNcy (HHZ)ruxrÊEAL PARf+lt¡ÕJMAG PART!/)
PRII-lT 4r ( I rFREO ( I) ¡ZF (Irl47 ) rI-l rNQl

4 FORHAT (I8r3E20.5)
XYZ = 0'0
005041'lrNO
ZlÁ(I) - CABS(ZFlIll47) )
XYZ = AllÀXl (ZTAf I) ¡XYZI

504 CONTINUE
DO505l-lrNO
ZTI (ll - 20.ðAL0Gl0(ZT^(I)/XYZ)'1.0
zT2 ( I)' 100.0óPAi4Pr-z'r Alll /xlz
Xt. REAL(Zt(Irl47)l
XZ = AIMÀG(ZF(I¡14?),
ZT3(T¡ . ATÁI'JZ(X2IXI)

50S CONTINUE
PRINI ó¿3

ó23 FORl.lAl (lHlr20xðFRECUE¡ìCY Re5PONSE IN THE DESIRED R^NGE 29.4 TO 39
+ .2 LINZÞ / /
6!¡o5.¡çrTroFREAUENCYrT¡TRELATIVE HAGNlTUoEo3XrHAGNllUoE IN OBrlÙXo

CPHASEÕ/ )
PRINI 6?4r ( I rFRE0 I I ) rZT? ( I ) rZI I ( lt rZT3 ( I) r I:l rNO)

624 FoRMÀf (I8'4(El5'3'5X, I

0O6?5Iot'NO
IF (zI t ( I).L8.-50. i¿f l ( I l.-4e.5

ó?5 CONÍINUE
CALL PLI fNQr I rZT2)
PR INI 626

626 Foñ|t^T ttxr//40xðpLor oF FliEouENcY vs RELATtvE Hr\cNITuDErl
CALL PLT(N0¡lrZTl)
PRINI 6??

óe? FôÀMÂT lIXI//40|ôPLOÍ OF FREOUËNCY VS HAGNITUDE IN OB5ÓI

RE IURN
ENO

t

c

c
c

e

c
c
c
c

SUBROUf INE PEÀ14S3 ( Ii I r lTf rtrF.FTr lPl

SUîROUIINE PEAKS CALCUI,I\IES IH- T AND - PFAKS IN EAC}I I]AI-F CYCLE

òi'rr,õ irìii¡rcÃrED llt4lì Rt:sP0Nst. ¡T ¡t.s0 c^t.cul.^fF5 lrlE ¡rÂGf!ITUOE
òþ ir,Èst PeÃisr NoRH^Lt5r:D *¡tH tìF.sPIcT Io ll'iE uAxflruH PE^K vALUE

0r ¡00 uNlIS
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DIHEhSI0N lPlflfl rflT (2)
otl'lENsIoN P ( ¡00)'0 (l0ol

PRlrtf 820
820 FORM¡T IIX/XÐPEAK AHPLIIUD¿5 ANO THETR LOCAIIO¡JS

þIHE RESPONSET/)
0
tTl
¡
FT(¡)rRT(I.ll
tlrlr2
l.l
.cE.ITF)GO l0

I

I¡,I THE AOOPTEO f

H-
lÊ
JF

3x.
IF(X

2l-
IF ( TgoTo3

I KË I
Y = 0.0
D04L-JrK
Y É AMAXT (YrA8S(RT(LI I )

4 CCNTINUE
D05L.JrK
IFtY.Eo.ÂBS(RT(L) ) IOO T0 ó

5 CONTINUE
6 H ! lr+l

IPIH) . L
D(M) . RI(L)

T.GE.ITFIGO TO 8I4
l.l
I

GOTO3
8I4 CONTINUE

NORMALIZE THE PEAK AMPL¡IUDES
XYZ = 0.0
D0 gt6 I . trlt
XYZ = AHAXI lABS(0 (I) ) rXYZ)

8I6 CONTINUE
00 817 I - lrll
P(I) r t00.r01't'l/^YZ

8I7 CONT INUE
PRINT 8I8

gl g FORI{Af (8Xr.PEÅKrSXrrPEAKrl?Xr+PEAK}8X¡iNORMAI-ISED*/
rgX t r INDEX'4X r TPOINTtgX r TNAGNITUOE'5X I iPEAK HAGNI TUDEe/'
PRlt¡l 815r (lr IP(I) rD(I) rP (l) rI=l rl'll

815 FORHAT (2It0rE20.5rFt5.5)
NFãH
R ETURN
ENO

SUBROUI INE COSI2 (COFFt ¡COF t 2 t IFI I IF I I IFF r IF2 r NCrC)

ARBIIRARY CHOICE OF COSI COFFICIENTS ARE MADE IN IHIS SUSROUTINE

OJME¡i5ION C(NC)
DtlrE¡isI0N FREO (521
c0riPLEx zF(1024)
D¡MENSIoN ZFI (sl3' rZFT(513)
COMHON 2F ¡Z1l rZFlrf:RE0

IF(
I=
JE

c

T

c
ð

ì

2

3
ó

826

0O I I = IFITIFI
C(J.l-IFl) g CoFFI
CONT I NUE
DO?ITIFFTIF2
ClIfl-IFl) s C0FFe
CONT INUE
Oo3ItIFIrIFF
X - zFI(It
X = ÂÐS(xl
X = ¡Þ10.65
IF(X.Eo.0.tx=0.04
C(l.l-IFl) E l./X
COI.IT J NUE
PRINT 026
FORH,tf cXr/55XìCo5l CoFFICIENTS ÀREr/l
CÂLL lFÊINT(lrNCrCl
RE I URN
ENO

SUDROUf INt: TC0ST (ÀìF r lÊ I rNCrCr TnU)

suDR0utrht: lcosf cALctrL^IE5 Tt.rt TOTÁL Co5T AS50ClAÍF-D l{llll 
^l'¡AOOPìTO I.IESPONSF: AÑO T}IE SP¿CIFIED RESPONSË' IIITÌ'I AN ARTJIIRARY

OIVEN COSf COFT-ICIENTS

ó

c
c
c
I

c
c
c
c
c

lHE VARIÂBLTS NEEOTD ÂRE

Cr lr,E COsI CPFFICIENTS 
^53OCIAIE0 

t¡tTll TllS Nf FlH6Ë'RS
Zilr 5Pl:ClFtfD tNPtrI R[5P0]'.58
zt¡fr ÀDcl. IED HE:-,P0¡rsE
T^U' llrt IOfÂl- CoSl
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Ol¡1EliSI0h CtNC,
DJ¡,IEìISIOI\ FREO (52I
CoMPLEX Z1 tl0?4,
OIMEìlSloN ZFI (513) fZFTlSl3l
COHHON 2l t2FI ¡Zf'lrFRE0

D^fA tB/l.o/
SUH ¡ 0.0
OOTIolrNC
X r 2Fl(l-lrIFl)-ZF¡ (I-¡lItl)
SUHaSUHf(X¡XloC(Il

7 CONT IIIUE
f AU . SUI{
TB . TBrl.0
IF(TB.E0.¿.0¡60 To 2
GOTO4

2 PRINI 3rTAU
3 FORHAT IIXI/5Xr'IOÏAL COST

GOï0ó
4 PRINT SrlAU
5 FORHAT (lXr/5Xr{T0ÏAL C0Sl
6 RETURN

ENO

BEFORE OPTIIlIZATION ='El6.8t

suBRoullN; oVCT2 (NF ¡NP rNCr lFl r IF? rÏIi'lE r IP rcrsFro)
DIHEhSION D (NF)
DINE¡¡SION TP (NF)
DIMEhSION C (I'¡C'
0IMEÌ'¡SI0N PREC (52)
CoHPLEX Zr llo¿41
DIHE\SloN ZFI (513) rZFT (sl3)
COHHON 7F ¡2Fl¡7FI tFRÊQ

SUBROUI tNE CUNIT.Y (NPtllN)
O I HEf!S l0N lrN ( I 024 t
c0r'tPLEX \rx
COHPLET Ìi
COMPLEX ROOIS OT UN¡IY
PI ¡ 4.0'Al^l'lZllr rl.l
DO816I¡lr?5ó
Ìl .r CHPt-x (0r'-2.ÈPlo lI-l l/lrPl

r cexP (H I
r RE^L (llX)
. ÀIHAo filX)

ITA a I rNP/Z
IF I IFI.GI. I ) GO TO ?
OO ¡ I ¡ lrIFl
x - ZFI(I)-ZFIII)
ZF(If - CMPLX(Xr0.0)

I CONTINUE
DOSI=IFZ¡ITA
X - ZF-f (I)-zFIlL
ZF(I) = CHPLX(Xr0.0)

5 CONTINUE
D0ZI.IFlIIFZ
X - C(I+l-IFl)ã(ZFTll)-ZFI(I))
ZF(I) ' C|PLX(Xr0.0)

2 C0Nl I¡{UE
D0 ó I - 2¡lTA
ZF(NP.2-I) Ê zF(I)

6 CONTINUE
GOTOS

70O9I-lrNP
ZF(Il . l0.r0.l

9 CONIINUE
D0l0I-IFlrIF2
ZF(rt . clt.l-IFl)ðlZFrl¡)-zFI(I) )

ZF(NPr2-I) ã ZF(I)
IO CONT INUE
8 CONTINUE

0F . l./llHE
CALL EFAST lZFr t0 r+1. rDF)
DF - l./rIHE
DT. TfHE/Np
x r SPrDI/l¿.rlJfl
O03l¡lrNF
IPI. IPII)
O(It - X'(REALIZF(IPI)r)

3 CONTINUE
PRINÏ 4

4 FORHAI (lH0rl4XÞTHE ELEHEnIS OF O VECTOR ARE GIVEN 8Yë/l
SCALE t.IPi¡NOS ThE ELEI'IENT5 '/F O 8Y A FACTOR OF SF

CÀLL TPn:NI ll rllFrO)
R EfURN
ENO

9

t

AFTER OPIIllf ZATIoN =rEl6.8l

c

c

|lx
YR
HI



419

llNlt) i l,R
UN(I.25ó). ìll
l{NlIo5l2l ¡ -ilR
llN(I.768) G -HI

8I6 CONf INUE
C I}.IE OIhER ?68 COHPL€X ROOTS ARE CALCULATED BY OUADRENT SYIII'IETRY

C D0 817 I . 11256
C X G FE^L(l{h(I)t
c Y s ÂIHAc(hNtIll
C llN ( t r256l : CHPLX I IY r-X)
6 lltJ(I¡512) ¡ CIIPLX(-X'-Y)
C VJN(I1760) ¿ CHPLX(-Yr+X)
C 8I7 CONÏIHUE

RETUR}¡
END

SUSROUTINE BFAST (YTMTSIGN rOXYl

SUBROUTINE FOR THE CALCULÂTION OF EITHER THE FORITARD OR

INVERSE FOURTËR TRAt.tSFORlt OF A C0t,{PLEX SEOUE¡¡CE Y USING IHE
FÂSI FOURIER TRANSFORH (FFT) AL6ORIThH.

H

Y TS A COI.IPLEX ARRAY OF OII'IENSION 2 AND IS BOÏH THE ¡NPUI
AÑD OUIPUT SEOUENCE OF IhE SUBROUTINE.

l0

I
a
I
t
I
I

.t
a
I
t
t
I
T
t
I
t
I
!
t
I
I
I
I
I
I
t
I
I
I
I
t

FAST 20
FAST 30
FAST 40
FAst 50
FASÍ 60
tAsT 70

FASÍ 90
FAST IOO
FÁ5T 280

PRESENI 0IHENSIo¡ls LIMIÏ!2!Þ10
FAsl'lt0

DXY. IHE SAHPLE SPACI¡,¡G FOR THE INPUT ARRÄY Y. IHE CoRRES-
PONDINO SAHPLE SPACING IN THE IRANSFORH OOHAIN IS OUTPUT IN OXY

fOR TIME l0 FRE0UENCY TRAI¡SFORHATI0Nt SIGN
FoR FREOUENCY T0 IIME IFAiISFORMATI0NT SIGN

= -1.0
= rl.0

FAST I ¿r0

FAST I5O
FAST I60

FCR FOURIER AN^LYSÍSr OXY = 0T - 1.0/(2éÕH)
FOR FOURIER SYNIHESIST D,(Y : DF ¡ 1.0

SIJBROUTII.IE CO¡i SETS UP A CONVERSJON TAELE TO REARRANGE THE

INPUT ARRAY FOR PROCESSIN6.

SUBROUIINE IABLE SETS UP A TAELE OF ALL SINES AND COSINES
USEO IN SUôROUTINE FASI.

F AST
F AST
F AST
FAS T

FAST
F A5I

180
190
200
210
?20
230

SUEROUTINE EFAST IS HOOIFTED VERSION OF SUEROUTINE FAST IiRITTEN ?/5/72
ON A MAY 1972

C0MPLEX A¡Url{rTrY
0IHENst0¡r À (1024) rY l2)
coMMoN /PERH,/Hl4 ( 10241
COHMON /1Ag/TCl l0) rTS(l0l
OATA HSEI/O/

GOTO I

FAST
FAST
FASI
FA5 T
FAS T
F AST
FAST
FAS f
FAS T

FAS T
FÀS T
F A5I
FAS T
F AST
F AST

?60
270
290
300
310
320
330
340
350
360
370
380
430
400
390

FAST
FAS T
FAST
FAST
F ÀST
FA Sf
FAST
FAST
FAST
FASI
F AST
FASI
FAST
FASI
FASf
FAST
FAS T

470
480
¿.9 0
500
510
520
530
540
550
560
570

t

I

7

l0

20

IT (MSET.EO.H)
CALL IABLE (H)
CALL CON (H¡
HS ET.H
NÈ?È{H
CONI INUE

D0 ? I.lrN
JÈ¡ll.l I I )
AtI)aY(J)

00 20 L-l rH
L EEZr rL
LEI ELEl2
U.(1.0r0.0)
¡lECr{PLX llC (L I'TS (Ll {SI6Nl
oo 20J.t tLfl
00 l0 I-J¡NrLE
IP¡T¡LEI
T*^ ( lPl rU
A(IP).4(I)-T
A(I)"4(I)¡l
coNl I riuE
1.,.U f H

CONI J NUE

o0 30 IÈlrN
Y(Il.ÂlI)rOÍY
CONT INUE

DXY.l./ (DxYrNl

R ETURN
ENO BFA5l
SUBEOÚTINE TAßLE ITI'

FÂST óBO
FASI T 7O

580
590
600
6lo
ó20
óó0

I

30

F^ST 700
FAST óCO
r^sl 760
IAHL I O
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COllHOll /tl 
^8/1C 

I l0 t I TS ( l0l
PI.4.0'AT^Ne ( l. 0 r l.0l
DOlI.lrH
TC( I t=COS lPl/ l?'a ( l-t, ) )
TS ( I f ,5 ¡t¡ (P I/ (2rr ( I-l ) I )

RE TURN
ENO
SUBROUIINE COTIIH'
INTEGER A ¡ I
c0HHolJ .tPEP,tl/ A(1024)
N'2 ! ril
NV?-N/?
NMI.N-l
J-l
DOlI.lrN
A(I)-t
OO ? I-lrNHl
IF(I.GE.J)GOTO5
f'AlJl
A(J)tA(I)
A(I)¡T
K-NV2
IF(K.6E.J)GOTO?
J=J-X
K-K/2
GOTO 6
J-JrK
RElURN
END

IJ-0
DO 8t7
o0 818

XX.

zz,
IPK !

ll
r Á8L
TÄBL
TAEL
TAEL
I ÂBL
TABL
I A8L
c0N
c0N
C0f,l
coN
c0N
c0N
c0H
coN
coN
coN
coN
c0N
coN
coN
coN
c0N
c0N
c0N
c0N
c0N
coN
coN

20
30
40
50
ó0
70
80
l0
20
30
40
50
60

80
90

100
lt0
120
130
140
t50
ló0
170
180
190
200
?10
??0

70

5
6

7

c

c

SUEROUTTNE BHAÍ (NF INFI INP T IF I I IF2 T IP IC TUNTOl I NCTSF TB}

OIMEtsSI0N lrN ( I024)
OIHENSION B (2¡
DJMENSION IP(NF)
o¡HEñSl0N C(NC)
CALCUL.TTE THE HATRIX ELEMEITIS
XNP = NP
ST ¡ SF+OI
ST - SlÕ5112.0
}IULTIPLY THE 8 ELEHENTS BY 2 FOR SYHHETRY REASONS

rNF
rNF

Itl
J.l

IJ = IJ.I
x , IP(I)-l
Y = IP(J)-l
A = 0.
IFIX.EO.Y)GO TO T

819

I

?

818
8l?

c

OO 819 K: IFlrIFZ
2*K-lq¡¡¡ {RGU lXNPrXrZr lPl I
CALL AROU(XNP tY çZtlP?l
A - A . HN ( IPI ) rVlN ( IP2) ìC (X-lFl +l )

CONf I NUE
EIIJ' ¡ STIA
GO T0 818
OO2X=IFlrlF2
Z = K-l
CALL ARGU (XÈlPrXrZr IPI )
A a À . hN ( Ipl I ÕHN ( Ipl ).C (K-IFl +l )
CONT INUE
B(IJt . A.St
CONT I NUE
CONT I NUE
scÀuË uprnnos rHE ELEHENIs oF H BY A FAcToR oF sFrsF
PRIN'f 815 rlJ

8¡5 FORHÄI IIHOIIùX}NO OF UPPER IRIANGULAR
R ETURN
ENO
SUBROUI INE 

^RGU 
IXNPTR¡Sr fPK)

ELEMENÎS IN B -+IIO/)

(Rð5)/XNP
INT(XX)
(xx-YY05.0E-07)rxNP
INì (ZZ).1

RETURN
END

SUFROUI INE SOLU2 (NF rNFl rDrB rSF¡PT)

DtHEñSlolr D(NF) rPT (NFl
DIHËNS¡ON B (2I
OtHÜ.rS¡0N NFt (NFl

I

c FIRST ROII OF TRIA¡IGULAR I.IÀfRIX BPR INT
P'IINI

t FORHÀl(ìlr0rl0xrFlRsT R0t{ 0F
CALL TPRINI I I ¡NF rBl

I

B lr^TRIX./l
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CALCIJLÄTE THE SOLUI¡OI'I USJ¡'6 SUfJROUTIIIE L555
õijnñourlñe Lsss REouIREs oNLy fHE ÌR¡aNGULAR EL€MEN1s oF lhE
SYHI'IETRIC MATRIX

CALL LSSS (NFr l,BrOrNFrt¡Fl )

THE IIIPUT HATRJX B IS DESTROYRO
IIOTE tHE SoLUfl0N IS REluRrì[O IN O

0O3IclrNF
PT(¡t r -5Fr0(Il

3 C0NT I r.¡UE

HUL]JPLY THE LA5T SOLUT¡ON BY 2 FOR SYHMEÎRY REASONS

l2
c
c
c
I

T

c
c
t

c

c
I

I

c
c
t

PT lt¡F I ' 2.0*Pf (NF)
NOTE T}IE SOLUTION AL5O NEED IO BE SCÀLED UPITAROS 8Y A FACfOR OF 5F

ÞEntungntlo¡t vEcr0R IS GIVE|l 8YrllPRINT 4
4 FORllAf (lH0rl0XrSOLUlION 0F

C,lLL TPRINT(lrNFrPTl
RETURN
ENO

SUBROI,IINE TPRINT (Nl rN2tRll
OII''!E¡rsIoN V0P(10,
DIMETTSION RI (N2)
DOIO4 IoNIrll?tl0
0o 102 J - lrl0
voP(Jl = 0.0
IF( (I.J-l).LE.N2)voPlJ) . RTf IrJ-ll

¡ o2 COl.lr INUE
PRII'lT 103¡Ir (VOP(J) rJ'lrl0)

lO3 fORl.tÄT (lXr l4r3Xrl0El2.3)
I O4 CONT I NIIE

RElUR N

END

SUBROUI INE PÀf ERN ( ÌT I r ITF rhiP rNF r IP rRTrTIl'lE rl ¡ PIllCHrllQ' PAMP)

SUEROUTII.IE PÂTERN CALCULATES THE GÀP FUNCTION FROH THE ZERO CROSSTNGS

AND THE PEÂK AMPLITUDES

D¡t1E¡¿StO¡t IP (NF) rRT 1?l ¡T l2l
DIMENSION OVHID(IOOI
OIMENSION ZRCR ( 100) ¡ZRCM (100) rDIFF (t00)
oIt'rEN5I0N FREO(52)
COMPLEX ZF ( 1024) rZF I (50) rZFT (501
C0Hl',!ON 7.F ¡7il¡71f ¡lREQ
COMMON/SUB/ZRCR I ZRCM I 0 JFF

PRINf 6
o ronuÁr (lHlr40xIGENERATION oF cAp FUNCTION StARls FRoM HeRED//l

CALCULATES TtIE ZEROCROSSINGS OF THE AOOPTEO RESPONSE IN ThE INTERVAL

ITI iINO ITF
ALSOC,ILCULA¡ETHEG/rP\{I0'ÌH5¡¡¡ThEHIODLEPOINTSOFTHESEGÂPUIoTHS

CÀLL ZEROCR ( ITI r ITF ¡NPrNFrRf rTl

CALCULÂTES THE OVERLAPS OF THE GAP FUNCTION
õveniÀÞs-nne PRcPoRiioÑAL lo iHE AREa oF GAP'.iIDTh ¡luLTIPLrE0 8l PEAK

AHPLJTI.'DE IN THAf GAP ÀI']D THE ACfUAL
lHe-É¡¡x AHPLITUoE Is cALCITLATED 8Y A PARABoLtc cuRvE FITIING

Dl É fIHE/NP
CALL 

^REAI 
(R f 'liF r0T T0VMIDTPINCHI

C ùinF.r t¡E-rneoucHõr'nrspórse õi rxts GAP FUNqIIoN UslNo APPR6XIIIÂfE

C ANALYSIS METHOD
CALL ÀNLYSE ( IT I I I TF I NP rNF r'l IllE I OVll l0 ¡ RI rN0 rPAHP)

ó22 REÏURN
ENO

SUBROUIIIE ZEROCR I ITt r ITF rrPrNFtRTt f I

DTHENSION RT (2' rI (2I
oixe¡sto¡¡ zRcR ( lo0) rZRCM ( t00)'oIFF(100,
OI}IENSION FREO (52)
coHPLEX 7.F I I 024 I
DIHEñStoN ZFI (513) rZFT(51f,)
C0HHON ZF rZFl rZt'f rf REQ

COH¡ION/SUB/ZnCR r ZRCN rDIFF

*

T

c
c
c
I

t
C

c
c
c
a

I

¡z . 0
OO óOO I ¡ lllrlTF
TF(I.GE.TITIGO TO ó03
x - nT(I)ðR[(l.ll
IF(x)60t¡óolr600

601 sLoP . (RTllllt-RTtt¡)/(Tll'll-l(¡l)

I
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CONSI - RT (I¡-sLOPrT(l)
lZ - IZ.l
ZRCR(IZl ¡ -C0N5I/SL0P

6OO CONT INUE
{!03 C0r¡T I¡¡UE

PRII'lI 602r IZrNF
ó02 FOíìHÂT (lH0rt0XrN0 OF ZERo CROSSINGS 'rI5rl0XrNo 0F PE^KS =tl5//l

CALCULÂTE IHE OAPIIDTHS gEIHEEN TIiE FINGERS
THAT I5 IHE DIFFERENCE EEIhEEN TH€ ZERO CROSSTNGS

a

LsTz. IZ
JSIZ. LsTZ-l
0O 702 I o ITJSTZ
DIFF(I)' ZRCR(Jol)-ZRCR(It

?02 CONTINUE
C LOCAIE HID POINTS OF ZERO CROSSINGS

00605I'lrJSTZ
ZRCH(I) - (ZRCR(I)+ZRCR(I.l))./2.

é05 CONTINUE
RE TURN
ENO

I

l¡

a

c
c

t
c
c
c
T

SUBROUTIN€ AREAI (Rl rNFrDl TCVHID'PINCHt

SUBROUTINE AREAI CALCULAIES lHE OVERLÂPS ASSUHING THAT OVERLAPS ARE

PROPOÍIONAL TO THE TRIANGULAR AREÄBEThEEN THE ZERO CROsSINGS ÂNO ALL THE

SÂHPLtNG POINTS BEfTEEN THESE ZERO CROSSINGS

DIHEÑSION NT (2)
Dtl{ElrStON 0Vi'lI0 ( I 00 I rYN0R ( 100)
OIHENSION ZRcR ( 100) tZRCI'l (100t rDIFF(100!
OJMENSION FREO (52I
CoHPLEX ZF(1024)
oIMETiSI0N zFI (513) rZFl (513)
C0¡ltl0l'i 7.î ¡7-Fl ¡ZFTTFREQ
COHMON / SUl/ZRCR tTRCM r DIFF

NFL . l¡F-l
NFI{ - NF-Z
DOII-lrNF¡l
AREA . 0.0
IFP = 2.INT(ZRCR(I)/0Tt
LFP = lrlNT (zRCR( Irl)./0Tl
APEA r ÂREA | (OTr(IFP-ll-ZRCR(I))ÞRTllfPl/2.0
APEA . ÀREA . (ZRCll(l+L-0IÞ(LFP-ì))eRT(LFP)/2.0
IF ( IFP.EO.LFP) GO TO 3
¡¡ = lFp
H? - ¡llrl

2 AREA ¡ ¡lREA | (RT (¡11) rRl (H2 ) lêDT /2.O
¡ll a Hlll
H? ' Me.l
IFIHI.EO.LFPIGO TO 3
G0ï02

3 oVHIo(L ' ÂREA
I CONIINUE

NoRHÂLI5E THE OVERLAPS !I1f}'RESPECf TO THE PEAK AHPLIÏUOES
xYZ = 0.0
O0SIEITNFH
XYZ C A¡IAXI (XYZ¡¡1BS(OVMID(I) ) }

8 CONTINUE
D09lElINFX
YNOR(It' 100.0r0v¡!I0(I)/XlZ

9 CONTINUE

PRTNI 4
4 FORHAT ( lH0r INOEXo9XTZERO CROSSINGS.l3Xì6APHIOTHSoI?XÚoVERLAPS'l0x
coNoR. OVERLAPSo,/)
PRIlll 5r ( I rZRCR ( I ) r0lFF ( I) r0VllID I I ) tYNOR ( I) r t=lrNFM)

5 F0RMÂT (I5r3E25.tlrFìó.21
PRINl 6rl'IFLTZRCR (NFL,

6 F0RMÂT ( lSrE?5.81
lF(PtNCH.LT.l.0lG0 T0 l0
PUNC| Tr (ZRCR(Il rl.l rNFL)
PUNC' ?r (OVHID(I ¡'l'l ¡NFHI

? FORHÂT (5EIó.8)
¡O REÏURN

END

SUBROUf tNE ANLYSE I I I J r ITF rÑP rNF tl IHE ¡0VM IOtRI rN0 rPÂHP I

SUBROUTINE ANLYSE CALCULÀIES TFE TREOUEÌJCY RESPONSE OF IHE GAP fUNCT¡ON
US¡NO APPROXTMAlE ANAI.YsIS HETHOD

DIMEIìSl0N Rll2l
0 ftlENSrON OVH¡0 I I 001 rGÀP (3001 rOVLÂP( l00l
OtllE¡iSlON ZRCR I I 00) rZRCH I 100) rDIFF I 100)

Ð

c

Ð

I

c
c
I



OIHENS¡ON FREOI52I
COMPLEX ZF ]IO24I
Ot¡TENSION ZF t (513) rZFf l5l3l
COHI{ON 2F t77 I tZF l,llaîO
COMHON/SUB/ ZRCR r ZiìCl't r DIFF

PI s 4.0rÂTAl¡2(l.rl.l
DT. TIME/NP
NrL ! NF-l
NFH r Nl--Z
CALCULATE THE PEAK AHPLITUOES BY

DÀfA

L23

OIVIOIN6 OVERLAPS BY GAPVIDIHS

l4

c
I

t
c
c
c
a

oo ó20 f I I¡NFH
OvLAP(I) = OVMI0(ll/DIFF ll,

620 CONÍINUE

LOCA'IE THESE PEAK AMPLITUDES AT THE HIDDLE OF THE 6APWTOÍHS AND FIT
OUARIER SINE }IAVE BETI'/EEN 

.I I-iE ZERO CROSSINGS AND THE PEAK AI'IPLTTUOES

A¡IO CÀUCUT-¡TE THE AHPLITUOÊS AT THE SAMPLING POINTS OF OÏ

H È ZRCR(l)/Df
ilt{.0
DO613[=lrNFM

614 .M = H'l
Z = lr+DT
IF(Z.LE.ZRCR(I) IGO TO óI4
IF(Z.GE.zRcR(trl) lGo To ólS
l'lt'l = HMf l
ARG = PIÈ (Z-ZRCR(L ¡/DIFF(lt
GAP(HHt = OVLAPII)'SIN(ARGI
co 10 ó14

615 M = l.l-l
6t3 CoNTtNUE

LVAL = HM

PRTNT 6I9
6I9 TORHAI IIHO,qOXOS¡HPLED RESPONSE OF THE GAP FUNCTIONÖ//)

CALL l¿RINT (t TLVALtGAP)
I,IAP ON THE SA PLES IN IhE INTERVAL ITT TO ITF
CALculATE ITt Ar'tD'{õiE-rrì¡i rõ GET RIGHT SIOE SAHPLING PoINT'"E HAVE Ïo
ÀOO ¿ TO THE INIEGER RESULI EECAUSE OF THE FACT T(II = OTI(I.It
ITI = 2+INT (ZRCR(I),/DTI
DO6lóI'lrLVAL
Rl(I+ITI-ll ' GAP(I)

6I6 CONfINUE
ITF = ITITLVAL-l
PNTIT T¡T SAMPLED TIME RESPONSE IN THE INTERVAL IIT ITF
PRINT óI?

orr ToN¡ìiT iI¡IO.IOX"T¡I¡E RESPOÌ\SE OF ANALISED GÀP FUNCTION SHIFIED IN
--'cTIrlE so lHAr tf ls SYMMETRtCÀL 0vER T/?r//'

CALL TPRTNT ( ITI TITFTRT)
õÀlcur-¡re IHE FREoUENcY REsPoNSE UsING FFT R0ulINE
ENTRY ã 0.0
ð¡t-t' rn¡Hs¿ I IT I r ITF r NPrNQ ¡PAMP r TlltE I ENTRY ¡ RT I

REIURN
END

c
c
c

c

c

5
0
.0
.5
.0
.5

3.
8.
8ó
99
69
l2

.00

.0
9.0
00.0
s.0
?.5
.5

I

c
t
I
I
7
I
7
I
0

7.5
ts.5
91.5
98.5
6t.0
3.5

¡ l.s
24.5
95 .5
9? .0
54. 0

ls.0
4 8.0
99.0
91.5
39.0
2.0

16.0
59. 0
100.0
87.0
31.5
1.0

7.5
?0.0
100.0
8I.5
24 .5
0.55.0

.5

.5

.5

.0

.0
0

l4
35
97
95
46
3.

0.5
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A3 PROGRAM FILTER 3: OPTIMIZATION 0F FILTER I

USING ZERO-ORDER ITERATION METHOD

43.1 Flow Chart

Entry

timi z ationbefore
Calculate NT Perturbation

imization
Calculate total cost
before

cost coefficientsAss

Compute FFT to obtain
a(rrl)

each I/2 c tcle of a
1nCalculate the peaks

I tth NT to obtain a
lmumte to opt

tobtain R

Computer inverse FFT to

(')Calculate F

Calculate slnx
x

Cal culate $ (u;

Calculate T (t)

Calculate F (f)

H(r)
No. of sanples NP

Time interval T

e responsemagn]-
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END

lot the overall response

Calculate the overall res-
e

e and compute FFT to
obtain F g (,r)

resentationfunction
idal sourcee slnusoGenerat

Punch gaps and overlaps

lottinlaps for
d over-enerate gaps an

ini zatafter
culate to cost

ion

tcle of2

achCalculate peaks in e

onseachieved res
Calculate FFT to obtain

û)

onse y (tres
1mettculate

tvector
Calculate NT perturbation
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A3.2 Listing of FILTER 5

I
PR00RAll F ILIER3 ( INPUTr0lJlPl.¡I 'PU¡lCH)
PROGRAII FOR OËSIGNING A FILIER IiIIh ZERO OFDIR SUCCESSIVE ITERÁIIOit
PROCE SS

CLASSIFICAlION OF PRCT)R¡'A P/09/O/11 (FFI ROUTII¡E THROU6}{OUT)
ONLY 50 COST COFFICIENIS ArrE UsE0
OI1E6¡ FACIOR JS TAKEN ¡NTO CONSIDERÂTIOI{
USEO IN PU¡¡CHINO OAIA FON PLOTTIN6 OI¡ 4TH OECEHBERII9T3.

DECLANAT IO¡JS
a I I I t a l a t I i t++ ca a + + ltl+a+¿ a + + ia+ a a l ++taì a.a + a a aa a ol ll l a a ot+l t+."
r TIiIS PROGRAH ALSO REOUlíreS SUBROUÍINE PLI GIVEI{ Irr APPENOIX AB o

a a a a a + a a t a + a +a a t a a + a a + + | + t a l t + + + t t a t a l + t a a t a +ll I I i + I + I f a l l a | | 
' 

a a a

c
I
I

c
c
c
c
T

c
c
c
c
t

O¡MENSION DBI (60'
DtHE¡.SIoN I (650)
OIMEÑSION OT (230I
DtMENSIOI'{ C(501
0IMENSIO¡¡ IP (100)
0IHE¡{SI0t! Y (501 rxY(501
O Ir'lE¡\S IOI'i MÂG ( 50 ) r MA60B (52) r PHÄS (50 I rRT ( I 024)
0IMEt\SIOtJ FREO(52,
COHPLEX 7î(10?4, '¿FI 

(501 ¡2FTl5îl
C0M¡,10N ZF ¡7Fl TZFTTFREO
REAL l{AG rt{ÂGDB
INfEGER FP

I

c

{
c
u

BASIC PARAhEÏERs
lFl: Ì48
IFF = 19?
¡TJ = 400
NF=?l
NQ=50

FZT = .1 .0
f?7 = '1.0
NP = lù24
TIHE = 5.08-06
PI = 4.0ãATAN2ll.rl.)

DERIVED PARAMEIERS

FO
0'd

ITF
DT
OF

IFN
NFI
TFI
lF2
NC=

= NP+2-ITI
T I HE,/NP
I ./T I¡{E
l./(6.rDTl
2.sPI+0F

= IFF-IFI¡l
= NFrl
= IFI
= IFF

IF2- IF l. I
t
c
c

c
c

INPUI OF SPECIFIED RESPONSE
A HAX¡I'IUM ÂFIPLITUDE OF IOO UNITS IS ÄSSUHEO
REAO I r (FIAG( It r I=lrNQ)

I FORH/!T (8F10.5)
FREOUENCY SCALE(29.4HH2 TO 39.2l4HZt CORRESPONDING lO q^ ç^uPl ING
POINlS)
D02I=lrN0
FREO(I) r 0Fó(I+146,

2 CONTINUE
DOllt=1r650
III) ¡ DT$(l-l)

II CONTII¡UE
CALCI]LATE IhE RESPONSE IN OB SCALE IIITH REFERENCE TO T ONE OR.
D0 3 I: lrNO
HAGOE(l)' 20.0+ÀL0GlO(0.0tr¡{,1G(I))}1.0

3 CONT INUE
ASSU¡IE ALINEAR PHASE RELÁÏION
PIIAS = C0NST^NT+OMEGA
0Ol6l:lrNO
PHAS(Il ã -2.5E-0610IrI

I6 CONT INUE
PRINI IHF INPUT DAIA
PRINI 4

4 FOR¡4Äl I lHl r 40Xc INPUT 0AT¡1¡//6xo INOEXT EXTFRF-0U€NCYrl IXÓNAGNITUOET
r8XÞMÂGNIIUfìE IN DB'I IXèPHA5:',/,/)
PRINI lBr I t rFRfo ( I I ¡t',1A6( I ) ¡¡AGDB ( I I rPHAS ¡ ¡¡ ¡ ¡=l r50l

l8 F0nMÄI (ll0¡48?0.51

PUNCH IIIE TNPI,IT .-çPLCIFIEO f'€SPONSE
CALL 08Pt¡NCH (N0 rFRF.0rHAGl

I
D0SIolrNP
ZF(l) r CttPLXl0.r0.)

5 CONI INUE
C ASSUI{E A 9 P TI'I(IFR INAN5OUCER ANO CALCULAIE IIÉS RESPONSE tISIN6
c slN(x)/( f oi.MULA
C NO OF FlNOfRs o ?.OrF I 1.0

c

c
c

c

I

c
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ASSUI¡E A HAXIIlUH ÂHP¡¡1U¡6 OF IOO UNTTS
AHPLIfUDES ÀRE CALCULATTD IN THE SUBROUTI¡IE
AMPLITUoE r I00.0rPÂHP¡5IN(X)/X
l-4.0
PA¡aP ' 1.0
CÀLL SINEX (N0¡FTPAHPTF0TXY)

S I NEÅ AS FOLL 3I{S

Ci\LCIJLATE IHF. RECEIVIT¡G IRÁNSO!JCER f{E5PON5E BY OIVIOTNG INPUT

SPECTFIED RESPONSE 8Y IHE IRANSMITfING TRANSDUCER RESPO¡¡SE

AAO ÄL50 BY OI4EGÂ FACÏOR
O06l=lrN0
YlIf á H^G(1, /(XY(IlóDWr(Ir14¿¡) I
Zt llr.7.!) s CIIPLX(Yt J¡øç95TPHAS(L l rYII)Þ5IN(PHÂS(I) ),
IT . Itl47
ZF(NP.2-IL . Co|'¡JG(ZFIIT) )

6 CONT I NI.,E
NOÍE IHÀT FROH HERE ON'¡AROS FOR
UILL 8E TAKEN AS THE SPECIFIEO
O0l0I=lrNC
2î!lll = zF(ItIFl-l)
CONf INUE
PLOT ThE SPECIFIEO RESPONSË USING SUBROUTINE TRANS
ENTRY Ë IO.O
CALL TRANS2(ITITITFTNPTNO¡FAMP.f IHETENTRYTRT)
TRANSFORH TO TIME OOTAIN
OEL = 0F
OIR: FZI
CALL BFÀST IZF I l0rDIRrDELl
NOTE THAT OEL HAS BEEN I¡OH CHÂNGEO TO DT ANO

ALSO ZF NOIi CONfAINS TRAI'ISFORI,'IEO TtME OOMAIN RESPONSE

D09I=lrNP
RT(It ' REAL(ZF(I))
CONT INUE
Énrrui or r¡ME ooMAlN TRANsFoRM oF FPECIFIED RESPoNSe

PRINI IOI
FORH¡T (IHIT4?XT'TIME DOMAIN TRANSFORH OF SPECIEO RESPONSET//)

CALL TpRlNt ¡ ¡ll ¡ tTF rRT)

CALCIJLATE IhE PEAKS OF IHE AOOPTEO fIME RESPONSE

Hôrt rH¡r'fhE Acru,\L No FtN6ERS Is cALcULATED Il.l StrBROuTINE PEÂKs3

CÀLL PEÀK53(ITI ¡IlFrNFrRIr lP)

?

c
c
c

a
c
c
c

c
c

ThE SY¡IIHESIS PURPOSE THIS RESPONSE

INPUT RESPONSE

c
c

c

c

I

c
c

Ð

t
c
I

c

I
c

I

c
t

l0

9

l0l

t

PRINT l09rlTIrITF
109 FORMAT(lh0rl0XÕINIÏIAL TIHÊ INoEX =rI4rlOxÞFINAL TIHE INDEX =ç14/l

STORE THE ADOPTED RESPOI'ISE IN OT(I)

ll = IIF-IT¡f l

DOl05I-lrIT
OT(I) = RT(ITITI-l)

t05 coNTINUE
EFFECT OF TRUNCATINC THE TIHE FUNCTION
Et¡TRY r 0 .0
CALL TRANS¿ ( IT I I ITF' NP'NO' FAllP t T IMETENTRY I RÏ )

STORE IHE FREOUENC'Í RESPONSE OF AOOPT€D IIME RESPONSE IN ZFT(I'
0O397I=l¡NC
ZFT(t) E ¿F(I.IFI-T}

397 CONTINUE
PRTNT 39S

39s FoRr'iÂf {lXrl40XìFREauENcY REspo¡¡sE oF,rooPtED TIHE RESP0I'¡sEr//
rsxÞIt\DEX}8X}I'REOUENCY (MHZ)T8X{PEAL PARTÞIIX+II'IAG PÀRTT/¡
pRINT 399r ( ITFREQ (I ) rZFT ( I), J=l rN0¡

399 F0Rr'lÀT (I8r3E20.5)

CALCULATE THE FREOUENCF RESPONSE OF TRUNCAIEO APOOISEO FTLTER

OO 556 I ã lr;\o
DBI ( I t = REAL(zF ( If IFt-l ) )rxY ( I t l0H9 ( I |14ó)

55ó CoNl INUE
CALL OBPIJNCH (N0 ¡FfìEQr0BI )

PRO6RAH FILTERI CAN ALSO gE CALCULATED FROT IHIS PROGRAM

alÞeet+IJ ÞcÞÞalé+{rÐctttIÚ' Ot}{tÒtÞëttðlè

o oP'l Jr'rIl^I loN PR0CESS SlÀklS FR()M hÉeE I
aaltÕct lc¡ll!aÓöÈaloctttttlt{o09årçèllDór

PRIÑI 40O
400 FORMAT (lHlr/50XÕ0PTI¡tIZ^Tl0N PROCESS Sl^RlS FRON HÊREå'/)

SELECT SUIT^BLE. COSf COFFICIENlS
v-li-rxe ExPoNENT lo;rrtcH tHl: TNVERsE T\BsoLuTE SPECIFIED FrìEouENcY
TERI'IS ARE NA I5E D
Y . 0.ó5
C^LL COSI ( IFI tIFI r IFFr lF2rNCrCrYl

c^l-crrL^IE rliE IOTr\L C0Sf 0EFoRE 0PlIl'llzAII0N
C^LL ICOSf lNFrNf I rNCrCrTl rSI)

t
c
t
!
c
I

I

c
c
c

I

c

t



c

c
t
c
c

c
c
I

c
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3

SUBROUItNE OVCT¿ CALCULATE5 ÌHE D ELEMENfS USING FFT ROUT¡NE

CALL ftvCtZ (NCTNP¡Cr T IME ¡ ITI r ITFr IFI rflT)
ñôlÈ rtrne Rr(L ts rJor ThE TIME ooMAIN IRA¡{SFORM oF SPECIFtE0 RESPgNSE

HE PEPIUIìTATIOt.I VECTOR I5 CALCULATED IN ThE
USJNG FF¡ ROIJIINES ONLY

r IT I r I'tF rl IME r IFI ¡CrRf )
OF D ARE TRANSFERED THROUGH RI AND ÀLSO THE SOLUTION

T

THE SOLUTTON OF T

SUBR0UT Il¡E 50LU I T

CÂLL S0LU I-f (ñP rt{C
NOIE THE ELEI{ENIS
IS REIIJRNEO VTA R

c

I

RECOÑSIRUCT ION OF Rf ( J I
0O823I=lrfT
OT(L = ef (I)rRT(IrItI-l)

823 ColllINUE
HAP CN TO FT(I' VECTOR
00830I=lrlf
RT(ITITI-l) = oT(l)

830 coNTINUE

PRINI 824
824 FORtlAT (lHlr/40X{TOIAL IIME RESPONSE ÂFTER ADDING PERTURBATIoNST'/./t

CALL fPRINT ( ITI I ITF rRT)

CHECK IHE FREoUENCY RESPO¡{sE wJTH fHIS PERI TII4E FUNCTIoN
ENTRY = 0.0
CALL TRANSz ( Il I I I TF ¡NP rNO rFÀMP r TIHE TENTRY rRT I

CALCULATE THE FFEOUENCY RESPONSE OF OPTIMIZEO FILIER
DO s58
08I(t)

I = l¡flO
= REAL(ZF ( IIIFI-t I r rxY ( It rDHÞ ( l.l116)

558 CONIINUE
CALL OBPITNCH(NATFREOT0BI )

CALCIJLAIE IHE PEI\KS OF ThIS NEH TIME RE5PONSE

C^LL PEAKS3( ITI r ITF rNF¡RT ¡ lP)

CALCULÅTE THE TOTAL COsT AFTER OPTIHIZATION
Do829I.lrNC
ZFT(Il = ZF(¡'IFt-i)

829 CONI INUE
CALL ICOST (NSrNFl rllC rCrTZrS2l
X = lz/Tl
x = 100.0!11.0-x¡
PRINI 997 rX

99? FORM¡T (lH0r I0XTPERCEI'ITAGE REDUCTI0N IN COSI

C GENERATE THE GAP FUFICTION FROM THIS OPTIHIZEO
Õ

CONT I NUE

PlNCl. = 0.t
ri Ètnc¡r Is LESS THAN o¡¡E rHE zE,qo cRossINcs Al'lD THE ovF-RLAPS ARE NoT

PUNCITEDT O'THER'fIISE TTIEY ARE

CALL P¡llERN ( IT I I I TF r NP rl{F I lP I RT r TII'tE ¡ T rP INCHr NO I PAMP)

OBTAIN THE OVERALL RESPONSÊ 8Y I'IULTIPLING 8Y TRANSHITTJNG IRÂNSOUCER

RESPONSE ANO BY OHEGA FACTCR
0O40lI=lrNO
2F ll¡14'll s ZF(I.147)rXY(I)¡0Ho(I+146)
EONT I I.JU€

0O559¡=l¡N0
DBI(Il . REAL(ZF(I+147)l
CONf INUE
CALL DBPU|'ICH(N0rFREOrDBI)
PRINT 402
TORHAI (IHITIOXëEXPECTEO O\,ERALL RESPONSE OF TITE FILIERO,/I
PLOT fHE RESPONSE USING SU5'ROUTJNE TRAN52

ENTRY = I 0.0
CALL TRAN52 ( Il I I I lF rNP riiQ rPAìlP I I IHE TENIRY rRf )

5 TOP
END

SUBROUÌ INE OBPUNCH (NQ rFRE0¡l)

DIMET\SION FREO(?, rXl?) rY(l¡J) tYYfl00l

XYZ . 0.0
OO I I - lrNO
XYZ r AMAxI (XYZTABS(X(I) ¡ !

I CONI INUE
00 2 I ¡ lrNO
YY(I) ! 100.0¡185(x(ll)/xYZ

2 CONT I NUE
O0 f I r lrNO
YII) . 20.ùÀLOcl0(0.01lYYll)l

3 CONttNUE
PR INI 4

4 fORHÂT (lH0rl0XÒFREOUEIICY RESPoNSE IN DB SC^LErl)
PRtNI 5r (t rFRF-o( Il rYY(I) rY (l) rl'l rNOl

5 fOR¡lAT (ll0r3Ê?0.3)

T

c

Ð

c

I

c

I

c

=þF 5.?,
fIME FUNCfION

299
!

c
c

{
c
c

401

559

¿t 02
c

998

I
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PUNCh 6r(Y(Ilrl-lrNO)
6 FORHÂT (6EI3.3I

CALL PLT(NOrlrYl

RE TURN
ENO

SUBROUT INE tsFASf (Y r¡1 TSIGNTOXYI

SUBROUTlI'tE FOR THE CALCI,LÂTTON OF EITHER THE FONNARD OR

IhVER5E FOURIER fRÀI]SFORI{ OF A COMPLEX SEAUENCE Y USIITG IhE
FTSI FOURIER TRANSFORH (FFT) ALGORITHI.t.

M

Y IS A COHPLEX ARRAY OF DII.IE¡iSION 2 AND IS BOlH THE INPUT
AND OUTPUT SEOUENCE OF IHE sUEROUTINE.

F0R TtME TO FREOUÉNCY fRANSFOFMAIIONT
F0R FREOUENCY TO TIIlE TRÀNSF0RHATIONT

FOR FOURIER ANALYSIST DXY = DT = 1.0,/ (2"M)
FOR FOURIER SYI'IIHESIST CXY = OF = I.O

SIJBROUTINE CON SETS UP A CONVERS¡ON TABLE TO REARRANGE THE
INPUT ÂRRAY FOR PROCEsSINO.

SUBROUÍINE TABLE SETS UP A TÁBLE OF
USED IN SUBROUTTNE FASI.

ALL SINES AND COSINES

4

{

t
I
!
,
*
I
ò
t
I
e
{
T
é
ð
Õ

+
I
ó
T
I
I
I
I
Ë
t
f
t
¡
T
u
I

FAST ?O
rAST 30
FÂSf 40
rAST 50
FAST 60
FASf 70

PRESENI 0IHENSIoNS LIHITE2ÞÞ10

DxY = ïhE sAvPLE sPAclNc FoP ïHE INPUT ARRÂY Y. ïHE coRRES- 
FAST ll0

PONDING S¡HPLE SPÀCIhG IN THE TRANSFORH DOMAIN IS OUTPUT JN DXY

FAST 90
FAsT IOO
FAST 280

FAST I40
FASÏ I5O
FAST ¡óO

FASf 180
FASI I9O
FASf 2OO
FAST 2IO

GN
6N

S
s

= -1.0
= rl.0

FAST 220
rAST 230

FAST TIRIITEN ?/5/72STTBROUTINE BFÁSI I5 MoDIFIED VERSI0N oF SUBROUTINE
ON ¿ HAY 1972

FAST 2óO
FAST 270
FÂST E9OCOHPLEX A¡Url{rTrY

DIMET!SI0l'l Â ( 1024) rY (21
c0Mt'f 0N /PF-Rt't/l4A IIO?4|
COuH0N /1^8/'tca l0) rTS(10)
DATA MSET/O/

¡F (¡rSEf.E0.H)
CALL TAßLE (11)

CALL CON(H)
HSET=M
N=2*ål,l
CONI INUE

60ï0 I

DO 7 I=lrN
J=MH(I)
ÂlI)=Y(J)

DO 30 I=l rN
Y(l):ÀlIlùDXY
CONT I NUE

OXY.l./ (DXYIN)

REÏURN
ENO BFASÏ
SUBROIII II\E T¡ßLE (M)
C0rlHoN /1 

^A/1C( 
l0) rIS(10)

Pl.4,0rAlANe ( I.0 r l.0l
OOI I=l rH
TC I I ).C05 lP ¡/ (?rr ( I- I t ) I
Ìs( t) "stN(PIl (¿eo I t-l ) I ¡

Rf; I URN
ENI]
SUHfìOIII INE CON (HI
INIE$ER Ar'l

FASÏ
F AST
F AST
FAS T

F AST
F AST
FAST
FAS T
FAST

330
f40
350
3ó0
370
380
¿.30

400
390I

I
7

l0

20

D0 20 L=lrH
LE=¿e èL
LE t =L E/2
U=(I.0r0.01
UUCHPLX (TC (L) rTS (L) rSIGN)
DO 20J-l,LEl
0O l0 I=JrNrLE
IP=I rLF.l
T=A(lPtÞtJ
A(IPt-Â(I)-f
A(I):A(Ir+I
CONT I NI.,E
U=UÞta
CONI INU€

470
480
490
500
5rl 0
520
s30
540
550
560
570
580
590
600
610
6?0
660

FAS T
F AST
F^Sr
FÂS T
F,\57
FAST
FAS T

FASI
FÂST
F AST
FAST
FAST
FÄ5Í
F AST
FAST
F AST
FAST

FAST 680
FÂ5T I 7O

ð

I

FÁST 7OO
FAST ó90
FASI 7ó0
I/TBL I O

I

30

I A8L
T AOL
I AIJL
I ÂfIL
I AfiL
l^BL
cùN
c0N

30
¿¡0

50
60
70
B0
¡0
i¡0
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ANO THETR LOCAIIONS IN THE AOOPTEO T

5

5
6

coMr4oN /PER¡A/ All024l
N!2c { H
NV2'N/Z
NHIEN.I
J=l
D0lI.ltN
A(Il:f
0O 7 I.lrNHl
IF(T.GE.J)GOIO5
T"A (Jt
A(Jl.A(I)
A(Il=T
K =Nv2
IF (K.CE.J) GOTOT
J=J-K
K=K/2
GOTO 6
J=J.K
RETURN
ENO
SU8ROUT INE SINEX (N0 rÈ I PÀt'tP r FOr XY)

c0N
coN
coN
c0N
coN
c0N
c0N
c0N
coN
c0r'.t
c0N
c0N
coN
c0¡¡
coN
coN
c0N
coN
coN

40
50
60
?0
80
90

r00
tt0
t20
130
140
)50
ló0
I70
lB0
t90
200
?to
220

'l

I

c
c
I

SUBRoUTINEsINExcALcULA.IEsIp¡¡$¡atfftt{GTRANSoUcERFREoUENcYRESP0NSE
HITH CENTRE FREoUENCF FO A¡.0 FOR A UNIFoRtT No FINGERS EoUAL T0 2'ëF'l'

DIMEf\SI0N XY (50) rXZ(501
OIME¡iSION FREO (52)
COMPLEX ZF ll0?4l t ZFI (50)'ZFT (50)
COI4MON 7F tZF | ¡ ZFT r FREQ

PRINI I
F0RHÂT ( lHl r40XÉFREOUENCY
Pl = 4.0IATAN?(l.rl.)
HF = 2.tF+1.
PRINI 3rHF

RESPONSE OF TRANSHITTING IRANSOUCERT//)

3 FORMltT llH0rl0XlNUIlBER OF FII'¡GERS =Þ15/l
PRINI 4rF0

4 FORHAf (t¡0rt0X+CENTRE FREGUE¡lCy IN HZ -"E10.2/l
00llIÞlrNo
x E F+PIÌ ( (FRE0(I)-F01./F0t
tF(X.80.0.0)X = l00.0IPÁHP
XY(Il ã 100.0+PAHPTSINIXI,/X

¡7 CONIINUE
XYZ = 0.0
OOISI=lrNO
XYZ = ÁMAXI (Â85(XY(I)l ¡XYZ)

I8 CONTINUE
O0 19 I'lrNQ
Xz(It = 20.ðALoGl0(ABS(XY(l) )./XYz)'I.0

I9 CONTINUE
PRINl 2O

2O FORHÂT (6X'INDEXèSXTFREOUENCYÞI IX}I'IAGNI TUDE'8XTHÁGNITUDE IN OB{./)
PRINT 2lr (ITFREQ(I) rKY(I) rXZ(I) 'I'I'¡¡Ql2t FORMAT (I10r3E20.5)
CALL PLTlll0rlrXY)
PRINT ?Z

22 FORMÀT (IHOTIOXÞFREOUENCY RESPONSE IN LINEAR SCALEÖ/I
RETURN
ENO

SUBROUT INE PEAKS3 ( ITI r ITF rl"F rRT I IPI

SUSROUTINE PEAKS CALCULAIES THE + AND - PEAKS IN €ÄCH HÄLF CYCLE

õr-r¡e iriù¡,c¡rro TIME PESPoNsE. II ALSo cALcuL,rTES lHt H^GNlluDE
OF ThESE PEAKST NORHALISEO ìtITH RESPECT IO TIjE MAXINUM PËAK VALUE

OF IOO UNTIS

OIHEI.¡S¡ON IP(NFI 
'RI 

(2,
OIHEñSI0N P(100, r0(1001

I

t
PRINI 820

820 FORMÀT IlX/X{PEAK AHPLIIL::5
.IüE ÊESPONSE./l
Hû0
I E ITI
J¡I

3 I E RT(I)rRTlIrl)
lFlXllrlr?

2 I E l.l
IF(I.6€.ITFIGO TO I
GOTO3

lx'l
Y . 0.0
DO4LsJTK
Y ' AHAXI (Y IABS(Rf ILI I I

4 CCNÌtNUE
OOllL.JrX
lFtY.Fo.Âtìs(RI(L) I lG0 I0 ó

5 CONI lNtrË



A31

6 l,l ¡ l4+l
IP(H' ¡ L
O ltll - RI (L)
TF(I.GT.ITF)GO IO 8I4
I = ¡tl
Jol
GOl03

8I4 CONTINUE
NORI4ÄLIZE THE PEAK AMPLITUDES
xYZ = 0.0
OO 8¡6 t = lrH
XYZ = AMAXI (ABS(D(I) ) rXYZI

816 CoNTINUE
0O 817 I o lrH
P(I) - l00.rD(IrlxYZ

8I? CONI¡NUE
PR I l.rf 8l I

818 FORMAT (8Xr¡pEAKr5X¡{pEAKrl2Xr rpE^KÞ8X,rNoRl{ALIsEDo,t
r8X'' I NOEX T/tX' øPO J IiIþ9X' ðI.,IAGN I TUDE'5X r }PEAK MA GN I I UOE}/ I

PR I NT I I 5 r ( I r I P ( I ) r 0 ( I I r P ( I ) r I = I ¡ 11 I
815 FORHAT l2l l0 rE?0.5¡Fl5.5l

NF=H
RETURN
END

SUBROUT INE COST I IFI r IFI ¡ IFF r IF2rflCrCrY)

ARBITRARY CHOICE OF COST COFFICIENTS ARE ¡I,ÂDE II.I THIS SUBROUTINE

DJME¡¿SI0N C (NCl
OIIlE¡iSION FRE0 (52,
COMPLEX ZF I I024) rZF I (50) 

'ZFT 
l50l

C0|'1H0N ZF ¡2f | ¡ZFTTFREQ

DO80lI=lrNC
X = FE¡r.l-(ZFI(Il)
X = ÂBS(XI
X = XrrY
IF(X.Eo.0.)X=0.04
C(I) á l./X

8Cr CoNIINUE
PRINT 826

Ê26 FonHÀT (lXrl55X{COST COFFICIENTS AREr/)
PR¡NT 820r lIrC(I) rl-lrNC)

820 FoRMÀf (8(l5rEll.3) I
REÏURN
END

SUBROUI INE TCOST (NF rNFl rliCrCrTAUr TAUZ)

SUEROUTINE TCOSÍ CALCULATES lHE TOTAL COST ASSOCIATED IITH AN

ADOPIED RESPONSE ANO THE SPECIFIED RESPONSE WITH AN ARSIIRARY
GIVEN COST COFFICIEIITS

THE VARIÂBLES NEEDED ARE
Cr TþE cosT cFÍFIctE¡JTS ASSocIATE0 IYITH THE ¡lF FIMGERS
ZF-I¡ SPECIFIED IljPul RESPOITSE
ZFTr ÀOOPTE0 RESPONSE
TAU¡ ThE ToTAL Cosl

DIMEI!SION C (NCI
DIMET\Sl0N FREO(5¿)
C0MPLEX ZF (1024)'ZFI(50) rZFl (501
COM¡l0N 7F ¡ZFl TZFTTFREQ

oAIA T8/1.0/

SUM : 0.0
DO ? I ¡ lrNC
X r FEAL(ZFI(I)-ZFl(l))
Y ¡ ÂJt{AGIZFT(l)-ZFI (I)l
SUM = SUH. (X'X.YIY¡TC(II

? CONIINUE
TAU: SUM
TB. TBrl.0
IF(I8.€O.2.0)60 l0 ?
GOTO4

2 PRINT 3rïAU
3 FORMÀI (ìXr/5XrsT0IAL COSI BF.FoRF OPItHtZÀï¡ON =ÉFl6.8l

0()10ó
4 PRINI 9rlAlJ
S FORHÂf (lXrl5ÃrÞI0TAL C0SI 

^FIER 
OPIJtIIZAlION rrEl6.8l

ô RIIURt't
END

6

I

c
I

I

T

c
c
c
I

c
c
c
c
c
I

I

t

SUSROUIINE DVCT? (NC rNPrGrT IHE r I T I r IIF ¡ IFI rDl
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0Ir{tr¡SIoN 0 (21
DIMEt\Sl0N C (NCl
o lM¿r..5 loN F¡.tEo ( 52'
COHPLTX Zl l10?41 tll I l50l tLfl l50t
COHMON 7F ¡llltZFT ¡FREQ

D0lI¡l¡NP
2Ílll - CHPLX(0.r0.)

I CONfINUE
Il¡ = I
lFlIFt.E0.l) Il¡ ' 2
ZftIFll = C(llllZfI(l ,-ZFl(lrt
OO 2 I = lflrNC
II = IIIFI-I
ZF(II) - C(I)r(ZFT(I)-ZFI (lt)
ZF(NPr2-IT) . CoNJ6(ZF(lT))

2 CONTINU€
0F = l./Ilt4E
CALL BFAST (ZFrl0rrl. r0Fl
DF = I./TIHE
D03I=ITITITF
O(L = REAL(ZF(I))

3 CONIINUE
VE H¡VE CALCULATED NC VALUES OF THE O VECTOR

REÏURN
END

SUBROUT INE SOLUIT (NPrNCr IT I I ITFTTtHE I IFI rCrRT)

DJIlENSION C (NC)
oIr'(ENsIoN RT (21
DTHE¡.SION FREO(52'
COMPLEX ZF (1024) ¡ZFI (50) rZFT (50)
COMMON ZF ¡Zl I rZf I rFREQ

7

,

c

I

t
2r
zf
F

F
T
0

"1.0-1.0
. /1 ll49
I ME./NPDT

=l
=f

I

c

DOII=lrNP
ZF(It = CHPLX(0.r0.)

I CoNl¡NUE
0O?l=IIIrITF
ZF(I) = CMPLX(RT(I)r0.1

2 CONTTNUE
TRANSFORH'TO FREAUENCY OOMAIN
OEL = DI
DIR = ï2F
CALL EFAST (ZFrl0 TDIRTOEL)
OO3I'ltNC
zFT(I) ã ZF(I+IFl-l)/ClI)

3 CONTINUE
0O4I=lrNP
ZF(I). CMPLX(0.r0.)

4 CONTINUE
IN=I
IF(rFl.Eo.l)lN '-aZF(IFl) - 2FT(l)
0O5I=INTNC
lT = IfIFI-l
ZF(IT) r zFTllt
ZF(NPf2-IT) ' C0NJG(ZF(lI, I

5 CONTINUE
ü

c TRANSFORM 10 FKEOUENCY OOMAIN
DEL = 0F
OIR É F¿T
CALL BFASI (ZFrl0tDIRrOEL)

D0 ó I ¡ llIrIIF
RI(Ir. -REAL(ZF(Il)

ó CONfINUE
PRINÍ ?

? FORMÀT ( IHO I I OXOIHE SOLUI ¡OI\ OF

C^LL TPRINÌ (lTIr IÏF ¡RI)
RE TURN
END

SUSROUIINF: TPRINT (Nl ¡NZrRIl
DIMtNSIoN RT (N3)'VoP( l0)
OOl0/ri-NlrN?rl0
DOt02J¡lrl0
voP(Jt - 0.0
¡F( (t.J-l,.LE.N2)V0PtJÌ ¡ RTIITJ-ll

102 c0NI tNr,E
PRINT t03rlr (V0PlJ) rJ'lrl0l

t03 FORII^I ( lXr l4r3Xt I0t-12.31

PERTUREATION VECTOR IS GIVEN BYI/)

t
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3

t04 coNrtNUE
RE IURN
END

T

c
t
c
c
I

c
cì
c
c
t
c
ä

c
c
I

c
c
ó

c
c
I

SUBROUf tNE IRA¡¡S2 f IT I' tTF t ¡.P'NO' PAHP T T Il'lE r ElìTRY rRT)

SUBROUTINE TRÀN5 DOES THE ¡OLLOI'iII,IG OPERATIONS

(T) CALCULAfEs THE ADOPIEO RESPOIISE 8Y TRUNCATING lhE IITPULSE

RESPONSE TO THE OESIRED Llr'rIT5r ITI I ITF'

(?' CALCULATES THE FREOUEhCY FESPONSE OF THIS TRUNCATEO TIHE
RESPONSE USING FFT ROUIIIiF.

l3) c,\LCULATES ThE RELATIVE H^GNITUoE AND PHAsE RESPoMSES IN ThE

SPECIFIED RAI.{GE OF FREOUENCY LIMIIS'

(4, PLOTS THE PREOUE¡ICY RE5PONSE IN RELATIVE SCALE ANO IN DB SCALE

(5' 1F ENIRY IS EOUAL TO ZÊRO If TRANSFORHS fHE GIVEN fIME RESPOI'IsE

ió-f*¿OüEHCv RESpOt'rSE AND lHeN PLOTS IN LITTEAR 5CALE AS ¡ELL AS IN DBSCALE

(6)IFENTRYISNoTfoU^LIozERoITPLoTSoNLYTHEGIVENFRE0UENCY
RESPó¡¡SE IN LINEAR SCALE AS HELL AS IN D8 SCALE

PAMP IS IHE FACTOR BY }IHICF MAXJ¡'IUH AMPLITUOES IN LIITEAR SCALE

HOULD REPRESENT ABOVE IOO IJNITS

DI|,lEt¡SION RT(l0?4)
DIMEhSION ZI A (5?, tZ'll l5?l ¡2TZl5?l ¡71315?l
DII.IENSION FREO(52)
COMPLEX 7F llO?41 rZFI (50) rZFl (50)
COMMON 7F ¡7Fl TZFTTFREO

I

DT = TIHE/IIP
T2F = "l.0
FzT = +1.0
IF (ENTRY ) 499 r488 r4(r9

488 CONÎ lNtrE
00500I=lrNP
ZF(t) 3 CMPLX(0.r0.)

500 CoNTINUE
DO503l=lTlrITF
ZF(I) = CMPLX(Rf (I)¡0.)

503 C0NTINUE
C TRANSFORI4 IO FREOUENCY DOHAIN

DEL = DT
OJR = TZF
CÄLL FFAST (ZFr l0 rDlRrOEL)

C NOTE THAT DEL HAS NOI{ BEEN CHÁNGED TO OF

õ ¡ISO ZF NO!{ CONTAINS IRANSFORIIIED FREOUE¡¡CY OOMAIN RESPONSE

499 PRTNI 5'-é 
ron¡iÀr(IXrl4oXrFREauENcY RESPoNSE IN CoMPLEx foRM*//

{5xÞINoEXà8X¿FREOUEt\CY (MHZ}r8XúnE^L PART*tlXrIMA0 PART+/)
PRINT 4r (IrFiìEQ(I) rZF(Irl4?) rI=lrN(l)

4 FORMAT ( lBr 3E20.5)
XYZ = 0.
D0504I'l'HO
ZTA(I) = cAES(ZFII+147))
XYZ = Ar.lAXl {ZTÀ ( I) rIYZ)

504 CONIINUE
00505I=lrN0
ZTI (I) = 20.ÈALoGl0 (ZTÀ(I)/XYZr'1.0
ZT?1ll - 100.0ÞPAMPcZfA(I)/XYZ
Xl = REAL(ZF(Ifl47))
x? = AIMAG(ZF(¡+l47lt
ZT3(I) = ATAN¿(XZTXI)

505 CONTINUE
PRINT 623

ó23 FOñMiT (THII?OXÞFREOUENCY RESPONSE IN THE OESIREO RANGE

t.? ttÁZt / /
6i¡io5.[qr7 ¡rFFEouE¡¡cYf 74ð¡F l-Al I vE ]IAGN I TUDE r3x ÚMAGN I r uoE

CPHASF T/ I-pRIrui frz¿ r ( I rFREQ ( I),ZT? (r 
"zTl 

( I ) rZT3(I I r Icl rNQ)

ó24 FORr'tÀT (IBr4(El5.3r5X) I
0O625I=lrNO
tF ( ¿I I I I ) .LE. -50. , ZT t ( I ) "-49.5

ó25 CONIINUE
CALL PLI(NOrl¡ZT2l
PRtNt ó¿6

626 FORHÂI IIX.,//4OXTPLOT OF Ff<EOUENCY V5 RELÀTIVE HAGN¡IUOEÐI

CALL PLf (N0r I rZI I I
PRINT 6??

ó27 FORH^T ilXrzZ¿oxoptof oF FFEAUENCY VS HAGN¡TUoE lN 0B5o¡

NE TURN
ENO

'':9.{ T0 39

IN DBTIOXT

SU0RoUl tNE PATERN ( I I I r I I F r tr¡P I NF I I P I R I r T t I'lE ¡ T r P I NCH I l{0 I PAHP I
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SUBRCUTI}IE PAIERN CALCUL^TE5 THE GÀP FUNCTTOÀ¡ FIIOH IHE ZERO CRO5STNGS
ÄNO I HE PEAK AI.{PL ¡ IUOES

0lHENSl0N lP(¡JFt rRÏ l2l tl l2l
DIHItìSIoN 0VliI0 ( l0O)
DIt,lENSIoN ZRCR ( I 00 )' ZRCII ( I00 ) tDIFF ( I00)
DIMf¡,s I0N FREQ (52 )

COHPLEX ZF IIO¿41 ,Zf I l50l 'ZF I 150,
COHM0N 7F ¡771 rZFlrliRE0
COMl40N/ SUtl/ ZRCR r Zf?C ¡l r D J FF

PRII{1 ó
ó FORT,IAT (lHt r40XõGETiERAIION 0F GAp FUNCTION STARIS FRoM HEREÐ.//t

CALCULATES TI.tE ZEROCROSsII.ICs OF THE ADOPfEO REsPOI'IsE IN ThE JIJTERVAL
ITI ÂND IÏF
ALSO CÄLCULAIE JHE 6AP IiIDIIIS ANO IHE HIDDLE POINTS OF THESE GAP'¡IOTHS

CALL ZER0CR ( ITI r IÏFrNPrt'¿f rRTrT)

CIJLATES THE OVERLÂPS OF THE GAP FUNCTION
RLAPS AFE PROPORTIONAL IO Ti-;E AREA OF GAPT¡OTH MULIIPLIEO 8Y PÉAK

AHPLITUOE IN THÀÏ 6ÂP ÄItD 'IhE ACTUÂL
THE PEAK ÂMPLITUOE IS CALCIJLATED BY A PARABOLIC CURVE FITTING

OT = TItlE,/NP
CALL AREAI (RTTNF rDf TOVHIDTPINCHI

C VERFY IIIE FREOUEI'iCY RESPONSE OF THIS GAP FUNCTION USING APPROXIMATE
C ANALYSIs HEThOD

CALL ANLYSE ( ITI r IIF r NP ¡NF r'l IME ¡ 0VM ID rRT t NQTPAMP)
622 REIURN

€ND

SUBR0UÏ INE ZEROCR ( ITI r IIF rhPrNF¡RT¡T)

0IHENSI0N RT (21 rT (2)
0IMENSION ZRCR (100¡ ¡ZRCM(100) rDIFF (100)
DItiE¡i5ION FREo (521
COMPLEX ZF ll0?41 ¡ZFI (50)'ZFÏ (50t
C0MÀl0l't 7î ¡2Fl TZFTTFREO
C0MM0N/SUB/ ZRCR r ZRC¡'l r D IFF

lz=o
D0600I=ITITIIF
IF ( I .GE. ITF ) GO TO 603
X = RT(I)tRT(Ill)
lF(X)ó01'601t600

601 SLoP = (RT(I+l)-RT(Iì),/(T(l+l)-T(I))
coNs'f = RT (I)-SLoPÉT(l)
IZ = IZrl
ZRCR(lz) r -C0NST/SL0P

6OO CONTINUE
É03 CONTINUE

PRlltl 602r IZrNF
ó02 FORMÄT (lH0rl0XrN0 OF ZERO CROSSINGS ¡ÞI5rl0xÞNO 0F PEAKS =ú15//l

CALCULÀTE THE GAPWIDfHS 8E'fI{EEN THE FINGEFS
THAT IS THE DIFFEREITCE BEThEEN TTlE ZERO CROSSINGS

LSTZ. IZ
JSTZ. L5TZ-l
O0702I:lrJSTZ
OIFF (t) : ZRCR(I+ì)-ZRCR(1,

702 CONTINUE
C LOCÂ'IE HIO POI¡IIS OF ZERO CROSSINGS

D0605I-lrJSTZ
ZRCM(I) ¡ (ZRCR(II.ZRCR(l'lll /?.

605 CONr INUE
R E IURN
ENO

SUBROuÌ INE ARÊÁl (R'f rNF r0i ¡0vHI0'PINCHI

SUBROUIINE AREAT CALCULÂTES 1I1L' OVERLAPS ASSTIMIIIG IIlAT OVEFLÀPS ÄRE
PROPO]IONI\L TO ThE TR¡ANGULAR ÂREÀEEÍKEEN TFT ZERO CROSSIN6S AND ALL THE

SAHPLfN0 P0I¡llS SETltEEN ll-1€5E ZE¡ìo CR0SSINGS

DIHENSION RT (?'
D IME¡.S Iol'¿ 0Vr'lI0 I I 00),'rNorl ( I 00,
OlHtNstoN ZRch ( 100¡ TZRCHI l00l rnIFF (1001
DIHEhSJ0N FRt0(52)
C0MPLFX 7.F llO?¡t'ZF ¡ (50) rZFT (501
C0Hl{0N ZF ¡ lî | ¡ZFl rFREO
CO¡tH0N /5Un,/ZRCR r ZRCtI r 0IFF

9
I

c
c
¡

T

T

c
c
c
T

I
c
c
c
c
+

CAL
OVE

{
c
c
o

t
c
c
c
t

Ò

FLN

7-É
¡rf
hFNrr.t
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l0
OO I I - lrNFtl

^REA 
ã 0.0

IFP = ?tINl IZRCRtlt/OIl
LFP' IoJI'IT(ZRCR(I.I¡lOT,

^RE^ 
r AREA . IDTÞ(IFP-lt-ZRCe(IttrRTllÍPl/2.0

AREA . AREA . (ZfìCR(lrl)-Dìt(LFP-l)',tRT ILFPI/2.0
IF I TFP.EO.LFP} GO TO 3
H¡ . IFP
ll2 ' Mlrl

2 AREA: AREA + (RT(HI'+RT(H2I,ADI/2.0
Hl = Mlrl
14? z l1?tl
TF(HI.EO.LFP)GO TO 3
c0102

3 OVHIC(L r AREA
I CONT JI¡UE

NoRHÁLISE THE OVERLAPS UITFRESPECT TO THE PEÀK AMPLITUOES
XyZ : 0.0
DO I I = IrNFH
XYZ = AHAxI (XYZ¡AtsS(0VMID(I¡) )

I CONTINUE
DO9I=lrNFH
YNOR(I) = I00.0{OV}tID(ItlXlZ

9 CONT I ¡,IUE

PRINT 4
4 FORHÁ T ( I tlOT IIIDEX{9X'ZERO CROSS I NGSÞ I 3XTGAPIi I DTHS+ I 7 X{OVERLAPST I OX

clNoR. ovERLAPS"/'
PRll.ll 5r ( I, ZRCR ( I ) r0IFF ( I ) rOvMI0 ( I ) rYNOR ( I ) I I=l rNFHI

S FORH/lT (I5r3E25.8rF 16.2)
PRINT 6 rl\rFL r ZRCR (NFL)

6 FORMAT (I5rE?5.8)
IF(PINCH.LT.I.O'GO TO IO
PUNCh ?¡ (ZRCR(Il r I"lrNFL)
PUNCIT ?r (OVr'lID( I) r I'l¡llFM)

7 FORHAT (5EIó.8'
IO RETURN

END

SUBROUI INE ANLYSE ( IT I r ITF rt P I NF I TI HE I OVltID rRT ¡ N0 I PAHPI

SUBROUIINE i\NLYSE CALCULATES fHE FRÊOUEIJCY RESPONSE OF THE GAP FUNCTION

USING APPROXIHATE ANALYSIS ¡ìEIHOD

0It'IENSIOI¿ Rl ( 2t
DIHENSION OVIlIO (lOO),GAP (300,'0vLÂP (100)
DtHEtìSION ZRCR ( I 00 ) r ZRCi\l ( l0Ù ) rDIFF ( I00 )

DJMENSION FREO (5?I
COMPLEX Zf (10?4) rZFI (50) rZFT(50)
C0Ml'l0N 7F ¡ZF I r ZFI I FtìE0
C0llMON/ 5U B./ ZRCR r Z RCil r 0 I F F

Pl = 4.0rATAl^l2ll.rl.l
OT - TIl.lElNP
NFL = NF-l
NFH = ¡rF-z
CÂLCULATE THE PEÂK AMPLIÏUDES 8Y OIVIOING OVENLAPS BY GAPI{IDTHS

00 620 ¡ = l¡NFt{
0VLAP (I¡ = 0vt'lID(I!/DIFF(L

620 CONÏ INUE

AI'IPLIIUOES AI THE HIDDLE OF THE G,\PI'iIDTHS ANO FIT
BETI{EEN IhE ZERO CROSSINGS AND THE PEAK AHPLITUOES
AìlPLI'IUOE5 AT TTlE SAHPLING POI¡¡TS OF DT

I

I

c
c
I

Ë

C

c
c
t

c
!

LOCATE ThESE PEÀK
OUARIER SINE IJÁVE

ANO CALCULAfE THE

tl = ZRCR(l)/DT
l.ll.l s 0
D06t3I¡lrNFH

é14 H = ¡'1.ì
Z = FåDI
IF(Z.LE.ZRCR(I) )Go T0 614
IF(7-.GE.ìRCRIITI) )G0 To 6t5
l.lH = HMrì
ARG = Plr(Z-ZRCRIL )/0IFFll)
OAP(MM) ' OVLAP( T)}SIN(ARG,
GO T0 614

ó15 H; H-l
óI 3 CONT INUE

LvÂL . HM

PRINI 6I9
619 FORM¡\T (tH0r40XëSAHPLED RESPONSE OF fhE GAP FUNCIIOIt'//t

C^LL TPRINI (l TLVALTGÂP)
HAP CN ThE SAHPLES IN TFE INTEIìVAL ITI TO IIF
C^LCULAIE Il I ¡\l'rt) NuTE TH^l f o GET RIGHT 5l0E SAHPl'ING P0lt!T }lE HAVE l0
,t0D ? Io IltE ¡NlFGLil RESULì nEC,\USE OF IHË F^CT I (tl ' Dlñ(I-l)
III . ?rIt,tT (ZRCIì( lllDT¡
O0ótól.lrLVÂL

c
c
c
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RTltrJll-1, É GAP(l¡
6I6 CONT INUE

IIF ' ITI.LVÂL-l
C PRINI lHE SAIIPLED TtI{E .REsPONSE IN THE INIERVAL ¡TI IfF

PRINl 6I7
6I? FORHÁT (IHOIIOX'TIHE RESPOI\sE OT ANALJSED GAP FUNCTION SHIFTED IN

CTIME SO TH^T IT JS SYHMEIRICÀL OVER T/?þ//'
CALL TPR¡Nl t ITlrIlF rRI)

C CALCIJLAIE IHE FREOLIEITCY RESPONSE USIN6 FFT ROUTJNE

ENTRY . 0.0
CÂLL TRAN52 ( t TI r I IF rl'lP rN0 rPAHP rTIHE rEt¡f RY TRT t
RETUFN
END

DAlÂ

ll

T

c
I

I .00
1.0

3
I
86?9 .0

100.0
7s .0
l?.5
0.5

7.5
t s.5
9l .5
98 .5
61.0
8.5

I1.5
?q.5
95.5
97.0
54 .0
5.0

l8 .0
48.0
99.0
9l.s
39.0

16.0
59.0
¡00.0
87.0
31.5
1.0

7.5
70.0
100.0
81.5
?4.5
0.s

.5

.0

99.
ó9.
l?.
0.5

0
5
0
5

14.5
35 .5
97.5
95.0
4ó.o
3.0 2.0
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A4 PROGRAT,I FILTER 4: SYNTHESIS OF A FILTER WITH GIVEN IDEAL

SPECIFICATIONS USING OPTIM METHOD

44.1 Flow Chart

Entry

Calculate total cost before
optinizat ion

Assign cost coefficients

Compute complex unity
roots

u.)to obtain a
Compute FFT of a(t)

CaIculat
in each

e
1

a

the peaks
/2 cycle of.
t

tto obtain a
Truncate to optirn length

tto obtain R

Compute inverse FFT

Calculate Fz (u,)

Calculate slnx
x

Calculate $ (o)

Calculate T (t)

Calculate F (f)

Read ideal specifications
read magnitude response H(ur)

No. of sanples
Tine interval



A5B

Calculate d vector

END

Plot the overall Tesponse

Calculate the overall

response F3(ur)xlrlx s]-nx
x

(¡to obtaín F
Sample and compute FFT

Generate sinusoidal
source function

gapwidths and over-
s in y(t)1

punate

Plot ideal speci
and overal-1 achieved res-

e

cat].ons

onseachieved res
Calculate overall

Calculate the total cost
tini zationafter

Calculate the peaks in
each L/2 cycle of y(t)

Cornpute FFT to obtain
y (o)

Evaluate adopted response
t

onatCalculation pert
solution

Calculate B matrrx

Choose l.lo. of perturbation
variab les
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A4,2 Listing of FILTER 4

PR0OR^11 F ILIER4 I I NPUI rOUlPtJf TPUNCH)

cLASS¡FtcArl0H 0F PRoGRAI{ A/ll/l/P?

PROORAI{ FOR DESlGTIING A FILTEN HIfH JOEAL SPECIFICATIO¡IS
513 Cosfs ÄPE USED
OHEGA FACTOR IS IAKEN JI.¡1O CONS¡DEFAIION

NOTAIION IS VERY HUCH SAHE AS THAT USEO IN PFOGRAI4 FOR FILTERz

OECLARATIÓNS

DIUENSION 08I (IOOI
DIMENSIOTI SPECI (651 r5PECZ(ó5) rORD(631
DtHEI'¡SIoN T (6501
OI{E¡\SION f P ( IOO) rD (100)'PI (100, r JQ ( 100) rKF (100) ¡8(40001
0I¡rEñsI0¡¡ c (513)
OIMET\SION lN ( 1024¡
DJMENSI0N Y (50) rXY(501
0IMEhSION H^G (50 ) THAGDB (52) 

'PHAS 
(50) rRT ( I0241

DtHEñSION FREO (s2)
CoMPLEX Z1 l10?41
OIHE\SI0N ZFI (sl3) rZFT l5l3)
COMH0N 7î ¡7ll TZFTTFREQ
REÀL 

'1AG 
TI'IAGOB

BASIC PARA¡IETERS
T

c
I

IFI = 148
lr7 - 19?
ITI = 3Ba
NF:71
F?T ã rl.0
T?F = -1.0
NP = 1024
No=45
TIME. s.0E-06
PI = 4.0ÞAlANz(l.tl.)
sF - l.0E+08
F0 . 34.0E+0ó
F=5
PA¡{P - 10.0r+(1.,/e0)

D€RIVED PARAMETERS
I
c
t

ú
c

I

c

c
a

ITA = l+(NPIZ)
ITF = NP+?-¡TT
Dl = IIME/|¡P
DF = t./IIHE
Ol{ = 2.*PfÞ0F
IFN = IFF-IFI+l
NFl. NFrl
IFl.l
IF2 = 513
Nc. IF2-IFlfl

o
c

t
c

INPUT OF SPECIFIED LIMIIS
REAO lr (SPECI (I) r IoIróll
REÀO lt (SPEC?lI) r I'lr6ll
00300I-Iról
0R0(I) = 0Fr(¡rt39¡

300 CoNTINUE

PRINI THE IOEÀL SPECIFICAÌ¡ON LIH¡IS
PR IIII ?69

269 FORMÂT (Ih't IIOXAIOEAL SPECIFICAfION LIHITS 
'\REè/)PRIN'l 270r ( I't:ìD( I ) TSPECI ( I I TSPEC2 (I )' I*l'ól)

?70 F0RHÂT (Il0r3E20.3t

PLOI THE SPECIFTEO LIHITs OF THE FREOUENCY RESPONS€

CALL PLI (60r2¡SPECI TSPEC2)

INPUI 0F SPEC¡FIEO RESPON¡e IN 0B SC^LE
RE^0 lr (i':ÂODB(l) r I"I rNQ)

I FORMÂr (.îFt0.5)
FREOITENCY SCALE(29.4Mh2 TO 39.2}IHZ' CORRESPONDING 1O 5O SAHPLTNO

POINIS)
D02I!lrñ0
FREOtI) E 0FÞ(J.14ó)

2 CONI JNUE
CÀLCIJLAIE TFE TIHE SÀMPLE5 HHICH AR€ NECESSARY FIR PUNCHING ZEROCROSSINGS

ATJO OV¿RLAPS

D0ltIrlró50
TtIr . 0Iè(I-Il
CONf I NUE
CA"'UI-ÂTE IHE RESPONSE ¡N LINEAR SCALE
00f,¡.lrNO
PoHtR r N^008 t ll /¿0.0

C
c
I

c
tt



c
c

440

2.

HAG(t) E l00.0rl0.rrPotER
3 CoNfINUE

CALL PLI (NQtl'tlAGo8)
CALL PLf (Nor I rHAG)
ASSUHE ALINEAR PHASE RELÁTION
PHÀ5' C0N5TÂt¡T'0¡IEGA
00 ló I')rll0
PHASII) E -2.5E-061OrtI

I6 CONTTNUE
PRINI THE INPUT DATA
PRII¡T 4

4 FORI.IÂT ( IHI'4OX} JNPUl DAl AI / / 6XTTNOEXT 8XðFREOUENCYåI IXTI'AGNITUOEÞ
I8XÞMÂ6NITUBE II'.¡ DETI3XIPHASEO/ /I
PRItll lBr ( I rFREO ( I ) rMAG ( I ) TMAGOB( t ) rPHAS(I I ¡ I=l rlJOl

tg FORIlÂT (Il0r4€20.5)
D05IclrNP
Zî(1, 'CMPLX(0.r0.1

5 CONI INUE

ASSUuE A ll FINGER IRANSDUCER AND CALCULAIE JT?¿s RESPoNSE USING 5IN(x)/x
FORMIJL A

CENTRE FREOUEI]CY ' 34.0 HHZ

ñO Of rl¡¡CenS - 2.èFrt. , ÂtrD FOR 15 FINGERS F = 7

CALCULATE THE HÀXJIlIJM AHPLJTUDES CORPESPOI]DIIIG TO TO+ONE D8

AMPL:TUDES ARE CÀLCULA'TED ]¡I THT SUBROUIINE SINEX ÁS FOLLOI'S
AMPLITUD¿ = l00.04PAMPoSJ¡l(X)/X
CALL SINEX (NOrF TPAMPT F0rXY I

PLOT THE OVERALL RESPONSE A¡¡D THE SINEIX)./X RESPONSE

CALL PLT(NQr2¡MAGTXY,

CALCULATE THE RECEIVJNG TRAI'iSDUCER RESPONSE BY OIVIOING INPUT
SPECIFIEO RESPONSE BY THE lRAl'ISMITÌIN6 TRAI'¡S0UCER RESPONSE

ANO ALSI BY OHE6A FACTOR AhO PRESCALE THE RESPONSE BY A FACTOR OF IO'T8
D0óI=lrNO
y(I) = MÁG(It /t\YlI tÞoH'(I+14ó)Þ1.0E-08)
zfil4Trll = CHPLX(Y(I)'COS(PHAS(I)) ¡Y(IlsSIN(PHAS(l)r)
Il = 1.147
ZF(NP+2-IT) ! C0NJG(ZF(II) )

6 CONTINUE
NOTE ThAT FROH HERE ONVIAROS FOR THE SY¡¡IHEsI5
UILL BE TAXEi'¡ AS THE SPECITIEO INPUf RESPONSE

D0l0l-IrNC
ZFI(I) = REAL(ZF(ITIFI-I))

PURPOSE THIS RESPONSE

IO CONTINUE
PLOT ThE SPECIFIEO RESPONSE USTNG SUEROUÍINE TRANS
ENTRY = I 0.0
C^LL TR^N52 ( I TI r I TF TNP't!O t PAHP'T Il'1E I ENTRY rRT I

TRA¡¡SFORH 'f O T I ME OOMA IN
oEL = DF
SIR = FZt
CALL BFASf (ZFr l0 T0IRTDEL)
NOTE THAT OEL HAS BEEN NOi CHA}IGED TO DT AND

ALSO ZF NOI{ CONTAINS TRAN5IORMED IIME DOII'TIN RESPONSE

00 9 I À' lrNP
RT(I) ã REi\L(ZFIIII

9 CONTINUE
PRINi OT: TIME OOHAIN TRANsFÙRH OF FPECIFIED RESPONSE

PRINT IOI
FORMAT (lHlr42X'$TIME DOI'IÅlN TRANSFORH 0F SPECIED RESPONSEI//l
CALL TPRINT ( ITI r ITFTRT)

CALCITLATE THE PEÁKS OF THE AOoPTED IIHE RESPoNSE

i¡È ¡cru¡r- No oF PEAKs Is REÂoJuslED FRot.t lHÂl 0F lhE GIVEN NUHBER

THE SUBROUTITE PE/IKS3 ANO REIURNEO IhROUGH fHE PARAHETER NF

CALL PEAKS3 (lTI rITF rNtirRTr lP)

c

t
c
c
c
c
c
c
c

I

c

t
c
c
c

c
c

c
c

c

I
c

c

l0l
I

c
c
c

I

IN

o
c

I

c

PRINT 109¡ITITITF
109 FORMATnH0rl0xÕINITIAL llMÊ INOF-x'ÌI4rl0xÉFINAL rIHE INOEX =ìI4l)

EFFECI OF TRUNCÀTING THE IIHE FUNCIION
ENTRY ¡ 0.0
CALL TRANSz I tII ¡ I TF T NP TNQ T IA}4PT T IHE'ENIRY I RT I

STORE IHE TREOUENCY RESPONSE OF ADOPTED TIITE RESPONSE IN ZFT(I)
D0 397 I - lrNC
ZFI(I) ¡ ZF(I.IFt-I¡

397 Co¡¡T I NUE
PR INI 390

,Ng ¡6ÀIIIìT (IX¡/4OXIFREOUENCY KLSPONSF OF ÂDOPIËD TJHE IIESPONSEI'/'/
r5XÞ I f*OEXe 8XåÉ-fìEOUÊNCY ( MH¿ ) o t)(rRIAL PARIr/,
PRINI 399r ( I rFi¿Í:t) (.1 ) rZFT ( I. lF I-l ) t I't rN0)

399 FORrt^f (I8r?E?0.51
CALcliLATÊ Il¡E OVt-R^LL R€SPoN5€ OF ltl¡S IRUNC^lED Illle FILIER
00s56I'ltNa
0Btil) r RE^L(ZF(¡ fl47)).X'llttoDlrr(I+14ó)cl.0E-08

55ó C)NTINUE
CALL DBPUNCH (NtìrFlì€OrD6I )

c

*
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o t t al tl tI s Õ I I c c a ó * é Þ o t a t a r I I r a ¡ Ð t I C | ç c a Ó I
ü OpftMIZAlI0N pn0CESS SI^RlS I'ROtl hEFE Ð

! É r ¿ { I *ta to ro ÞÞr Þ 0 Úla }¡ o }rtâçe aaoal Ô ra )} I

PRINT 4OO
400 FORM,IT (lHlr/50XrOPfIHtZAllON PR0CESS Sl^RlS FROH |lERErll

SUEROUTTNE CUNITY CALCULAT¿S IO24 REAL PARTS OF OF COHPL€X UNIÍY ROOÍS

CALL CUNITY(NPrllNl

SELECT SUITABLE COST COFFICIENTS

IFI AND IFf
IFF ANO IF2

CoFFl.0.0l
C0FF2 ã 0.01
CALL COST2 (C0FFì TCOFF2 I IF I I IFI r IFFr lF?rNCrCl
CALCULAIE THE TOTAL COST BEFORE OPT¡MIZATION
CALL IC0ST (NFrIFl rt{CrCrIl t

KP=86

3

t
c
t
I

Ð

c

ì
c
t
c
c

COFFI ARE THE VALUES OF COSIS BET"JEEN
COÊFz ARE THE VALUEs OF COSIS BETIIEEN

c

t

T

c
¡
I

c

401

402

403

t04

823

a24

558

829

D040¡I-1185
I0(I) . ITIrI-l
CONI INUE
lA(KP) . ITA
D040ZI=lrKP
IPI = l0(I)
D(I) - RÎ (lPI)
CONI INUE
PRINT 403
FORMÁT (IHOTIOX}RESPONSE AI I.IHICH THE PERTURBATIONS IS APPLIEDÞ//'
PRINf 404r lIr IQ( I l iD( I) rI:lrKPl
F0RMAf (5 (2I6¡El2.3l )
DF = l./t¡HE
iuanourr¡rÈ ovcra c¡lcut-A'fEs IHE D ELEMENTS USINO FFI RoUTINE

CÀLL 0VCl2 IKPtNPtNCt lFl I IF2 ¡ TIMEr I0¡CrSFrD)

SUBROUTINE BI{AT CALCULATES THE ELEHENTS OF B USING FT ALGORITHAH

DT = TIME/NP
KPI = KPrl
CALL SHAI (KP rKPl rNP r IFI r IF2 r IQrC¡liNr0TrNCrSF rB)

SUBROUTINE SOLU CALCULATES THE SOLUTJON USING SYMHETRIC MATRIX SUBROUIINE

LSSS
CALL SO|-UZ IKPTKF I 0rB ¡SFTPT)
RECONSIRUCT ION OF Rf ( I)
DO823I-lrKP
IP¡ É l0(I)
RTilPL = Rl(IPJ)+PT(I)
RT(NF.2-IPI) - RT(IPII
CONT INUE

PRINT 824
rôñu¡rIiHI'z¿'OX"TOTAL 1II.1E RESPOI'¡SE AFTER AODING PERTURBATIONSI//,
CALL TPR¡NI ( ITI r ITFTRT)

CIIECK IHE FR€OUeNCY RESPO¡'rSE ÌiITll Thls PERT IIME FUNCTION

ENIRY . 0.0
CALL TRAt¡Se ( ITI r I TF rNP rNQ rFAMP r T IHE TENTRY rRT )

CALCULATE IHE TOfAL FREOUEIiCY FESPoNSE 0F rHE oPTIHIZE0 FILTER
D0558I.lrNQ
DBI I I ) * REAL (zF ( ¡rt47) ) rxl { ¡) cpHr ( t+14ó} ol.0E-08
CONI I NUÊ
CALL OEPUNCH(N0TFREOTOBI )

CALCIJLATE IIIE PEAKS OF IhIS NEH TIHE RESPONSE

CALL PEAK53 (ITI r ITF ¡¡f ¡Rlr IP)

CALCIJLATE IhE iOTAL COST AFTER OPIIHIZAfION
00829I=lrNC
ZFT(ll . REAL(ZF(I.IFl-l; )

CONI T NUE
CALI. fCOjT ( NF r IFI rNC rCr I Ê)

+
c
c

c

!

c

a
c

t
c

t
c

ö
X . l2lTl
X = 100.0'11.0-X)
PRINI 99? rX

99? fORHÄf (lH0rl0XrPERCENlAGE REOUCTION IN C05T ¡cF5'2)

GENERAIE OÂP FUNCIION FROH IHIS OPIIHTZEO IIME FUNC'IION

AOO ONE FINCER ON EÍT}IER SIOE TO ENSUR€ TH/T IHE ENO PURIURTìATIONS ARE

¡NCLIJOED ¡N THE AOOPTED RESPONSE

ITI ' ITI-3
ITF a IlFr3
CALCI-,LATT IHE PgAI(5 IN THIS NEII L¡MITS
C^LL Pâ^K53 ( III r IIF rNFrlìl I lP)

T

c
t
c
c

c
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4

IF PTNCH IS LESS ThÀtl O¡{E IHE ZERO CROSSIITGS A¡¡D fHE ovERLAPS ARE N0f
PUNChEO OIhERWTSE lHEY ARE
PINCh. ?.0

t
CALL PATERN ( If I r ITF TNPTNF I IPrRT rf IMf ¡ T rP ttlChrN0rPAlaP)

I
c oEfAIN ovERALL RESPoNSE 8Y I{ULTIPLING BY fR^NSHIT'fING TRANSoUCER

C RESPONSE r OHEGA F^CIOR Ar¿C BY SCALE F^CTOll
DO 996 I = lrtlO
71 (l ¡ 147 I . Zf lI tl47 lrXY ( I ) Þ01¡/t ( I ol4ól rl.0€-08

996 CONTINUE
PRINl 995

995 FORtlAT (lHl¡10)(ÞEXPECTED OVEF^LL R€SPoNSE 0F THE TILTER{/)
C PLOI THE RESPOIISE USING TRAI'S2

ENTRY ! IO.O
CALL TfIANSZ ( ITI I I lF r NP rl'10 I PAt'tP r TIHE I ENTRY ¡ RT I

a
998 SToP

ENO

SUBROUI INE DBPUiICH (N0rFREO ¡X)

D¡ME¡¡SION FREO(2) ¡X(2) rY{100) rYY(100)

xYZ = 0.0
O0lI-lrN0
xYZ = AHAXI (XYZTABSIX(t)rl

I CONTINUE
DOZI=lrN0
YY(I) = 100.ÈABS(X(I) )/XYZ

2 CONIINUE
D03I=lrNOy(I) = 20.ÞALoGl0(0.01ÐYY(l)) r 1.0

3 CONf I r'ruE
PRINT 4

4 FORM¡T (lH0rl0X+FREOUENCY RESPONSE IN 0B SCALET/)
PRIN'l 5r (ITFREO( ll,YY(I) rY (l) rI=lrNQ)

5 FORMÁT ( Il0 r3E20.3i
PUNCF 6r(Y(I)rI-lrNQl

ó FORHÀI (6ET3.3)
CALL PLI(NQ¡lrY)

RETUR N

END

S AHE
SU3ROUT I NES
USEO
IN
PROG RAH
FILIËR2

t

T

I

c
c
c
c
c
c{
+
C OATA
T

-59.5
-59.5
-23.0
0.0
0.0
-3.0
-59 .5
-59.5
-59 .5
-41.5
-17.5
2.0
¿.0
2.0
-41.0
-4t.0
-s9.5
-?5.0
1.0
1.0
0.5

-59.
-59.
-40.
-40.
-l?.
?.
2.
-l
-4

-5
-t
t.
l.
0.

-40 .0
-20 .0
2.0
2.0
2.0
-23.0
-40.0

-40.0
-20.0
2.0
2.0
2.0
--;r.0
-t'\.0

-43.5
-?¿.0
2.0
2.0
2.0
-36.5
-41.5

-4.
-45
-40
-40
-14
1.0
1.0
-2.
-48

-59.5
-5t.5
'15 .7 5
0.0
0.0
-5. q5
-59 .5
-59.5
-40.0
-20 .0
-7 .5
e.0
2.0

-59 .5
-?7 .?5
-5 .25
0.0
0.0
-59 .5
-5 9.5

-59.5
-?6.75
-t.75
0.0
-0 .7s
-59 .5
-59.5

-59.s
-?-6.3
0.000s
0.0
-1.?5
-59.5
-59 .9

-59
-59

5
5
25

-59.5
-28.0
'l?,25
0.0
0.0
-20.0
-59 .5
-59.5
-q0.0
-20 .0
-2.5
2.0
¿.0
-9 .5
-43.0
-40 .0
-2> '0
-8, ¿

1.0
1.0
-4 .5
-55.0

-59 .5
-?7 .75
-8.75
0.0
0.0
-s0 .0
-59.5
-s9.5
-4 0.0
-20.0
?.0
2.0
2.0
-ló.0
-4t.0
-59 .5
-22.0
-3,0
1.0
1.0
-12.s
-59.5

-2¿.s
1.0
1.0
1.0

9.
0
0
.2

0
0

5
5
5
0
0
5

-20
.0.
1.0
1.0
-ló

5
.0
.0
.0
.0

0
.0

0
0
.5
3.0
0.0
4.5
9.5
0
0
0

.0
5

5-20

-30 .0

1.0
1.0
1.0
-23 .0

-36.0 -42
25
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A5 PROGRAM Y21FIL: TRANSADMITTANCE OF THE FILTER

Flow Chart

Entry

END

Print and plot the results.

Calculate the insertion-
loss of the filter.

Conpute transadnittance
of the filter.

Compute frequency respons.e
dized transducer F2 (o) .of apo

Conpute frequency response
of uniform transducer F (,r,) .

Generate source function of
dized transducer.

Generate source function of
uniforn transducer.

Generate gapwidths & overlaps
in position donain of uniform

transducer.

Generate gapwidths fi overlaPs
in position domain of apodized

transd

Read SAW velocitY,
naterial constants,

overlaps and gapwidths
of apodized transducer,
no. of fingers in each

transducet, centre frequencY
& reduction ratios.
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45.1 Listing of Y21FIL
PROGRÂiI Y?IF IL ( ¡NPUT 

'OUTPU'I '
IKIS PROGPAH COUPUTE5 IÞE fT]AI¡SADI{ITfATICE Y2I(!TI EETWEEN A P^IR OF

TRÂNSDUCERs ,rr,O CrriUL¡leS THE I¡iSERTIONLOSS OF IhE DELAY LJNE r¡TH
OIVEN LOAO COI]DI I IONS
iiE A¡iTC E,(CITATION CELL FOR ThE TNAI¡SOIJCERS I5 ASsUMF-D TO BE THE GAP

BEI'riEEN A P,¡\If? OF ELÉClfi0DFs.
iir õÈr_u I¡tcLUDEs À¡¡ euecrpooe hALF r{roTH ON €ACh sI0E sET EoUAL T0 A

OUARTER CELL VIDIII.
IlrE REOUITIED Il'lPtJT 0ATÂ AnE=
XPÀIII- POSITION OF-ELECIPODE I IN.fRAT¡SDIJCER A (IN M¡LLII'IEfRES¡

XPn(I). DITIo IkANSDUCLR I
it-,rrii' õver¿u¡p LcNGTH cF CELL r (IN HILLIMETRES'
XL8(I)r OITTo I3
NÄ . NuHEER OF 6ÂPS IN lA
NB; DITfO TB
VSA'¡ã SURFACE VELOCIIY (IN MI'I/SECI
GA - It¡IIIÂL GAP ralOTH (lN MM) TA

68 G bITTO FOR 18
IINC = S^MPLING TIME lNìERVAL
f{ o !OÇ(BAsE ?) OF tlUllaER OF SAl"!PLEs
TITLE= IDENTIFIER OF fhE PAPIICULAR OELAY LINE

6¡¡ c ÇHIRACTERISTIC IuPEDANCE OF FREE 5p¡ç5 tl'l OhHS

EPSI ¿ DIELECTRIC CONSIANT OF FREE SPACE

SlEp * SP^T IAL S^HPLING It'lTt-RVÂL = TINC"VSÀll
Vr - IltPUT PULSE lO DELÂY LIt'¡E lN VOLT-SECoNDS

TYPICAL OATA INCLUOED IS FOR FILTERZ
I a l aa | + a t |+ +.a a a ita. a t | +a +.aa++" + ++" + a." i + 

' 
+ ++ +t t + 

' ++++a++ I a+o

I THIS PROGRAH ALSO REOUIRES SUBROUIINE PLT GIVEN IN APPETiDIX 48.
t +t t+a l+at a | ++al aa o+ t +l I tat ì++a a a+t. +alt++" t +t " 

t ]+ 
'l I +++i 

"t" 
o

DECLAR AT I ONS

T

c
c
c
c
c
c
c
c
t
I
I
I
a
I
I
I
Ð

I
T

c
a

c
¡
c
t
t
c
c
c
c
T

c
I

I

DtMEhSION FREA^ f 60r rrREo8 (601
D Ir'IENSI0N Ri'lA0 ( 60 )
otr,rENSIoN FREO(ó0t
Olrl€NSION ZRCR( 100) rOVLÂP(100)
Otr'!ENSIOI! XPA ( l0O ) rXLÀ Í 100 ) rXPB ( I 00 ) rXLB ( 100 I
COMPLEX A(1026, rB(1026) ¡Ylé0)
REAL C(601 r0(60) rGD(ó0)
REAL MAGD9(60)
REAL LAMDA
REAL LOSS (60)
C0¡,l140N / /A¡BtY

READ 7?7,T ITLE'NA I¡]9 rFO' RECRE' REORA

FORÌ'lÂT lA'y^ ç21?¡E9.?¡?T 10.?l

BASIC PAR/\HET€RS
PI=3. lal59¿és358979J
ETA = 337.
EPs f= I .8sE- I 2
EPS0.39.2lE-12
0ELTA=-9.38-4
7-0
VSAV - f,.159e'06
rIHE - 5.08-06
H . l0

777
*
c

I

c
I

OERTVED PARAI4ETERS

Nr 2 .. ð¡l
TINC . ÏIrlE/N
NAI - NAfl
NBI = ¡¡B.l
STEP:l INC4VSAH
CORNECI IOI'I I'IF-EOEO IN REOUC] ION RATIO
REoRC. REoRE/REoRA

PRtNI l03rI IILE'N^'NßrF0¡RÊ0RE rREDRÂ

103 FORMÄT (lHlr44XÐCLTISSIFtùÀllO¡l 0F PR0GeAH oAl0/
- 

l45xút{o or ovEfìLr\Ês IN TRA¡lSDUCFfì Â tÖ13'/
245XONO OF OVF.RLA¡:5 TN TRÀI'ISDUCE¡¡ g II¡3/
345XÜCENTR FREOUE¡ICY OF TRA¡.SDUCEP ¡ = +EIO.2/
4(5XðESl IHAIE0 RfCUCI ION RAI lO ,,î5.?/
545XóÀCTUAL RÈoUCfloN RAI lo ef5,¿//l

CALCULAI€ fHE FREOUËNCY IN ThI. OESIRED RANGE (?9'4ItHZ TO 39'2}IhZ)
0F . l./TIHE
0O30IÈ1r50
fREolI) o 0P{lI}l¿ról

3O CONI INIJE

(IENERAIC ELECIRODE POSIITONS ANO OVERLAPS FOR IRANSOUCER B

REA0 I r IIRCR(l! rI'l rNBl)
I r0RH^I (5Eló.8)

RE^O t r (0Vl.AP(I I I I'l rNRt
PntNt 2

c

c

t
c
a



A4s

2 FORHÁT (IH0TI0XcZEROCROSSINGS ANO OVEFLAPS 'THE PU|¡CHE0 OUTPUf FR0

cH IHE PREVl0l-is Pl<o9la^Ár/t

?

(I5r5XEl6.8r5xEl6.8)
t I I ¡L?.CR ( I ) T OVLAP ( I ) r l¡l ¡NB)
r ( I rZFCR ( I ) I I'l'1Bl rt¡l I I
(l5r5xEl6.8)
IE ELECTPO0¿ P05ITI0Ns IN 11M5

i 300./REoRE
€ REOFCaXPti(l)
s I ¡flB
) . Xpts(lr+VSA!lÐ(ZRCR(Jll)-ZRCR(1, ITREDRC

c

3 FORHÁ f
PRJNl 3
PR INT 4

4 F0R11Àl
CAL CUL iI
xPB(ll
xPts(t)
D05t
XPB(I.¡

c
5 CONT I I¡UE- õÃlcùl¡iE ovEpLAPS lN rlMS coRREsPoNDI¡lG ro A HAxIHrrr'r oVERLAP oF sHHs

XYZ : 0.0
OO6lclrNß
XYZ r AllAXl (ABS(0VLAP(I)) rXYZI

6 CONT INUE
O07I!lrNB
xLB (I I : AB5(OVLÀP(I) )r5.0rRE0cc/xYZ

7 COI'IT J NUE
PRINI ¿LECIROO€ POSIIIONS ANO OVERLAPS
PRINT 8

s þôR¡ìir-(lH0rt0)(rELEcTRooEs PosITIoNs Àt'lD ovERLAPS I¡i Hl{5 0F TRANSD

cucER 80l)
00 9 I = lrNB
PR¡NT l0 ¡l ¡XPB( I ) rXLB ( I )

l0 FORllAf (I l0rE22.5rEl6.5l
9 CONTINUE

PRIN'Ì ll r (ITXPB(I) rI=NBlrhBl)
ll FORH¡T (Il0rE22.5l

GENERAI€ ELECTROOE POSITIONS ÁND OVEPLAPS FOR TRANSDUCER A

OVTTTI¡PS Á ARE II.ICREASED 8Y 25 PERCENI OF IHE IIAXII'IIJH OVERLAP IN B

TO TÂÑE II'¡IO DIFFRACTION EfFECTS
riE ¿lÈCinOOE posIIIoNs ARE SO çH9OSEN 50 lrl¡T THE IIfiE FUNCIIgN IS
SYI{METRICAL OVER T/2

DO A0 I = t¡tlA
xLA(l) ' 6.25ëRE0RC

20 c0NTINUE
LAMDA ! VSÄI{/FO
XPA(l¡ - ?5,?/REDRE
0O2It=lrNA
XPÂ(I.I )' XPA(I) TREDRCTLÂP.ÐA/z.

2I CONT I¡]UE
PRINI 22

2¿ FoRMÄl (lH0rl0XIELECfRoDE P0SIIIoNS AND ovERLAPS IN ¡lMS 0F TRANSOU

ccER Arll
00231.1rN4
PRtNl l0rIrXPA(I) tXLA(I)

23 CONlINUE
PRINI tl ¡ ( I rXPA(I) rI'ò¿AlrNAl)

ASSUME THÄT THE SIGN OF THE FIELO ÂLTERNÀTES IN EACH GAP AND THÀT THE

FIRST GAP HAS POSITIVE ELECIRIC FIELD
lésur¡r tHAT THÊ GÂP FUr'lcTIoN I5 FoRM sIN lPl/?, 1o slN(3PIl2)
Th'E TFT OP€RÀTES ON zT+F POJNTS

SI6N=-l
NSTEP. XPA(I}./STEP
00 600 NS=ITNSTEP
A(NS).(0.¡0.)
ACON - P¡{ (EPS0.EPSIt/(EPSIÞ1.854)
DO 601 I-l rllÂ
sIGN.-1.õSIGN
¡51EP=XPA ( Ir I ) /STEP-NS
NS5=NS+l
NSE¡¡¡S l¡lSlEP
GA.ÀPA(I'ìt-XÍ14(I)
AHPr,\CONTXLA(lllGA
DO óOe flS.NSS¡N5E
ARG = (NSÞ5TEP-XPA(I))IPIlGA
ÀR-AþP+COS(/rRG)oSIGN
AlNs)-CMPLX(AR¡Z)
CONT INUE
CONT INUE
NSS¡NSt I
OO 603 NS¡NSSTN
A(N51.(0'r0.)

PRINI OAP TUI¡CIION A

PRINI ó50
FOQH^I (d0^¡IPLI lll0E Ft,NCIl0h 

^a//lNSIEP - xPA(¡)/slLP
OOó5lI¡fJSTEPrll5Sr4
PRINI 652.I ¡ (À( leJ-l ) rJclr4l
FORH^llI5tBEl5.3l
CON I I NUI:

O^P FUNCTTON FOR TRANSDIJCER B

SIGN¡-l
NsTrP n xP8(l)/STF:P
NSS.tisI EP

a
c
c
c
c
c
+

t
c
c
c
c

é00

60?
601

ó03
c

ó50

63?
65t
c
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0O 700 I'lSEl TNSTEP
700 Bl¡{S).(0.r0.1

00 70t Iol rNB
SIGN'-l rS IGN
}¡STEP-XPB ( I. I ) /STEP-NS
¡¡SS'NSfl
NSE'¡{5. NSTEP
GB-XFB(¡+l)-XPB(I,
BHP¡AC0Nú,(LÊJ(I)/GÐ
00 702 t¡S'NSSrNSE
8R6 : (tt5{STtP-XPú(lltaPl/cg
EREBUP*5 1 c¡¡ÞCoS ( BRG)
B(¡lSlrCl-IPLXIBRTZ)

702 CONI INUE
?OI CONlINUE

NSEI =NSE¡ I
DO 703 NS-NSEIrN

?03 B(ÀlSt-(0.r0.)
C PRINI GAP FUNCTION ô

PRINT ?50
?50 FORHÀT (Þ0AMPLITUDE FUNCTIOtt Bøl,/)

D0 751 I=NSÉlrtlSElr4
PRINI ?52r ¡, 161 ¡rJ-ll rJ:lr4)

75? F0R11ÀT(I5rBEl5.3)
75t CoNI¡¡lUE
C COMPUTE INTEGRAL TRA¡IsFORI4 OF TFANSOUCER A

0XY=S T EP
C^LL BFASf (Arl{rrl. r0XY)
F JNC=DXY{VSAU
PRINI 8OO

800 FORMAT (IHIT40XTFREOUENCY RESPONSE 0F TRANSDUCER Aþ//
r5XÞ J¡iDEX+8XéFREOIJtNCY ( vHZ ) ¡8XÕREAL PARIü I lXÞ IMAG PARTÐ/)
PRINT 80lr (ITFRF-Q(l) 

'AlI.I47) ¡I.lr50l
80t FORMAT (18r3Ê20.5)

C PLOT ThE FREOUENCY RESPONSE OF IRAI'ISOUCER A IN RELATIVE sCÄLE
xYZ ã 0.0
008031¡1150
xYZ = AMAXI (XYZTCABS(A(.I+147)),

803 CONTINUE
D0A04I,lr50
FREoA(I¡ = 100.+CABS(A(Irl47))/XYZ

804 CONTINUE
CALL PLT(50rlrFRE0A)
PRINI 805

805 FORMAT (tH0rl0XrPLOT OF FREOUãNCY RESPONSE OF IRANSOUCER A'l)
T

C COI'IPUIE INTEoRAL TRANSf,ORM OF TRA¡ISDUCER 8
Dx Y=ST EP
CALL BFAST (BTI'IT-I. IDXY)
F I NC=DXY}VSAW
PRINT 9OO

9OO FORI.IAT (IHII4OX*FREOUENCY RESPO¡¡5E OF TRANSDUCER 8+//
rsxÞIt\DEXoBXeFREOUENCY(rHZt è8xtRE¡L PART+I lxÞIHAG PARTÞ/l

PRINT S0lr (lrFREO(It tB(Ir147) t I'1t50)
C PLOT THE FREOUENCY RESPONSE OF IRANSDUCER B IN RELÀIIVE SCALE

XYZ . 0.0
0o90lI=1150
XYZ - AHÀXI (XYZICABS¡g¡¡TI 7) I I

9OI CONTINUE
00902I'1150
FRËOB(I) . I00.rCABS(8lIrl47) ),/XYZ

902 EONTINUE
C'ALL PLT(50rlrFRE08)
PRINI 903

903 FORMÂT (lh0rt0XIPLOI OF FRtoUEl'lCY RESPONSE 0F TRANSOUCER 8å/)

C COMPUTE TRÀ¡\SADHITTANCE Y(I) IIHOS

PRINT IOOO
IOOO FORi',IAf(IIOELAY LINT, TRANSÂCHIfTÀNCEÞ,'T FREOUFNCYTIOXSCONPLEX Y(T)T

c51ëÈtÂ GN t luDeo5x¿pt-iAsE+9.\ÞGtioUP 0ELAY Ð5XÐ¡l^GN I TU0E r )

PRINf I OO4

1004 FOÊHÂl (ixÞhERrze 'xÈREALctxr IHr\GÐBXIHHOSTóXTDEGREEST?XcSEC0N05Ó9XlD
ðL.CIBELS{/'

DELF: ¿.ÞPI}FINC
RADlDUc.l80./Pl
c0NKK--p t¿ (Eps lrÞ¿) ðoELlA/ (xLa ( t ¡ r (EPS f +EPSQ) I
CO¡IKK¡Co|rKKr ¿./ I 000.

ÀPFLY IHE CORRËCllON DUE fO l?F/FrFOt UHICH tr^S Nol 8E

ACCOI,JNI IN fTIE 5YN]HE5IS PhOSEFUKE 8UI FFf GIVES RISE
fH¡\l IS tlULllPLY Y¿I 8Y lF.F0/?Fl

3

t
c
c
c
I

EN
ï0

T¡IKEN INTO
ThIS FACfOR

O0 l00l I . lr50
Y tI I . - (FO.DFÐ t ¡.1{ól i"co¡xKoÀ ( I } l{7)oB( 1.147, /?.
Cf ¡) . C^llS(Y(t))
xx.RE^L(Y(l))
YY¡ÀIM^t!(Y(1))
Dt t )-ÂrAN? (YY rXXl ¡RADT0E6
coN I I NtJE
D0l002IrZr50

l00l
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GOII-ll - (O(I-l)-0(I))/(DELFDFADT0EGt
I OO2 CONI JNUE

XYZ - 0.0
D0 100ó I'lr50
XYZ ¡ AHAXI(C(l)rXYZt

100ó coNT Ir¡uE
OOl007I-1r50
MAGDB(I) ' ¿0.rAL0Gl0 tClll/\YZl
RMAG(It . l00.oC(lr/XYZ

1007 c0NT llluE
PRINi loo3 r (FREQ (I )'Y( tl ¡c (I) r0(IlrGD( I) rMÂGoB(I) r I=l r49t

1003 FORIa^I (5Eì2.3¡E15.3'El6.fl
PRlr'lf 1005r (FRE0 ( I ) I Y ( I ) rC ( I) rD( l) rMÂGOB ( I l¡ I=50 t50)

1005 FoRHÂT (sEl2.3'É11.3)
CALL PLTl50rI ¡MAGDð)
CALL PLT(50rlrFHAGl

ESTIMAIE TTÍE EXPECIfO TNSERTIONLOSS OF ThE FILTER HhEN THE APODISED

TRANSDUCER IS TERI.IINATEO II\ A KI¡OTN ADIlITIANCE LOAO

CALL INLOSS (50 ¡FREOrC rL0S5¡ T ITLE)

PLOT ThE RESPONSE IN D8 sCÂL€

sr0P
END

DECLÂRAT IONS

REAL L2
OIIIENSION DA (60)
REAL LOSS (60)
OJHENSlON FRE0(2) rY?l l2)
DI¡lE¡¡SIoN G(ó0) tC{60) 'YL(60¡COMPLEI Y (ó0) rA (ó01
C0HPLEX 5rZ

TNPUI ADM¡ITANCE OF THE AI'IPLIFIER IN }IILLIHHOS AÌ']O PICOTARADS

O0 I I . lrN
G(I) . 16.65
Cll).3.5

I CONIINUÉ
I NOUCTÁNCE

LZ . 0.059
C2 . 26.5
PY E 4.0àAlANZ(l.rl.l
CONVERI IHT OUANITTIES INIO PROFER SI UNITS
L2 ' L2.t.E-06
cZ r carl.E-12

4

c¡
c
c
a

I

c
I

I

c
c
c
c
c
I

c
c
c
c
c
c
c
c
c
c
c
c
I

c
c
c
c
c
T

c
I

c
t

SUBROUIINE INLOSS (N rFREQrY2l tL0SS TTITLE)

SUEROUTINE INLOSS CALCULAIES THE INSERTIOI'ILOSS'KNOI¿ING THE lRANSAOHITTA¡ICE

ANoIHELoA0ÂoHITfANCEcot\NEcTEoAcRosSTHEAPo0IsÊDTFANSDUCER
USE IHE FORHULA JNLOSS = 20.'ÂLOGIO (Y2IlYLOÄD)
YLoAoIScÀLcULATEoESTIMÂ.|INGTI.IEVÀRIoUScIRcUJIELE¡IENTSAIi0HEASURING
riE'iNpur Â0rlITtAHcE OF thE pREAtIpLIFIER TERHINATINc tI riIIH A s0 ohM LoAo

THE EFFECl OF STRAY JNDUCIÀ¡'¡CES UERE NEGLECTED
Câ-CÃp¡ðlr¡¡¡cE oF ,lPooISEo TRANsoUcER . cAPAClfAr'rcES oF cONliEcI ING r{IREs
r CAPACIIANCE OF 8NC CON¡iECTOÍ'S ANO THE COAXIAL CAELE UPTO ThE INPUT OF

THE PREAIlPLIFIER
THE INPUT ADì'.I¡TTANCE OF IhE PREA¡IPLIFILR I{AS TAKEN IO BE CONSTÂNT

Or CóNDUCT,1¡¡çE oF l6.o HILLIMHC5 A¡¡D A SUSPECIÀNCE C9RRESP9NpINc T0 Â

CAPACTTAI]CE OF-5 PICOFARÀ05
NOlE THAT THE BRIDCE BALANCES THE IIìDUCTIVE REACTAI{CE AS TI'iE IìEGÄfIVE
OF TIiE CAPACITIVE REACTANCE
iHe Êcu¡vnt-eñr clnculr cor{sIsrs oF a cuRRENf cENERAI0R tr IN PARALLEL

!lITh TOT^L CAPACITAÀrCE C2rlr'l PARÀLLEL llITh ToIAL IN0UCTANCE L2tÀftD THE

JNPUT ADHITfANCE YIN CoNi'ìECIED,\cR05s L2 Al'¡D C2'

NOTE THE PRE AI,TPLIFIER I{AS ACTUALLY CONNECTEO TO THE FILIER GIJ IIITH A

SHoRIcAEL¿oF2lcl{LoNGINsTEADoFAI'IALEIoMALEBNCCoÑl¡ECT0Rl
HENCE lHE LARGE VALUES OF lOTAL CÂPICITA¡JCE C2
lÑpui onrl REouIRED IsTHEAsURED INPUI ¡\ND oufPUTvoLlAGEs AND fhE
CAPACITi\I.¡C¿ AND COÌ'¡DUCTANCE OF THE PRE AHPLIFIER

CLASSIFICATION OF PROGRAH P/Og/I/P?'

c
c

c
T

t
c

I
c

tN HICROTIENRIES AND CAPACIIANCE JN PICOF¡\RAOS

002
o(1,
crlt

I - lrN
.0(I)rl.E-03
- c(ItÞ1.08-12
NUE

CALCULÂTF. IhE INPUI AONTTI/INCE OF T}IE AMPLII'IER
Oo 50 I ¡ lrN
R r 2.ÞPYrÍHË(¡tlt

CONT I¿
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C(I) ' -cl¡)rR
Y(I) - Cl'rPLXl6(lttC(¡1,

5O CONT INUE
I
C CALCULATE lhE LOAO AOI{IIIANCE OF ThE FILTER

0O5tIalrN
R .2.iPY+FREotIl
S ¡ CHPLX 10. 'lì)ÂlIt . LZcc2ry(I)ÞStS r C2{5 | Y(¡)
YLIL 'CABs(All)l5I CONTINUE

a
t

PRINÎ 54
54 FORM^T 11¡¡¡5XTINDEXÐ9X¡FREQUE¡ICYTBXTINPUT ADMTTTANCE 0F AFPLIFIER

I (HHOS)Þ5XúLOAD ADHiIf,llrCE CF THE FIl.-TErl(HHOS)È4XüABS LOAD ADHIIT/
??3X+ tiTtet3r'REAL p¡ni"i ix. tuao PAIITÕt lxàREAL PÀRIsl lxllr'lAG PART'l

32Xr (HHoS ! ã// )-päI¡¡i ãór ( I rFRE0 ( I) rY (1) rA( I) rYL (I ) rI-l rNl
20 FORMÄT (Il0róE?0.31

CALCIJLATE IHE ¡NSERTION LO55 BY OIVIOTNG Y2I BY Â

D0 5 I ' lrN
LoSSII ). = 20.oALoGt0 (Y?l ( I)/YL (Il,

5 CONTINUE

T

c
I

I

T

c
c
t

a

c

XYZ ¡ -l.oErl0
D04I.lrN
XYZ ¡ ÀMAXI (XYZtLO55(I) I

4 CONTINUE
DO ó I - lrN
OB(I)'Losslll-xYZ

6 CONÎINUE
PRINI I9

ls rôRilÅr 
- 

r lHI r6x"I¡'OEX' T gXTFRE0UENCYT4XTABS f RANSFER AOHIT+2XÞABS LO

I AD ADI{l TrANceozxr rÑCEniloN LosaÞ/23xr (Hz) al4x{ (HHos I rt4x{ (HHos ) rl4
3X4lo8l*//,-Þnrnï 3r ( I rFREo (I )' Y2I (I) ¡lL (r) rLoss(I) rDB( I ) I I=l rNl

3 FORMAT (Il0r5E20.3l
CALL PLT (Nr I r0B)
CALL PLOII0 (5H1{EBP6r5l
CALL GRr\PH tl ITLE rFREQ rDBrN)
RETURN
END

SUBROUI INE GRAPH (TITLETX rY rl'lQl

SUBROUTINE GRAPH PLOTS IHE FREOUENCY RESPONSE IN DB SCALE UITH REFERENCE

ZERO LEVEL AND -50 DS ÐELOh

DIHENSIoN X (21 rY (21

PLOT THE lIILE OF THE PÀTTERN
CÃt-t sv¡eor (o"0.t0.2r9hFAlrERN tr0'r9)
CALL SYHEJOL (2'0r0' r 0.2rT lTLEr0' r9)
CALL PLOT(10.r0.r-31

SELECT ONE LAST EXIRÀ POIN.I FOR SUITABLE SCALE

TIME - 5.08-06
OF = l./lIME
N0l ' l.¡Qrl
x(Nolt e X(N0)'OF
Yl¡iol) á -50.0
ARRANGE THE RESPONSE LESS.THAN 50 DB

DOlt=lrNO
IF(Y(I).L8.-5,r.)YtIt - -50'0

I coNIINUE
SELECT TI'IE X AND Y AXIS SCÀLES
CALL SCALE 1¡rll.0rNùlrl)
C^LL SCALE (Y I l0.0 rl\01r I I
PLOI ThE AXIS
cÃut- ¡rxis (0. o, o. o, gHFRÊouEÌ\cY r-9 r I I' 0 I 0' 0 I X (Nol r I ) ¡ X (N0 I rz ) r 0 )

CALL 
^XI5 

(0. ¡0. r l ghY?l rUB t- H€ORETICAL) rrlgr l0' r90' rY (N0lrl ) rY (N0lr

¡2¡r-It
RflSTOFE IHE AXTS ANO SCÀLE FACTOR INfHE LAST 8UI BUT ONE ARRAY

X(NArl) - X(N0Ioll
X INO+21 . X (Nùl '?¡Y(NOrì) ' Y(N0l'll
Y(NO¡?) ' Y(N0lr¿l
Ëiõi ií¡E No poiNTs BY JoINING lHt-H IN STRIGHT LINEs
C^LL LINE (XrYrNOr Ir0r0ì
RESEI rHE 0RI6N T0 (0r01
C^t-L PL0I (ì5r0.r-31
RE I URN
Eilf)

+
c

c

c

c

c

c
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SUBROUI INE EFASI (Y rHrSl6NrOIY )

SUSROUTTNE FOE THE C,LCIJLAÍION O' EIÍHER THE FORIÂRD OR

IÑVERSE FOUPIÉfT TRÂIìSFOf<M OF A COI{PLËX SEOUENCE Y USINC IhE
FAST FOURIER TRANSFOFH (FFT' ÂLGORJTHH.

M

Y tS A COÈIPLEX ARRAY OF OIIIE¡ISION 2 AÑD IS EOIH ThE I¡¡PUI
AND OUIPUI SEOUEIICE OF IhE SUBKOUIINE.

PRESENI DINENSIo¡15 LII{ITr¿ðÞ10

6

a
I
a
I
l
I
I
l
I
I
a
I
I
ð
a
É
I
I

.l
t
t
t
I
t
I
t
IÍ
I
a
.t

FAS T
FA ST
F ASI
FAST
tASl
rAS T

20
30
40
50
ó0
70

FASÎ 90
FAST I OO

FAST 280

OXY A IHE SÁMPLE 5PACING FOR THE TNPUI ARRÀY Y.
PONDING SAMPLE SPACING lN THE TriÀNSFORH 0014,\lN

FAST IIO
THE CORRES:

IS OU1PUT IN DXY

FOR TIr{E TO fREOUEIICY TRÀNSFORMATIONT
FOR FREOUeNCY l0 TIME IRAhSFORMATIONT

FoURIER AñALYSIS' CxY : DT
FOURIER SYNIHESIST CXY: OF

SIGN
SIGN

= -1.0
- .1.0

FÂ 5T
FASf
FAST

140
150
160

-l
=l

FOR
FOR

.o/ l?4rMl

.0

SUBROLITINE CON 5ETS UP A CONVERSION TASLE TO REARRANGE THE FAST I8O
I¡rpUT ARRAy FoR pROCESS¡NG. FAST 190

FASI 2OO

SUBROUT¡NE TABLE SETS UP A TABLE OF ÄLL SINES AT'¡D COSINES FAST 2IO
USEO IN SUBROUTINE ÍASI. fASl ??O

FAST ?30
SUBROUTINE EFAST JS HODIFIED VERSION OF SUBROUTINE FAST lIRIITEII ?/5/7?
otr 2 MAY 1972

FAST ?60
FAST 270

COHPLEX ArUrHrT¡Y F^ST 290
DIHENSIoN À(1024)rY(2) FASI 300
co¡,lMoN ,/PERI|/HH ( lO24) FAST 310
coMMoN /1AS/rC(t0trT5(t-0) FASI 320
DATA MSEI/O/ FAST 330

FAST 340
IF {MSET.EO.M} GOIO I FAST 350
CALL IABLEIMI FASÍ 360
CALL CON ( I,t ) . f AsT 37 0

MSEI.il FAST 380
N,2"{M 'ASI 

430
CONTINUE FAST 4OO

FAST 390
D0 7 I=l rN
J-ÈlH ( I I
A(1)-Y(J)

t

t

t
30

l0

?0
à

D0 20 L-lrH
LE=2!.L
LE I -L E/2
U.(1.0r0.0)
l{-CMPLX (TC (L) rTS (L, {SIGN)
DO ?0J-l rLEl
0O l0 I-JrN¡LE
IP=IfLEl
T,A(IPlrU
A(JPl=À(I)-T
A(I)=Â(I)rl
CONT I NUE
U ËUoti
CON T I NUE

FASÏ
FAST
FÀ 5T
FAST
FAS T
FASÏ
F AST
FÂSf
FAS T

FAST
FÄ ST
FAST
F AST
FAST
F,15 7
FASÏ
F^Sf

470
480
490
s00
510
520
530
540
s50
560
570
580
590
600
ót0
ó20
ó60O0 30 l=lrl.l

YlIl'^(I)ÞDXl
CONT I NUE

DXY'ì./ (0XYfN)

FASI 6A0
FAST I70

RETUR N

END 8FÀST
SUßROUT II'JE TAELE (HI
COI.iMON /1 

^8/lC 
(ì0) rTS(10)

PtÈ4.0ð/tTÀl'¿¿ ( I.0r I.0)
00ll=ltll
TC ( I f'CoS lPl/ l?4r ( I-l ) ) )
TS(I)=SIN lPl/t (?r' lI-I) I )
F E TtJfì N

ENO
s(,tìR0ul INe c0N (ll )

INIEGtR ÀrI
coMÌ.roN /?eRH/ A(¡0¿4)
NEe Þ. H

NVZ rN,/ 2
NHI.N-¡
J.l
DOI l.l rN

^(l)rI

FAST
FA5T
FAST
T ABL
T A8L
f^ 0L
I A8L
lÄ8L
I /r8L
T Af.IL
I A8L
coN
coN
coN
c0N
c0N
c0N
c0N
coN
coN

700
690
760
l0
20
30
40
50
60
t0
BO

l0
?0
30
40
50
ó0
70
AO

90
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OATA

09 / I /P?Oq7 134.?0¡_. 06 ?5 -2
1.94354258E-06 1.954751ì98-06
?.03¿?4573E_06 2.05I987ù7Ë_06
?-,lt246la1F.-06 2. lì506609E-06

2.8849339IE-06 2.88753613E-06
?.94e01293E-0ó ?,967754?7F--06

A50

9.9t7l49tlE-03
-4.784IlZ53E-03

1.466031708-03
-ó.27833231E-03

ó.933962sqE-03
-ì.610292478-02
3.468906t0E-02

-3.7108I676E-02
t.e9400226E-02

-7.t0a67ì06E-03
5.524539 I 3t--03

-1.s9909?2ìE-03
3.03438¿|958-03

-B.tl89B¿.749E-03

DO 7 I.l rNttl
, T(I.CE.J)GOT05
Ts^ lJl
A(Jl.A(Il
A(Il'1
K =tlV 2
IF(X.GE.J¡6OIO7
J'J-K
KaK/2
GOTO 6
J=J+K
RETUR N

END

I
coN
coN
c0N
c0N
c0N
coN
c0N
c0N
coN
coN
c0N
coN
c0N

100
ll0
120
t30
140
150
160
170
lB0
t90
200
210
?¿0

7

I

c
I

P/

2.186468A7E-0ó
?.2676649c'E-06
2.3478?831E-06
2.41919012E-0É)
2.49?6Ê451t8-06
2.56591 623E-06
2.639373?BE-0ó
?.71373062E-06
2.7eet9663E-0ó

2.20tfJ0337E-06
?.286¿693trE-06
?.360626? 2l- o6
?.4J40?37 7 E- 06
2.507315q6E-06
2.5B0609BflE-0ó
2.65210t69E-06
2.73?33545E-06
z.8t3s3I ì3E-06

?5,40
I .98077ó7¿E-06
?.067797 971-Q6
¿,t?852'¿?LE-06
2.21?0l0q9e-06
2.30231e09E-06
2.37560815E-06
¿ .44A67 141 l-O5
2.5220050IE-06
?.595??57?l-O6
u.667055t88-06
?.7513528?t-06
2.829s97808-06
?.9020?297€-06
?.986972468--0f)

I.99676s3tE-0ó
?.0830653ìE-06
2.ì4341503¿-0f,
? .2:J25?O 4 3t--0 6
? .317 7 0l 1 et-0 6
2.390t7964E-0ó
2.463329ó3E-06
2.53667037E-06
2.60982032t-06
2.6A2?e2?ll-a6
? .7 67 t+7957 E-O6
?.8565849eE-06
2.91693419E-0ó
3.00321469E-06

2.0t302754E-0ó
2 .091 97 7 0iE-0 6

". 
t7 040¿?01-06

2.2r,e647 tnE-06
¿.33?-944 A?E-06
2 ,4Otrl7 4?A€.-06
2.477994998-06
2.ssl32B53E-06
2.6a419185E-06
2.6976tJ791E-0ó
2.782939518-0ó
2.8? 147779E-06
2.93?202038-06
3.0Ie¿?3e8E-06

3.045?4881E-06
t.04201s07E-02

-4.992330138-03
L638024691--05

-4.5ó0ó3397E-03
4.65853s02E-03

-4.96352437E-03
2.78809952E-02

-3.98¿o23s9E-02
?.'l 8809952t-0?

-4.9635?437E-03
4.65853502E-03

-4.56063397E-03
1.638024ó9E-05

-4.9923:J0l3E-03
t.0420I507E-02
-4.0008+01
-1.592E+01
-8.995Er00
-7.7ì6E-01

0.
-l.2l0E+00
-6.?45E+00
-2. l4lEr0l
-4.60¿e.01
-3.285r:+01
-1.860f:r0l
-9.658Er00
-8.050E-01
-6. t72E-l¿r
-l.3g7E|00
-6.748E.00
-2.127E.01
-5.594€r0l

3.0564s742E-06
-1.I27223608-02
5.2110¿9438-03

-7.885I40098-04
5.85360130E-03

-6.0372638¿E-03
t,27?Ol9A?t-02

-3,154299t3E-02
3.863¿ll3tE-02

-?.39359564E-02
ó.36436¿t5E-03

-4.5BBl?900E-03
2.5t3¿00898-03

-t.01680096E-03
6.0281 ¿900E-03

-8.88984?49E-03
3.03438495E-03

-1.59909'l¿lE-03
5.524539IJE..03

-7.r0267106È-03
t.9.)400226E-02

-3.710816768-02
3.4689061 0E-02

-t.61029247E-0?
ó.93396e54F--03

-6.2783123IE-03
I.46603170E-03

-4.7A4t1253E-03
9.9t7t49llE-03

6.0284?900E-03
-ì.0ì640096E-03

2.51320089E-03
-4.588I7900E-03

6.36436215E-03
-2.39359564E-02
3.8ó32ll3lE-02

..3.154299138-0?
| .27 z0l982l-02

-ó.037263428-03
5.85360130E-03

-7.885I4009E-04
5.277 0U 943E-03

-l.l?1??360E-0?

-2.912E.01
-?.250E.01
-6.375Er00
-3.999E-0 I
-{.35ôE-02
-1.7778r0t)
-B.l79E+00
-¿.602E+01
-4,60¿E.0 I
-2,5348r01
-2.0?¿E |0 I
-6.792Er00
-5.6 I 3E-0 I
-t.¡3óE-02
-1.900ã{0ù
-B.40AE+t)0
-2.507Er01
-5.463E.01

-2.250Er01
-4.000E+01
-4,543E+00
-2.t99E-01
-t.3t3E-01
-2.499E.00
-I.003t+01
-3.045E+0I

-l.B79Eì01
-2.194E+01
-3.093¿+00
-8.7308-02
-¿ . 64 6E-0 I
-3.223E.00
-1.¿2¿E+01
-3.398E.01

-1.677E+01
-t.619E.01
-2.047 E+ 00

0.
-4.4558-01
-4.293Er00
-l.5l4E'01
-4.0008r01

-I.4B9Er0l
-l.u 22Er0l
-1.310E100

0.
-7.71óE-01
-5.3528r00
-l.B06Er0l
-4.602E+01

-2.I08Er01
-2. lJ5E+01
-4.6078r00
-4.069E-01
-I.t32E-01
-?.517Er00
-l.0l5E.CI
-2.960E+01

-1.863E.01
-2.034E+0I
-3.019Ef00
-2.a22F_- 0l
-3.098E-01
-3.273Er00
-1.258Er01
-3.5I2Erol

-1.752Er01_l.7ltE.0l
-1.9288+00
-t.637E-01
-s.9l7E-0 I
-4.206E+00
-I.51ìE.01
-4.¡99El0l

-1.757E+01
-t.3?0E+01
-l '2268.00-6.049E-0¿
-9.543F-0I
-5.355Er00
-1.7988.01
-5.0138+01



451

A6 PROGRAM Y22APOD: INPUT ADMITTA}ICE OF APODIZED TRANSDUCER

46.1 Flow Chart

Entry

END

Print and plot g(rrr),8(or) and
tcT

Calculate static caPacitive
reactance of apodized trans-

Calculate B(ur) using Hilbert
transform

Evaluate G (ur) by summing rad-
iation conductance of each

striP

Calculate radiation conduct-
ance of each striP usíng FFT

routine

Generate source function of
each stri

laps into uniform
strips of unequal widths

e overDiv

Generate overlaPs and gaP-
osition domainwidths in

Overlaps Ç gaptvidths
of apodized transducer'
saw velocity, reduction
iatio, and rnaterial
parameters

Read:
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^6.2 
Listins of Y22AP0D

I
PROGR^H Y22APOO I IHPUT T0UTPUT rPUNClll

fhIS PNOG2ÂM CU¡IPI]TES IFF. JÀ¡PUI ÀDI.IITTANCE OT A 6IVEN îSANSOUCER

SPECIFIEO 8Y Tf OVFRLAPS AIID ZEPOCROSSINGS
IHIS TS APPLICAELE FOE ÉITHER UIIIFOJ?H fRANSOUCERS OR APODISEO

T R ¿1NSOUC ER
IþE OVER.APS ARE OIVTDEO INTO U}¡¡FORIl STRIPS 8Uf IJITH UNEOUAL }IIOTHS

ThE BAgIC EXCJTATIOl'¡ CËLL FOR ThE lRAI'ISOIJCERS I5 ASSUUED TO BE IHE GAP

BETHF:EN Â PAIR OF ELECTÊODES.
i¡r ç¿r_t I¡CLUO¿S Ãr¡ er-¿CrnoO¿ l-tALF HIpTtl ON EAC¡ SIOE sET EqUAL T0 A

OUARfER CELL HIOTH.
ThE FEOUIPEO INPUT DATÂ AFE.
xP^(t)r POSITIoII oF F,LECTRoDE I IN líìÂNSDUCER A fIN HILLIT'IETRESI
XLAII)i OVEF'LAP LEI¡GTh OF CELL I (TN MILLIÈ{ETRES)
Ì¡A ¡. NUrrBfR 0F GAPS ¡il lA
VSA!.- SURFACE V€LOCIlY ( IN Ml4lSECl
GA T INTTIAL GAP IDIH (IN MH) TA

TINC. SAHPLII¡6 TIHE INIÊRVAL
H . LOG(8ASE 2) OF NUMÍJÊR OF SAHPLES
TITLE. IDENfIFIER oF Tr.iE PARTICITLaR DELAY LINE

EIA È CI'{ARACfERISTIC THPEDANCE OF FREE SP^CE IN oHHS

EPSI = 0IELECTRIC C0NSTAI/l 0F FREE sPAcE
SIEP ' SPATTAL SAI4PLING INTERv^L = TINCÕVSAU

fYPICAL DATA INCLUDEO IS FCR FILTER

I I +a al l+f a aa + +aatl a ¡ a ial a +t+i r 1+ ++l +aa++ t cI l +++ti' + '++ + + I +" '+" 
+

o lHIS PROGRÀ!1 
^LSO 

REOUIRES SUBROUIINE PLI GIVEN IN APPENDIX A8 '
i a +taa a ia i ta ta a o t a a '+a t + a t a l l+ a t a ++ a ll +. I o.l I l aa.+l t++ ++ + + ' +++++l

DECLARAT I ONS

c
c
c
c
c

c
c
c
c
c
I
I
I
I
I
+
t
c
I

c
$
c
I

c
t
c
c
c
I

c
I

DJMEhS¡0N Bl (50)
c0üPLEX B (2048)
0It{ENSI0N YII (50r3ól
Oll'lEt{SI0N FREù(ó0t
OIIIENSIoI'¡ ZRCR ( Ì 00) r0vLAP ( I 00)
OIME¡tSI0N G(50)
OI¡,lEñSIoN sT (100) rLlì001
0JMENSIoN xPB ( ì001 rXLB (100)
REAI- MÂ6DB ( 6O I
FEAL LANOA
C0l.lH0N BrYll

I

t
c

READ TTTTTITLETNATNB,F0TRECRETREDRA
?7? FORMAT (Á9r?12rE9.2r2F10.2)

EASIC PARAÈ!ETERS
P f c3 . l4 I 592 65 3589793
ETÂ . 337.
EPSIaB.B5E-12
EPSA'39,21E-12
DELTA =.9 .3E-4
Z¿0
VSAlr.3.175E.0ó
TIME - 5.08-06
¡l - t0

OERIVEO PARAMETERS

N12. r+H
TINC = TIME/N
NAT a NA'I
NQI ' NíÌ+l
STEPÉIINC{VS^H
YIICON - 2.üPIÞ(EPSIèÞ2) ÞDELTA/(1000.Þ(EPSI+EPSQ),
SFCOi\' PJÞ(EPSôTEPSI l/{l.854oFPSI)
CORRECTION NEEDEO IN REOUCIION RATIO
REDRÇ I REDRE/REDRA

PRINT l03rlITLErNÂrllBrF0rREDRÊ TRE0RA

¡03 roRIrôT (lHI'44XeCLAsSIFIC,lrl0N oF PRoGRA4 rAl0/
l45X.NO OF OVEñL^PS IN fR^lrSDUCER A toI3/
245XófiO OF 0VEt¡L¡\PS IN TrìANS0UCEp g rrlJ/
345XlCEl'¡Tlì TREOUENCY OF'IR^NSDUCER A = oEl0'?/
445XÞESTtH^lED RE0UCTION RÀl lO -o15.?/
5{r5Xò^CTU^L REDtICI I0N RÀTI0 èF5.?//l

CALCULÀTE THE FREOUENCY IN fHE O¡:SIR€D RANGE I29'4I{hZ TO 39'ZHHZ)
0F . l./llHE
0ù30I¡1150
FREo(lt o 0Fcl¡fl46l

3O CONT INUE

OENENAI€ EL€CTROOE FOSIIIO¡I5 AND OVERLAPS fOR IFA¡¡SOUCER B

FEAD tr (ZRCRf I) rI-lrNBll
I FORNÂI (5EIÁ.8)

FF^D t r (OVt-APl It rl-lrNB)
PRINI ¿

c

I

c
I

t
c
I

c



c
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¿

2 FORHÂT (IHO¡IOX'ZEROCIìOSSJÀT,S AIIO OVEPLAPS 'IHE 
PUI'{CHED OUTPUI ÍRO

CH TIIE PRE V I OUS PROGRA¡'!¡/ )

3 F0Rl{Âl ( I5r5¡El6.Br5xEl6.8l
PRItII 3r I ITZRCR (I ) rOVL^P(Il rI:l rNB)
PRINI 4r (IrZqCR (I ) I l-tJ8l rNÉl)

4 FORH^I (15r5¡El ó.8)
cALCUL'\TE ELECtR00F_ PoSITI0lS IN l{HS
XPBll, ' ?54./REOPF-
XPB(I) r RE0PCãXPB(¡,
00 5 I ¡ lrNB
)(p0(lrl, - AP}(t).vsAt{t(zRcR(Irlr-zRcR(I) )¡PEDRC

5 CONI ¡NUE
C,\LCIJLATE OVERLAPS IN I{HS CORRESPOI¿DIN6 TO A HAX II'!UH OVERLAP OF sHI'IS

XYZ ¡ 0.0
O06lslrNB
XYZ ' AMAXI (aBS(0VLAP(I) ) rxYZ)

6 CONIINUE
007lclrNB
XL8( lt ¡ ABS(oVLÂP(ll )É5.0rREDRC/X\Z

7 CONTINUE
PRIN'f ELECTROOE POSITION5 ANO OVERLAPS
PRINT 8

8 FORHÂT 
''NO'¡0¡*ELECÍROOES 

POSITIONS AND OVERL/ÍIPS IN HHS OF TRANSD

cucER 80l)
0091=lrNB
PRINI l0rI rXPB(I) rXLB (I)

l0 F0R¡lAl (tl0rE2?.5rE16.5)
9 CONIINUE-

PRINI tl r (ITXPB(Il rI-NBlrltlll
ll FORM,rT lIl0rE22.5)

COÀ]SIOER ThE OVERLAPS ONLY OVER IHE HALF RANGE

NMID - NBI/2
NHIDI r NHI0{l
xLB(NHJ0lt - 0.0
0O 300 I r lrNHIDl
sT(¡t ' xL8(I)

3OO CONTI¡¡UE
ÂRRAÑG¡: IHE OVERLAPS IN ASCEì¡OING OROER

CALL STRIP lNt{IDl r9l rXLB rL)
PRINT 3O I

301 Foàr,rÀT (lH0rl0XroVERLAPs ARRÀ¡tGEO IN ÂSCENDtNc 0R0ER A¡lD THEIR L0C
rÂTIONS IN TIiE G IVF.N ÄRRÂY ARE'./)

PRINT 30?r ( I tST(I I rL f I) I I'l ¡Nl¡IDl)
302 F0RrqAf (Il0rFl0.5rIl0)

ASSU¡IE OCD ¡¡O OF OVERLAPS TN T}]E TRANSDUCER

EoR0 = rl.0
CÀLL UNI',rIO(N!'llDlrXLBTSTTLTEORO¡XPBTFRE0'51€PTSFCONT-YllCONrNTAL)

SUM UP THE RADIÀTION CONOTJCTANCE OF ALL TI'{E STRIPS
0O 304 J : lr50
SUM . 0.0
00303IâlrNTAL
SUM = SUH T YII (JIII
CONT INUE
6(J) E SUH
CONI INUE
PRINI 305
FOq¡TirT (1HÌrì0X¡INPUT CONDUCTÀrlCE OF AP00ISE0 T¡ANSDYC€R ISr/l
PRINf 306r IJ.FREO(I) rG(Il, l=1r50)
F0RHAT lIl0rEl5.2tEl5.5)
CALL ANORÈ|l50rG)
CALCULÁTE ÌIIE RÀOIAIIOÀI SUSCEPTANCE
C^LL RADSUS (50 rNrl'RE0rGrEl I

STOP
ENO

SUBROUIINE SIRIP (N.ÂrBr IL)

su8RoulrNE sIRIP c^LcuLAlES IHF GIvEN ASSoLUTE ovERLAPS IN THE ASSENDING

OpòER SToRË.s Tr,tEM IN THE ÁRRAY A(I) AND lriEIR LoCÀTI0NS IHICH AR€ SToREO

IN TI.E ARRAY ¡L(I'

OtHENSIOI't A(21 rIL (2) r8(2)

DO I I . lrN
D0 I J ¡ IrN
¡F(^(Jr.GE.À(Il )G0 r0 I
IEHP ' A(Jl

^(Jl 
- A(I)

A(J) ¡ rErlP
I CONTINUE

LOCÂIE IhE POSITION OF OVERLAPS ¡N THE SUPPLIEO ÀRRAY

c

I

c

c

t
c

303

304

30s

30ó

c

I

I

c
c
c
I

a

I

c
I

rLl
oN

3I.Ì
4 J- l

00
DO
t7(R(Jt.EO.0.)00 l0 !



As4

3

I

'-YZ 
a À(L/BlJ)

IFlxYZ.E0.l.)Go r0 5
60T04

5 lL(lt . J
G0t03

4 COTITINU€
3 CONTiNUE

NIAL - I'ITAL
002I*2r
xLÂl¡-tl 'xLA(x-L -
XLA(2'N-I)

2 CONI INTJE
¡J = L(J)

t
c
a
c
c
I

EORO ¡ +I.O TF THE TOTAL ¡iO OF OVERLÀPS
EORO - .I.O IF IHE TOTAL ìIO OF OVERLAPS

NP É 1024
PI.4.rATAN2(l.rl.l
If (EORo.€0..1.0)G0 ÏO I
IF(EORO.EO._t.0)Go T0 9

I H - ¿rN-l
GO I0 l0

9 !'l ' 2*N
GO r0 l0

IO CONÏINUE
PR I NT5

5 FCRI{AT ( IHOI IOXSUNIFOR}I -OVERLAPS
NTÀL ' 0
00lJaZrN
JJ - J-l
IF(Sl(J).E0.ST(JJ)¡G0 l0 I

RETURN
ENO

suBRour IilE uNIU t0 (N roV r5l ¡L I EOR0 r XP8 I FREQ r STEP r SFCoN r Yl lCoN ¡¡lTÂLl

SUEROUTINE UNI}¡ID CALCULATES THE UNTFORI{ r{IOTH OVERLAPS IN EACH STRIP

IS ODO II.I lhE TRÂNSDUCER

IS EVEN IN THE TRÁNSOUCER

c0r{PLEX 8120481
DIHE¡¡5I0N Yl t (50r l0)
OIMEhSION Y (50)
DIMEi{SI0h XPß (2) rfREO (2)
OIMENSION XLA (IOO)
OIME¡¡sI0N 0V (2) rsT l2) 'Lle)
COr,tMON 6rYll

I

IN EACH STRIP ARET/)

+t
N
0.0
0.0
' 0.0

D0 3 K . ?rN
IF(OV(IJ).LE.0v(K-ll )G0 T0 4

60T03
4 XLAIK-t¡ E ST(J)-S'I(JJ)

XLA (l'{-Kt r xLÀ (X-l ¡

3 CONTINUE
I'lN . H-2
PRINI OO3

803 FORHAT(4OXÞGAP }IIOÏHS ARËI,/)
PRINl ór (IrÄLA ( I r' IoI'Hù1)

6 F0RHAT (B(l5tEì0.2),
I
I

c
c
c
c
c
c

COHPUTE IHE RAO¡ATICN CONOIJCIANCE OF EACIT SRTEIP

ASSUHEÌHAT THE SIGN OF TI]E FIELO ALTERNÀIES ¡N EACH GAP ANO THAÍ THE

rIRST G,IP ItAS POSfIIVE II-ECTRIC FIEI.O
tisur¡E tH^T lr'tE GÀP FuNc'lIoN Is FoRH sIN tPl/?t Ío sIN(3Pll21
TFE FTT CPERA'fE5 O¡I ?}GH POINTS
OAP TUNCIION FOR EACIì SIRIP

SIc'N'-l
NSTÉP . xPB(l)/ST€P
NSF-N ST EP
C0 700 N5-ltNSÍEF
B(NS).(0.r0.)
O0 701 II ø lrHH
SIGN¡-li5IGN
NsTEP . XPBt¡I.¡)/sTEP-NS
NSS'trS.l
NSE.N 5. NSI EP
OB . xPÂ(It.¡)-xPtl(lIl
BÈlP - SFC0NTxL^tIIr/GB
0o 702 t{S'NSSrt¡SE
trRG ¡ l¡t5$5tr_P-XPB t I ll )rPIl68
BRÉBMPÙS¡GNÞCOS (BROI
8(NS) ¡ CIIPLX(BRr0.)
CONT I NUE
CON¡ ¡ NUE
NSEI.NSETI
0o 703 NS E NSEITNP
8(NS).10.¡0.)

FNINI OÁP FUNCIION C

?00

102
70t

703
c
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COMPUTE TXE II¡TEGRAL TFANSFORH OF EACII STRIP
OXY.S T EP
CALL eFAST (Bt l0¡-1.0'OXY)
CALCULAfE THE INPUI ÄDHITI¡NCE OF EACH STRIP
D0 l00l I ! lr50
Y ( f ) - Yl ICONóFREO I t ) ÕB t J.t4?l ðCONJG (8 (l'147) )/(Sf (J) -5T (JJ) I

l00l coNfINUE
PRINT 900 rNTAL

9OO FORIIÂT ( IHI r4OXÓINPUT COI.]DIJCTANCE OF STRIP ¿E15/)
PR¡Nf 801 ¡ (ITFREO(Il rY(ll rl'1r50)

8Ol FoRHAT (Il0rEl5'2r8I5.5)
I

DO S02 lK ¡ lr50
YII(IKTNIAL) T Y(IKI

8O? CONTINUE
C SIORE IHE IOTAL }IO OF STRTPS

I C0¡ll I NlrE
7 CoNTJNUe

RE TURN
ENO

SUgROUÌINE AN0fìM (N0¡Y)
DIMEtTSION Y (NQ) r X (50)
XYZ . 0.0
00lI¡lrNO
xYZ - AMÀXl (XYZTABS(Y(I)))

I CONIINUE
D02I¡lrN0
X(It = ABS(Y(Ilr/xY¿

2 CONIINUE
cALL PLT(NQTITX)
PRINT 3

3 FoRHÀT (IHOTIOXÍIIORMALISEO RAOJÁTION CONDUCTANCE
}HAX¡11Ui{ ÂMPLJTUDE ¡S IOO UÑ¡TSä/)

RETURN
ENO

¡N LINEÂR SCALE

SUBROUT INE RADSUS (NQTNP TFREQTGT Bl )

SUBROUTI¡iE RADSUS CALCULATES THE RAOIÂïION SIJSCEPfANCE KNOIIING IIIE
RAOIATION CONCUCTSI'¡CE. ThIS IS OiJTAII'IEÙ tsY JUST TAKING THE HILBERT
IRANSFIRM OF TI]E RAOIATION COI'IDUCTANCE.

HILEERI TRANSFOFI{ tS PERFORMED RATHER IN AN INDIRECI I{AY

DIHENSI0N FREO (2) rG (2) rBl (?)
c0uPLEX B (2048)
DIMEI'JSION Y I I (50 ¡ 5O)
COHPLEX Z
COH¡ION ErYl I

ã 5.0E-0ó
T I I{E/NP
l./t IHE
lt? /?

NZ - Nl.I'
Ns ¡ zfNP

D0l0IÐlrNS
BII) . (0.r0.)

IO CO¡ITINUE
D04IolrN0
Il - I.147
8(IT) o CMPLX(C(I)r0.01
B(NSr2-IT) r CONJÛ(B(Il) )

4 CONf INUE
OXY.l-rF
TRANSFORN 10 Â Z PLÂNE FOR EXAMPLE IO GEI THE EVEN FUNCTION OF Z

CALL BFAST lBrlì r rl.0¡OXYl
Z E CHPLX(0.r-1.01
0O5IrZ¡NP
BII) r ZÕ8lL
BINSr?-It ! C0NJG(B(Ir)

5 CON] TNUE
8(l) ' ZlBlll
B (NPo l l "ZrE lNP' l )

01. TIHE/N5
g¡y c 0I
CALL BFAST (BrIl r-1.0¡0XY)
PlllNl 7

? FORMÁf (ltllt40X¡FÀ0lATt0N SUSCFPIANCE
PPINI Br llrfRto ( I ) riJ(Irl47) rl¡lrNQl

I FoRHAT ( Il0r3El5.3)
0O ll I c l¡N{t
gl (I) - REÀLtB(l.l,rr7) t

ll coNfINUe '

4
a

c

c

t
c
c
c
I

c
I

t
TI
DI
DF
NI

HE

I

t

I (ll) ¡5r7¡



As6

PNINT I3
lr roRMÂI (lÍlrl0x¡RA0I^Il0N corloucT^NcE Ar.¡0 SUSCEPÌAllCE AREç/l

PRII'IT l4r (l TFPEOII) rG(I) rBl (I) ¡ I'l rNQ)
l4 FoRMAT (ll0r3E20'3)

PUNCh l5r (0(I) rI.lrNO)
PUllClr l5r (Bl (Il rI=lrNQ)

l5 FoRHAT (6E¡3.31

SCALE IHE OUAI.ITITIES ÂNO PLOT THE GRAPHS
OO 16 I'lrtiO
GlIr. G(l)ö1.0Er06
BllIt - BllI)rl.0Er06

I6 CONI II.¡UE
CALL PLT (N0r2r0¡Bll
PR Ir.r't I ?

l2 FORI'{AT llH0rl0XrPL0T OF Clìr) ÁND B(lJ) IN HICF0HH0S 8Y NUIIARICAL EV
TALUAI I ON{ ¡

RETURN
ENO

SUBROUTINE BFAST (YrllrSIGNrOIY)

SIJBROUÎINE FOR IHE CÂLCTJLATION OF EITHER THE TOR''ARO OR

¡NVERSE FOURIER TRANSFOKM OF A CO¡1PLEX SEOUENCE Y USING THE

rAST FOURIER TRANSFORII (FFT) ALGORITHH.

H

Y I5 A COIIPLEX ARRAY OF DII.{ENSTON 2 AI'IO IS BOÏH THE JNPUI
ÀNO OIJÍPUT SEOUENCE OF'IIiE SUBROUTIN€.

PRESENT DII{ENSIoNS LIHITT?ã}ll

OXY ' IHE SAMPLE SPÀCING FOR THE II'iPUT ÂRRÄY Y. IHE CORRES'
PO¡¡DII{G SANPLE SPACJN6 IN TI]E TRANSFORM OOI1AIN IS OUTPUT IN DXY

FOR TIME TO FREOUENCY ÎRÀNSFOaMATIONT SIG|¡ =
FOR FREOUENCY l0 TIME TRANSFORHÂTION¡ SIGN =

COt'IPLEX ArUrHrf rY
DIMET\SION A (2048) tY (2)
coyNoN /PERr'r/HH ( 2048'
CONH0N / r ù.0/T C(ìl )rTS{ ll)
DATA HSET/O/

5

I

c

a
I
l
t
I
t
I
t
I
I
I
t
I
t
I
I
I
t
I
I
I
ð
t
I
I
t
T
t
¡
t
I

rAST
FÁST
FAST
FAST
FAST
FASI

30
20
40
50
60
70

FAST 90
FAST IOO
FÂST 280

FAST I IO

+
0
0

FAST T4O
FASI I5O
F/\ST 160

F 
^SïFAS T

rAST

F0R F0URIER ÂNALYSIST 0XY = DT,= 1.0,/(2çÞHl
FOR F0URIER SYNTHESIST OXY : OF = 1.0

SUBROUIINE CON sF-fS UF A CONVERSION ÍABLE IO REARRÂNGE THE FAST I8O
¡¡.PUT ARPAY FOR PROCESSING. FAST I9O

F^sT 200
SUSROUTINE TABLE SETS UP A TABLE OF ALL SJNES AND COSINES FAST zIO
USED IN SUBROUIINE FAs]. FAST ?20

FAST 230
SUBROUTINE BFASÌ IS HODIFTED VERSION OF SUBROUTINE FAST þIRITIEN ?/5/72
0N 2 H^Y 1972

?60
?70
290

{

T

I
7

l0

20

IF (MSET,EO.H)
CALL TÄ8LE (H)
CALL CON (H)
H SET =l,l
N12rél,l
CONT I NUE

0O 7 I.lrN
J¡¡lM ( I I
AII).Y(Jl

O0 30 l.lrN
Y(I).^(I)rOXY
co¡lr I NUE

FASÏ 33
FAST 34
FÀST 35
rASl 36
FAsT 37
FAST.38
F^SI 43
FAST 40
FAST 39

00T0

0
0
0
0
0
0
0
0
0

0o 20 L-lrH
LEÈ¿ oèL
LEI=LEle
Uo(1.0,0.01
l{¡CNPLx (TC (Ll rl5 (L) }5IGN}
00 20J'l rLE I
DO ¡O T-JrNiLE
lF¡lrLEl
T.A(IPlrU
A(IPl¡^(I)-T
AII){^(I).I
CONf I NUC
U rU.I
CON I I NUE

fAST
FÂ57
F ASf
FAST
F/IS I
FAST
r ÁsT
F^Sl
FASI
FAST
F A5I
F¡1Sl
f AST
F A5I
r^st
FASI
F,\5 f

470
480
490
500
s¡ 0
5?0
530
540
550
560
570
580
590
ó00
6t0
ó?0
óó0

I

:10 r^sI 680



457

6
FASt 170t

R E fURN
END BFASÏ
SUBROUl tlrE T^8LE (H)
COHHoN /l 

^B/fC 
( ì I ) r TS (l l)

P¡=-1.¿r¡T¡¡2 ( I .0 r l'01
0ol I.l , t{
TC ( I ) -CoS lPl/ l?'e ( I-r ) ) )
f S ( I ) rS I¡¡ (Pl / l?þ4 ( I-I ) ¡ )
RE TUR N

E¡IO
SUBROUTINE CON(H)
INTEGER A IT
coMM0N /PERA/A(20481
NÉ2{rH
NV 2=N /2
N¡{ t 'N- I
J=l
DOI Itì rN
a(I)*I
0O 7 I.l rNMl
IF(I.GE.J)GOTO5
T'A (Jl
A(J)'A(I)
Â ( I t ¡T
K¡NV2
IF(K.GE.J)60T07
J=J-K
K=R/2
GOTO 6
J-JrK
REfURN
END

C D^TA
I
P /09/ | /P?087134.?0E'0ó 25.2

1.9435425ôE-Oó 1.954751t9E-06
2.032245?3E-06 2.05t98707E-06
2.1ì246387E-06 2.11s06609E-06
2.18ó46gB7e-06 2.e0180337E-0ó
2.267664558-06 2.286269388-06
2.34789S318-06 2.36062622E-06
2.419390128-06 ?.4340?3771-06
2.rr92664548-06 2.507335ur6E-06
2.565976238-06 2'58C609E8E-06
e.639373-ltìE-06 2.f¡5?l0I69E-06
2.71373062i--06 2.73?33s4sE-06
2.?9S19663E-0ó ?.ql3s3ll3E-06
?.084931918-06 2.8S753613E-0ó
2.94801293t-06 2.957151?7t-C6
3'0/r524B8tE-06 3.056457428-06
l.o4z0lso7E-02 -1. l?7 ??36C8-O¿

-4.992330138-03 5.¿770¿943€-03
1.638024698-05 -7.BB5lqC09t-04

-4 .560ó33978-03 5.85360 I 3oE-03
4.658535(ì¿E-03 -6. 03726332E-03

-¿¡,963524378-03 l.¿7¿019iÌ2E-02
2.7Se09952E-0¿ -3. 15429913e-02

-3.9820?359E-0¿ 3.86321131€-02
2.7S809952E-02 -2.39159564E-02

-4.9635¿437E-03 ó.3á4362 I 5E-Ù3
4.ó5S53502E-03 -4.5881?900E-03

-4.56063397e-01 ¿.5I32û0898-03
l.óf8024698-05 -1.01680096S-03

-4.99233013E-03 6.o2g479ooE-oJ
1.04201s07E-02

TAEL 30
TABL 40
TABL 5D
lÂfiL 60
TÄBL 70
TAEL 80
coN t0
coN ?0

40
50
60
?0
80
90

100
tl0
120

t40
¡50
160
170
le0
190
200
2t0
2?0

e5.40
t.980?76?2E-06
?.067791 978-06
? , t?a52??!E-06
¿.2170I049E-06
2.30231209E-0ó
2.37560815É--0ó
2.44867tq?E-06
2.52200s01E-06
¿.595225721-06
2.657055188-06
2.?Sl3s282E-06
?,829597808-06
2.90"02?91t-O6
?.96697 ?4¡¿L-O 6

2.0t3027s48-06
2.097977038-06
2.ì7040e?0E-06
2.?48647t8E-0ó
2.33¿94482E-0ó
2.40471 4?t}E-06
?.477 99499t -06
2.5s1328s38-06
2.62439I35E-06
? .691 63'1 9 l.E- 06
2.7829895t8-06
2.871677?9E-06
2.93¿¿0203E-06
3.0 t9¿2328E-06

OxY.l./(DxYçN, tAsT 700
FASÍ ó90
F^sf 760
IÂBL IO

5
6

130

c0N
coN
c0N
c0N
coN
coN
c0N
c0N
c0N
coN
c0N
c0N
c0N
c0N
c0N
c0N
c0N
c0N
coN

I .99676531 E-06
2.08306581E-06
2.1434t508E-0ó
?.?3?52043¿-06
?.3t71 0179F--06
2.390ì7968E-0ó
e.46332963t-06
2.53667037E-06
2.609f1203¿E-0É,
?.68?292?1t-06
?.761419578-06
2.8565S4928-0ó
2.916934ì9E-06
3.003234ó9E-06

9.9t7l49rlE-03
-4,7e41 I253E-03

I .466C31 70t-03
-6.?7833231E-03

6.9339625¡rE-03
-l .6 I 029247E-02

3.46890tr10E-02
-3.710E1t 7óE-0¿

1.99400226E-02
-7.10?67I068-03
5.5?4s3eì3E-03

-1.s9909721Ë-03
3.0-14384C58-03

-8.8¡J984749E-03

-B.BB9Bt71r9E-03
3.03438495E-03

-1.599097218-03
5,52q53913E-C3

-7.tce6710óE-03
t.99400¿26F-02

-3.7t08ì6168-02
3,458906108-02

-t.61029247E-02
6.93196254E-03

-6.273:1.]2318-03
I .4óó03ì 7ùE-03

-4.78411¿53E-03
e.9l7lq9IlE-03

6.02847900E-0f
-1.0168009ót-03
2.5t3200B98-03

-q.58¡1t7900É-03
6.36436215E-03

-2.39359564E-02
3.863¿l Iltt-02

-3.15r¡¿9913E-02
t.¿72019.s28-02

-6.037?6382E-03
5,853601308-03

-7.S65ì4oo9E-04
5,e77'J¿943E-03

-1. l2??e360E-0?
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A7 PROGRAM CHIRPTR: FILTER SYNTHESIS USING CHIRPED TRANSDUCERS

A7.l Flow Chart

Entry

END

Print and plot, specified
and achieved responses

Calculate phase function
uency Tesponseof fr

Calculate the frequency response of
e nodulated function

Integrate f to obtain phase function

Solve for f invert the above function

Convert P(l) to time scale

Calculate constant arnPlitude
functionof time envel

Integrate the response
Ito obtain P

Interpolate to 500 points

Read amplitude response
100 sanpling points

(f); tine interval t
m

V
2



a

c
c
c
c
c
c
I

c
I
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^7.2 
Listing of CHIRPTR

PIìOGRAM Ch JRPTR ( INPUT IOUIPI¡Ï'PIJNCHI

THIS PROGRÂI{ CALCULATES ThE NECESSARY PItÂSE FUNCTION FOR OESIGNI¡IG CHIRPEO
TRÂNSDUCERS iJITH A GIVEII FKEOUENCY RESPONSE.
TYPICAL FREOUENCY RF.SPOI{SF: CHOOSETJ IS THAT OT A IV IT FILfTR.
a aaa a¿+ aa a r a.aao+a r. aaatt + aar + tt +.+aa a a a tra+att l a ¡r a at ¡¿a aat ta tia
I THIS PROGNAI{ ALSO P}:OUIAES SUBROUfJITã PLT 6IVEN IIY APPENOIX Â8.
I a aa t a t a + a t+ a a +a+a a + t t tt a l t a + | a t t a a+a t If a aa tt I r l aa + t a I t I t a l+at+' a

OECLÂRAT IONS

REAL r.1ÀGn00t
0¡HENSI0N- FX(500) rYx(500)'l (500)'PHAS(5001
0ITENSI0¡¡ Âr{A6DB ( I 00 r rFRE0 ( 100) TXNORv f 100 I
0ll{E¡/SI0N YY(a100) rXX(2)
c0raPLEX c(4t00t
COMMON XX TYYTPHASTCTFX rYXrï rAMÂGDB

PJ r 4.ÉÀlAtl2f l.rl.)
N0 . 100
IIHE.10.08-06
DF . l./lltlE
ÏTOTÁL - 40.08-06

CHOOSE AN ÂREITRARY I1¡XIHU¡ AMPLITUOE OF IOO UNITS
READ l0r (MÂG(I) rIelrNO!

I 0 FORr'raT ( BF 10.51
D0201!lrNO
FREo(L s DFctJ.29l'

20 CONÏINUE
PRINT 2I

?I FORI{AT (IHI'IOXÉINPUI OF SPECIFIEO RESPONSE ISTlI
CALL ANORH (NQTFREQ THAGTXNORH)

T

DO22IrlrNO
AtlÄ608( t) = 20.rAL0Gl0 (XN0FM(I) )-40.

22 CONTINUE
CALL PLT (N0r I r14ÂG)
CALL PLT (N0r I rAMÂGDB)

C ASSUHE Y2I IS PROPO]ICNAL IO THE GIVEN MAGNITUOE RESPONSE SOUARED
l.

C LINE¡R INTERPOLAÍE THE RESPONSE TO NR P'JINTS
NR ' 500
CALL LININI (NQTNRTFREOTMAGTFXTYXTMÏ)

JNTEGRAIE ThE RESPONSE
CALL O'lf G (FX rYX ¡Trl\{T)

T IS ThE FUNCTION OEIAINED AFTER JNTECRATJON
VERTICAL AXIS REPRESENTS T¡ME ÂND HORIZONTAL ÁXIS REPRESENTS FREGUENCY

PRINI 33
33 FoPtlÀl ,tno"9¡oINlEcR^lE0 RESP0NSE 0F THE GIvEN H00ULUS S0UARE0

nFU¡{Ct I0N I5{./ I
CALL OIKFLT (FX I T I HT r I I I I HàF REOTJENCYÞ I I oHIUFSoUAREI)

USE PARSEVALS THEOREH IO OEÍER¡IINE THE HACNITUOE OF TIME FUNCTION
AMÂG. r(Hlt/T-l0TAL
PRIfIT 3/rr ÂÈìÂG

34 F0RHA'f (lH0rl0X'>USTSCJL,ARE =f815.5,/)
CONVERl INÏO ACTUAL fIHE SCALE
00 40 I = lrMT
T(I). T(I)/ÀHÁG

4O CONT I¡IUE

PLOT THE I¡¡TER6RÀTEO RESPONSE
PRINI 32

32 FoRtlAl (IH0TI0XTINTERGRATE0 RESPoNSE CoNVERTE0 INT0 TIMt SCALE IS
lt/l

CÂLL C¡Il(PLl ( FX r T r Hl ¡ I r I I H$F REQUENCYÞ | ófìÞT IHEÞ )

INVERf THE FUNCTION 8Y CHÀI\6IIIG II.¡OIPENDTNf VARIÂ8LE INIO OEPENOENT
VARIAsLE ANO OEP€¡JOENI VANIAgLE INlO INOEPF-NOENI VARIABLE

PRINI 4I
4l FoR{AT ,tnOr¡g¡TINVERIING 1HE FUNCTI0¡l }/l

CALL 0IKPLT I T r FX rtlT r I r 6H!T I Hf o' ¡ ¡ ¡1r¡p¡QUENCYT l
INfE6IìATE IhE INVËRIEO FUNCfION TO GIVE RISE TO PI'IÀ5E FUNCTION

CALL 0lF0llrFXrPHASrFT)

O0 60 I a lrlll
PHAS(I) r 2.OPI}PHA5{II

ó0 coNrINuÊ

FRINI 59
5C t'ORrtÂl urr0rl0XrF¡Âs€ ruNcll0N lsr/t

C^LL PLT t'\l1r I rPHAS)
PRINI 6¡ rill rf'HAS (HI I

I

I

c

t
c

I

c
c
a

I

c

c

I

c

c¡

I

c
c
I

I

a

t
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6l FOpHaT llH0rl0XaINOEXrIl0rl0XÞN0 0F RAOI^NS ¡N PhASE FUNCTIoN ARE

¡rEl5.5l
CALCULATE ThE FOURIER TRÂNSFIOH OF fHIS t.'IAGN¡TUDE-PhASE FUNCIION

Cr\LL FOUR tER ( HT r FREQ ¡ Xl,lORH r AMAG r N0 r T I0f AL )

CALCtJLAIE 1¡¿ fPfOUENCY PHÀSE FUNCTION

CALL FREOPHS (N0rHTrFREO)

S TOP
ENO

SUBROUT INE F ll'iP0S ( NC r T r PHAS r FLOCr PHASE r NF I NG)

DIIIENSION GAP(IOO)
DIMENSION f (?) rPHAS (2)
OIHENS¡oN PH,lSE (?) tFL0C (2)
PI È 4,+ATAN2(l.rl.l
NOl ¡ NO-l
XHIN . P¡

DIVIOE ThE PHAsE FUNCTION INIO HINI}'IUM INTEGRALS 07 2 PI
ASSUFE A LINEÀR RELATION tsEI}IEEN PHASE ANO TIME BEIIIEEN ÂNY TYO

CONSEOETTVE INTERVALS

J'0
DO 30 I . lrl.¡Gl
lF(XtrIN.Gl.Pt'iAS(I.l) ìG0 r0 30
SL0P - (PHÂS(I.l l-PHAS(I) )/ (T (Illt-I (I) I
CONSI' PHAS(I.l)-sLoPfT (Irl)

4lJrJ.l
XYZ = JTXHIN
tF(xYZ.LE.PHAS(I.l))G0 TO 40
J-J-l
G0 To 30

40 FLOC(J) = (XYZ-CoNST)/SLOP
FHASE(J) . xYZ
60 T0 4l

3(l CONTINUE
C STOIIE TI]E LAST FINGER LOCAÎION

NFING E J
HFINç r NFING-l

C PRIN1 lHE FINGER LOCATIONS
O0521-ITMFING
OAP(Il . FL0C(I.l)-FLoClI)

52 CONI J ¡IUE
PRINT 50

50 FoRHAT (IhITTOXÕFINGER LOCÀTIONS ANO TI{EIR PIiASES ÂI THE MULTIPLES
I or PlÐ/l

PRINT 5t I I t rFLOC( I ) TPHASE (l ) rGAP (I)' I-l THFINGI
5l FORHål (It0,3El5'5)

PRINI 53r (NFING,FLOC (NFING) tPHASE(NFING) )
53 FORMÂI ( I I0 r2El5.5)

PRINl 70r (PHASE(l) r I.ITNFING)
70 FORMAT (6E13.5)

RE TURN
ENO

SUBRCUIINE 0lFÛ lXrl rZrNDlHl
.0Ecx o1053

SUBROUIINE OIT6

PURPOSE
TO COHPUfE ThE VÊCTOR OF INTEGRÂL VÀLUES FOR A GIVEN
GENF.ÍìAL TABLE OF ARGUHENT AND FUNCTJON VALUES.

US AGE
CALL 0IFG lX¡YrZrN0li'l

2

a

t
c
I

I

c
I

a
c
c
c
I

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

DESCRI;'rION 0F PARAHEIE¡S
X - THE ¡NPUI vÊcloR 0F ARGUMENT VALUES.
Y . IHE I¡JPIIf VICIOR OF FUNCÍION VALUES.
Z . THE RE5ULIINÙ VICTOR OF INTEGRÀL VALUES.

IOENIICAL I{ITH X OR Y.
NDIH - TI¡E OIHFNS¡CN O' VECIORS XrYr2¡

Z HAY BE

REHARKS
NO ACIION IN CASE NO¡H LESS IHAN I.

SUSNOUITNES AND FUNCITON SUBPROGR¡1HS REOU¡REO
NONE

r,tË Tlr00
ßE0INNIN0 HllH Zlll.0r EVALUAIIoN 0F V€CT0R Z lS DON¿ ßY
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HEANS OF TRÂPEZO¡OAL IìULE (SECOI¡D ORDER ÍORMULA).
P0R REFERET'lCE ¡ SF-Ë

F.B.HILDEBIIANOT IN'fI.¡OOUCTION IO TIIJI,IER¡CÂL ANALYSIST
l{CGRÂìi-HILL¡ NEW YOeK/lOPOr¡TO/LOllDONr 1956¡ PP'75'

SOURCE /ISA
a...ar.a

0IME¡¡SI0N X ll) rY (lt r2(ll

SUM2o0.0
IF (NDIt{-l l4r3rl

INTEGRÂTION LOOP
I 00 2 lr2rNDIH

SUHI=SUM2
SUr{2"SUM?r0.5r (X ( I ) -X ( I-l ) ) { (Y ( I ) rY ( f -l ) )

2 ZfI-l)-SUHl
3 ZlN0It{).SUH2
4 RETURN

END

SU8ROUI INE PARINT (NO rNP I XrY rOROr AB5ATNT)

DI¡1ENSI0N X(2) ¡Y(2) rABSA(21 r0RD(21

NOI ' NO-l
XINCR 5 (X(Nol-X(l) )/NP
X¡lIN ' X(l¡
J=0
DO30¡=lrNQl
tF(xINcR.CT.X(I.l) )G0 T0 30
sLOP . (Y (I'l)-'/ ( I),,/(x(I.lr'!2-x(It!¡2)
CoNSI o Y (tr-5L0PÞX( I)É{2

4l J = J.l
XYZ á JãXINCR+XMIN
IF(XYZ.LE.x(Irl)¡G0 TO 40
J*J-l
GO T0 30

40 Z = SLOP¿XYZIXYZTCONST
ABS^(Jl : Z
GO T0 4l

30 CONTINUE
STO¡IE THE LAST INTERPOLATION POINT
NT-J
PRINT 59rNI

59 FoRHAT llH0rl0xçTOTAL No oF INTERPOLATION P0INTS ARE+Il0t
ORD(lt = XINCR
ORD(Z)-XYZ-XINCR

PRINI 60r0R0(l) rÂBSA(l)
6O FORHÂT (IHOTIOXOFIRST INTERPOLATION POINT IS{2E20.8I

PRINI 6lr0R0(?) rAB5Â(NT)
6l FORHAT (lH0rì0XTLAST INTERP0L^TI0N P0INI ISó2E15.5)

RETUF N

END

SUBROUTINE LININT (NQTNPTXTY r0RDr ABSATNT)

DII'lEl'¡SI0N X(2) rY(2) rABSA(2) r0R0(21

NQI ¡ No-l
XINCR - lxÍNO)-X(ll)/NP
XHIN - xll)
JÞ0
DO30I=l¡NOl
lf(XINcR.Gl.x(I+l) tG0 To 30
sLoP ¡ (Y llrl)-Y( I) ),/(X(¡. r)-IlI))
CONST - Y(I'l )-SL0PcX(I.l)

4l J E Jrl
XYZ . JiXINCR'X¡IIN
Ir(xYz.LE.x(I'l) )60 To 40
J¡J-I
oo T0 30

40 Z E sLoPÞxYZTCoNST
/\BSAIJ) ! Z
otìOfJ, ! xYZ
0o T0 al

30 CONT TNUÉ
SIORE iltE LAST lNTerlF0LAT I0N PotNT
NlrJ
PfrJNl 59rNI

59 FollHÀ1 (lH0tl0X¡I0lAL No 0F INTEIIPoLÂTI0N P0lNTs

3

c
c
c
c
c
c
c
c
c
c

c

c
c

t

a

c

I

T

I

c

I
PFINI' 60rnFD ( I I rABS^ | I I

AREr ¡ l0t
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60 FORI{ÂT ( I HO I I OXTFIRSI INIETIPOL¡T ION POINT
PRINf ól r0R0(lJTl r¡185À(NT)

6l F0R¡1ÂT (¡H0't0XtL^5T INIERPOLAfI0N P0tNT

4
I5à2E15.51

IS!2E15.51
a

I

RE f IJRN

ENO

SUBROUTINE ANOPI{ (N0'FREOTY rI)
0IMENSI0N FREo (2) rY (?) rx (2)
XYZ ¡ 0¡0
0olI-1rN0
XYZ Ë AHAXI IXYZTABSIY{I))l

I CoNl IilUE
D02I.lrNQ
X(Il - 100.*ABS lYll, l/XYZ

2 CONT J NIJE
PRINI 4r ( l'FRE0(It rY (I) rX lI) rI-l rN0l

4 FoRHÀT (I10r3E20.5)
PRINÎ 3

3 FoRMAT (IHOIIOX}NOR¡IALISED MAG¡¡ITUOE GRAP}I ¡N LINE,IR SCALE OF HAXI
IHUM ÄI,IPLITUOE IOO UINTSÉ/)
R€IURN
END

SUBROUI Il.¡E FREQPHS lNOrHT r FRE0)

OItlEf¡SI0N À¡.tAG0B ( 1 00 )
oITIENSION fREo(100'
OJrIE¡{SI0N FX (500, rYX (500)'l (500) rPHAS (5001
0IHE¡,SI0N YY (4100) rXX(2)
coMPLEX C(4100¡
C0M¡,10N XX ¡ YY r PHAS rC r FX r YX rl r Al.,tAGDB

Pl r /1.r¡1¡¡2(l.rl.)
CALCULAIE THE FREOUEI'¡CY PHASE FUI.¡CT ION
PRINI 20

A0 FoRH¡T ,ttOr¡gXTFREOUENCy PH/\SE FUNCT¡ON ISr/)

CALL 0ïFG(FXTTTYXTHT)

CIILCULATE IHE PIIASE AI THE REOUIRED FREJUENCY INCREI.IENTS
0ol0I=lrHT
YX(I). -2.ÉPIIYX(I)

l0 c0NrtNUE
0030I=lrNO
II ' 5óI
PRINT 40r IrFRE0(I) rYX(II)

30 c0NlINuE
40 FOtìHÀT (II0rZEl5.3l

CALL PLT (N0rl ¡YX)

RETURN
END

SUBROUI INE f OUR IER (NT r FREQ TXNOFM r AHAG r NQ r TT0TAL)

otr'TENSI0N Á¡tA6DE ( I 00¡
coMPLEX C(4t00)
0IrlE¡¿sI0N YY (41001 rxx(2)
DIMËNSI0N FX(5001 rYX(500) r'l (500) rPHAS(500)
DINENSI0N ADB (100) rZ (l 00)
OIME¡tSl0N FREO (¿) TINORH (2)
CONHON X,\rYY TPHASTCT FXTYXT I ¡ÂlaAG08

fIHE o 40.08-06
Pt r 4.c¡T¡¡211.¡l.l
il ¡ ì2
NP É zoðH
ot r TIHE,/NP
OF . t.^/T IHE

CALL PÂRtNT (N'f rNP rTrPH¡\SrXX rYYrMTl

0O20¡.lrNP
C(I) Þ (0.'0.)

20 CONI INUE
OO2II¡IrHT
X ¡ YY(tl
C(It - CMPLX(COS(XlrSINlXll

?I CONTINUE
9¡y c 0I

CALL BFASIICTH¡-1. rOXYI

cALCTJLAIF- T}IE FFEOUÊNCY R€SPONSE IN IHE R¡\NOE OF TNIEI{t:5I AT TIIE
INCPEHF,NIS OF IOO KHZ

00 50 I ¡lrNa

I

I

c

I

I

c

t

a
c
c

a

I

I

I
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X ¡ CABS(C11
Z(I) - 

^l'{AGr

Þl'l¡64rt
xcx

5O CONT IÈ¡UE
PR I r¡r 5l

5I FOFìMÀf (I}IIIIOXNFREOUEIICY RESPONSE OF PHASE HODULAIED FUIiCIIONT/'
CALL ANORIl l¡t0rFRE0 rZ TXNORM)
CALL PLI (N0 r I rXl'¡0Rlt)
D0 55 I I lrl¡Q
ADBII) ø ¿0.ÞAL0Gl0(XN0RMlIr)-40.

55 CONTI¡¡UE
PRINI 5ó

56 FOnHAT (lH0rl0X'FREQIJENCY RESPONSE IN DB SCALEÞ/l
PRINI 57r (I rFliEQ(I) rÀr'lÀGOB(I) rA0B(I) rI'lrNO)

5? FOnHAT (Il0r3El5.f)
CALL pLT (¡e r2r At.,!riGDB r ADB)
PL.,NCtr 7?r (^t'lACDal ( I ) I I=l rN0)
PUNCH 72r (AD8(I) rI-lrNQl

72 FoRIrAf (6812.3'

RE TUR N
END

SUBROUT¡NE SFAST (TrH TSIGNT0XY)

SUBROUTINE TOR THE CALCIJLATION OF EIÍHER THE FORhARO OR

INVERSE FOURIER ÎRANSFOÊM OF A COMPLEX SEOUENCE Y USING THE

FÂSI FOURTER IRAI.ISFORIl (FFT) ALGORIIIIM.

x
Y I5 A COHPLEX ARRAY OF OII{ENSION 2 AND IS EOTH THE INPUÍ
Al.¿O OUTPUT SEOUENCE 0F IHE SUBROUTINE.

PRESENT DIHEttsI0Ns LIMITd2ç+l¿

a
I
I
I
+
I
I
I
t
I
I
l
I
I
l
t
t
I
I
c
I
i
I
I
T

I
I
I
t
a
c

DXY - THE SAMPLE SPilcItlc F0R TlrE INPU1 ARRÄY Y.
PONiìING SAI'lPLE SPACING IN TllE TR¿\NSFORH 0O¡IAIN

FoR TIHE fO FREIUENCY TRANSFOR!'IATIONr SIGN
FOR FREAUENCY T0 TIHE TRANSFoRIIATI0NT SIGN

FÂST IIO
THE CORRES-

15 OUTPUÍ IN OXY

= -1.0
= al.0

FAST I4O
FÂST I5O
FAST Ió()

FASÍ 90
FAST ¡ OO
FASÍ 280

rAST 20
FAST 30
FAST 40
FASÍ 50
FAST 60
FÀST 70

FAsT I8O
FAST I9O
FÁST 20O
FAST zIO
rAsT 220
FAST 230

?/5 /7 ¿

F0R FOURIER ÀNALYSIST
F0R F0URJER SYNTHESIST

COMPLEX ArUrl{rTrY
OIHEtiSI0N Â (4096) rY (21
c0r.lt10N,/PERH./HH ( (09ó)
COqH0N /lAã/lC (ì2) rTS(12)
0ÂTA HSEI/0/

Ir (lsET.E0.¡t)
CALL IÀBLE(H)
cALL C0N ( l{ )
ilsEI ¡ì.1

N-2ÕðM
CONT I NUE

GOTO I

0O 7 lolrN
Jr¡lll ( I I
All)"Y(J)

O0 ?0 L=lrll
L E¿?+TL
L€l-LE/2
Ur(1.0r0.0)
t{=CMPLX (TC lL ) rTS (L) oSIGNI
DO 20J-lrLEl
00 l0 IaJTNTLE
¡pr I rLE I
l-^(IP)ru
À(lP)-À(l)-f
A ( I l "A I I ) ¡I
CONT INUE
UoU d lr
CONT I NUE

00 30 Irl rN
Y(I)'^l l)tDxY
CONI INUE

DT
OF

OXY
OXY

= l.0rl(20ÞH)
= 1.0

SIJEROUIINE CON SETS UP A CONVERSION TABLE TO REARRANGE THE

ItiPUT ARRAY F0.R PR0CESSING.

SUEROUÍJNE TÁ8LE SETS UP A TABLE OF ALL SINES AND COSINES
USED IN SUSROUÌINE FA5I.

StJEROUlI¡¡E BFASl IS MOOIFTEO VERSION OF SUEROUlINE FAST }JRIÏTEN
ON 2 HAY 1972

F^ST eó0
FAST 270
FASÍ ?90

I

I
7

l0

z0

FAST
F AST
FÀST
F ASI
FAST
FAST
FÀST
FAsT
FASI

330
340
350
3ó0
370
180
4-10
400
390

FAS
FA5
FA5
FÀS
FAS
FAS
FAS
fA5
FÀ5
FA5
F ¡\5
FA5
F ¡\S
FA5
FÀS
FÀS
FAS

T 470
T 480
I q90
T s00
1 5t0
T 520
ï 530
T 540
r 550
I 560
I 570
f 580
I 590
T óOO
T 6t0
f ó?0
T óóO

a

30 FASl ó80
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ó
FASI 170I

t
DXYþ1./ (DxYÞN,

RETUFN
END 8FA5Ï
SI.'BROUTIÑE fABLE(H'
COl.rrl0N /1 

^B/1C 
(l2t rT5(l2l

PI=4.0{41^¡i?l 1.0 r l.0l
D0l I'l r H
TC ( I t -Cos lP I/ 126) ( I-t t I )
TS ( I I.SIN lPl/ l?tç ( I-l ), I
RETURÌ¡
END
sUÐROUIINE CO¡I(H'
INIEßER A IT
coHr.f0r.¡ /PERH/ A(409ól
N-2è¡M
NV?'N/2
NH l.À¡- l
J-l
D0l I-l rN
A(L.I
DO 7 l¡lrNHl
IF(I.GE.J)GOI05
T-A (Jt
A(Jt-A(I)
AII)¡T
K.NVZ
IF (K.OE.J) 

':OTO7J=J-K
K-K/2
GOIO 6
J=Jr K
RETURN
ENO

FAST 7OO
FÂ9t ó90
rAsf 760
ÏABL I O

TABL 30
TABL 4O
IABL 50
TABL 60
TADL 70
fAEL 80
coN t0
coN ?0

c0N
coN
c0N
c0N
coN
coN
c0N
c0N
c0N
c0N
coN
coN
c0N
coN
c0N
coN
coN
c0N
c0N

40
50
60
70

5
ó

80
90

100
lt0
t20
130
140
150
ló0
170
lB0
190
200
210
2?0

7

I

C DATA
I

0.5
11.73
8.0
?4,5
?0.0
95 .5
100.0
97.0
8l .5
54 .0
24.5
5.0
0.ó5

0.55
l3 .5
5.0
30.0
?5.0
96.5
100.0
96.0
78.25
50.0
20.0
4.0
0.5

1.0
l5 .5
1.0
35.5
79.0
97.5
99.85

'l.s
48.
8ó.
99.
99.

7.5
ló.0
15.5
58.0
9l .5
99.75

9.5
t3.0
19.75
6s .0
93.7 5

95
75
.¡6
l7
3.
0.

69.
39.
l?,
?.0

98
B7
6t
3l
8.
t.

?7
6.
0.

2.0
17.0
3.7 5
4t.5
82.7S
98.5
99 .75
9f.5
72.0
42.0
ls.0
?,5
0.35

3.5
18.0

5.
l7
ll
54
89
99
99
B9
65
35

5

91.

5
0
5
25
5
0
5
0
0

0
0
0
5
5
0
0
5

.5

.0

.0

.5
5
0

97.
84.

100.0

57.

75
0
5
5

.0

.0

.0

.5
0
4

10.25
t.s

5
75

0 .25
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AB.2 Listing of PLT

I
THIS I5 A OE¡IERÀL PUÍ?POSE GUICK PLOIftI.IG PÉOGR^H US¿I) III ALL ThE PROGRAMS

EXCF-PT t¡,¡ IHE PROGtIAI{ ARTI{úPK (^l ). tN THf S Pk0Gç^¡t A r'!ÀxIl{tJ11 OF FOUR

FU¡ICIJONs CA¡.¡ EE PLOITED AI A TtME. THE HOPIZOÑTAL AXIS I5 SCALEO

I,,NIFORIlLY ÄND O}IE 5YMSOL ¡5 PLOTTEO fOR EVER T)ÂIA POINI IN EACH OF fHE
FÚUR FUNCTIOI¡S. IIJIS PPOGR¡H REOU¡FES LE55 STORA6E ANO TÂKE5 COI4PERATIVELY
VERY 5¡1ALL TIIIE THÂI,I fHE 5Y5IFi.I OUICK PLOI A¡ID hENCE IlAS BEETI USED

EXTENSIVTLY II,I VÂRIOI.,5 OThEK DEVELOPED PROGRAIIS. A 5ÉPERATING LISfING OF

IHE PROGRAI.I I S PRESENTED hERE.

SUBR0UIIÀiE PLI (ftPrr¡FUNCTAI rÂ2rA3rÂ41

Ë

ö

I
I
+
T
u
,
à
T
t
t
i
t
t
t
I
t
I
t
o
I
I
I
I
I
I
ç
I

PLOT ROIJIII-.IE SIHILAR IO PLOTT BUI USII.¡G LESS COPE.
TFIS SUEROUTINE PRODUCÊ5 A PLOT OII THE I-JÑE PRII¡IER OF ÙP TO

A I.IiIXIMUM OF FOIJR FUITCITCI.IS OF Â VÀRI,\BLE X FOf(.IhICh IHE
IIiCREI¿ENI gETfEEN SUCCESSIVF VALIJES OF X IS CONSTÄÑT ANO
ÀIONOTONIC. OIFFERE¡¡T ChARACTERS ARE USEO FOR EACH FTJNCTION.

TI.€ X AXIS RUNS OOT./N IhE PAGE AI{D THE PLOT LENGTH IS LIHIIED
Io Á HAXIMU|I oF l2a P0Il'rIS lONE DOUBLE PAGE oF 0UIPUI)'

X AXIS SCALITJG IS AChIEVED BY SAMPLING IF NECESSARY.

T}.E Y AIIS SCALING IS AUTOHAIIC ÁND THE UPPER AND LOI/TER

LlilITS /\RE PRII¡IED ON IFE Y AXIS. I{HERE II]E RÂNGE OF Y

I¡¡CLUDES ZEROr A LII'¡E CORRESPONOIt{G T0 Y = 0.0 l5 PRINTED.

NP

NF UNC

Âlr A2r

NUHBER OF VALUES OF X ÂNY NUI{BER GREATER THAN I

NU}IBER OF FU¡¡CIIONS - MAXIMUI4 OF FOUR.

A3r A4 FUNCIIOIiS TO 8E PLOTTEO. O¡¿LY THE FItrSÌ
NFUÌ\C 0F THESE HÂVE T0 8E II'TCLUDFO IN
lhE PÄRA14ETER LISl h¡rEN C^LLING lHlS
SUB ROUT I NE .

DItlE¡,¡St0N L ( l2l ) ¡B l2 tl¡l rAl ( I t r A2 ( I ) r A3 ( I ) r A4 ( I )

REAL L
F (X) = (X-FHIN) áC0N5'I+1.5

NF-IÀBS (NFUNC)
NDIv=l
NP0 I N TS=NP
IF (NFUNC.Ll.O) GOTO I
IF il¡P.LE.l?8) GOTO I
N0IV= (NP-l)/l2B+l
NPO I¡¡T 5= ( NP I I },/¡ID I V

OIFF=FMA,\-FI1 IN
lXÉINT (^L0GIc (0IFF) I
Y:I0{$IX
Il=It\T (F'lAX/Y) rl
l2=I¡,1(FHtN,/Yl
IF {Fr.tIN,L't.0.0) I¿.I2-l
I3=IT-I2
IF (IJ.Eo.?.0n.13.E0.9) Il:llrl
f'llÂX: I I ðY

FMIN=I2oY
C0NSI cI 20. 0/ (F¡I,1X-F ¡l IN ¡

t.ZIRo¡l
TZtllC-FH I NTFHAX
IF (r1ER0.08.0.0) 60ro ?20
L Zf lì0=-F H Il',1{C0NSl. I . 6
CI,NI INUE

CONT ] NtJE
D02I=lr4
8(2rI):lH
B(lrll=lllr
B(lr?)=lhr
8(l'3)'lhx
8(lr4)=lhl

PLO I
PL OT
PLOT
PLOT
PLOT
PLO f
PLO Ï
PLOT
PLOT
PLOT
PLOT
PLO T

350
3ó0
370
380
3s0
400
410
420
430
440
450
460

FHÂX-F¡tIN-Al (¡)
O07I=I TNPOINTS
M=(I-l)Ii\0IVll
G0f0 (6.5r4r3) flF
FMIN=A¡lIl.¡l (Á4 (H) rFl'{lNl
FMAX=Àf{ÀXl (Ä4 (H) rFM^Xl
FMIN:ÄMINI (43 (l'l) rF¡¡tl'll
FÌ{AX=AtlAXl lA3 (}r ) rFl'lÂX)
FvIN:Äl.lINl (42 (M) rFHIN)
FMÀX=Âi'rÂXl (¡2 lu) r Ff¡AX )
FMIiI:AHJtil (¡\l (l{) TFMINI
Fl'lAX:AHÀxl (Àl f M) rFMAX)
CONT I NUE

PLOT
FLOT
PLOf
PLO T

PLO I
PLOI
PLO T
PLO T
PLOf
PLOT
PLOT
PLO T
PLO T
PLOT
PLOf
PLOI
PLOI
PLOf
PLOI
PLOf
PLOT
PLOT
PLO Ï
PLOT

40
50
60
70
e0
90

100
ll0
t20
130
140
150
160
170
180
190
200
210
??0
230
240
?50
?60
270

PLOÍ ?O
PLOT 30

PLOT 590
PLOI 600

PLOT
PLO T

PLOT
PLOT

300
3?0
330
340

PLOT 290

PLOT 470
PLOT 480

T

t

2

ò

3

5

7
a

l

?20
I

PLOI
PLOI
PLOÏ
PLOf
PLOT
PLO f
lìL0f

?10
720
7-t0
740
750
760
170



22I CONI I ¡IUE
PRINI 93
PRINI94

A66

IF l¡{PoINls.GT.6o.^No.NPoINTs.LE.lzB) Gor0 221

Pfr I Nl9t
GOIO ?22

PLOÍ 790
PLOT 80O
PLOT 8IO
PLOT B2O

PLOI B4O
PLOT 850
PLOT 860
PLOI 870
PLOT 880

1?¡ +tt (3t XXX l4l t*l r PLOÍ 890

2

PLOÍ 940

PLOT 960

PLOr 1000

PLOTl0t0
PLOTIO?O
PLOT I 03 0

PLor I 0s0
PLOÏl070

e

2??.

23

T

CONI TNUE
PRIN't23rFHlNrFMAX
FORrIÂT ( 5XrEt0.2r35Xr1r0h ( I )

A35X r E 10.2/ I OX t { ¡ Þ, I l9X t 41ó I

K.l
Do3l l-2r 120
L(I):lh-
0032I=lrl2lrl0
LII)=lH:
L ILZER0)'lltt
N=l
tI=(K-l)rNDIVll
GOTO (304r303r302¡301) l'lF
H=F(Á4fII))
L(M)=ðlNr4)
H=F(a3(ll)l
L(11l=8(Nr3)
H=F(42(Il))
L(l'l)=8(Nr2l
¡l=F(Ál(IIll
L(H)=B(Nrl)
,PRINT33TIItL
¡F lK.NE.¡) GoT0 3ó

D03l2I=l rl2l
L(I)=lh
L(LZERO)ãIH:
L(l)=L(Ìel)=lHr
NPI=NPOI¡¡TS-I

ItÞ

PLoÌ 910
PLOT 920

301

30?

303

304

30
3l

3?

33
34

312

32t

?2?

323

324

PLol I 080
PLOT t 090
PLoT I I 00
PLoT t I 700035I=2rNPl

II=(l-lt{NDIV}l
0034N=l r 2
GOTO (324r323r322r321) NF

M=F (Àzr ( I I I )
L(M)=8(llr4)
M=F(43(lI))
L (H)=8 (N¡31
H=F(Ä2(II)l
L(M)=8(Nr2l
M=F(Al(II))
LIM)=B(l'lrI)
IF (N.E0.2) GoTo 34
PRINl33rIIrL
FORIlÂT(I5r 5Xrl2lÂl)
CONT INUE
L(l)=L(l?l)=lH:
t- (LZER0) =¡Hl
CONT INUE

PLOTI2O()

35

36
c

K=NPOJ¡TTS
GoTO 30

CONT INUE
RETURN

FORÀIiT ( IFZ)
FORMÂT I lhl/31 ( lH0/t I
FORHÂT ( IHT )

END

PLOT T 220
PLOT.I 23+
PLOT I 240
Pt-0T I ?50
PL0-r t 260

PLoT I 280
PLo T l 2e0
PLoTt300
PLOIl3t0
PL0l I 320
PLOT I33O
PLoTl340
PLOr I 350

93
94
99

Ð



B1

APPENDIX B

PHOTOFABRIC ATION TECHNIQUES

The experinental facilities for the prototype manufacture
of surface acoustic wave delay lines are entirely developed by the
research students who worked*or are working (the author hinself) in
the Department under the supervision and collaboration of Dr. P.H. Cole.
The author has contributed in calibrating the optical system, i.e. the
two cameras for the various reduction ratios and developed an optinum
procedure for producing the final transparencies. The various steps
followed in thè manufacture of delay lines are briefly given below.

8L. Preparation of the Artwork

Preparation of the artwork is discussed to a great extent
in Section 4.3.1. Simple patterns can be directly cut onto the
Rubylith sheet by hand and ¡nore conplex patterns can be generated by a

computer. Therefore, the essential features of the artwork are,

Hand-cut drafting nask Rubylith D3R 40rr
wide rolls

OR

XY-Plotter 30" Calcom drun-Plottel
with increanental drive
at 250 steps per inch

Drawing surface

Drawing ink

Copy-board working area

Illunination

Filter

Diffuser

Screen

82. First Stage Reduction Camera

Lens

Reduction range

Filn size

Matte Cellulose Triacetate

Calconp GP1 black ink

30rr x 40"

6 apple-green 48rr flourescent
tubes

Kodak Yellow Sheeting

%" White Opalescent Perspex
4r' behind glass

3/81' gLass plate

Wray LTtt f/10 Process coPYing
optinized for 4 to 1

214X to 5X

10tr x Brl

*Dt. 
P.V.H. Sabine and Dr. A.S. Burgess
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The first-stage reduction camela mounted on the carriage
and the copy-board is shown in Figure 81.

Processing

The processing indicated here is suitable for patterns drawn
on the 30r' Matte CelluIoie Triacetate paper with the Calcom GP1 black ink.

Cleaning the filn Gas blast from 50 P.s.i.
filtered dry nitrogen suPPlY

Filn type

Filn support

Working area

E;pose

Develop

Stop

Fix

Rinse

Clearing agent

Rinse

Wetting agent

Dry

Kodalith Ortho Type 3
on a 0.007rt ester base

Vacuum hold-down

gil x 7rr

2 nin.
Agent

in Kodak Stop Bath

in Kodak Fixer

in running water

in Kodak Hypo Clearing

5 min. in running water

30 sec. in Kodak Photoflo

dry suspended in laninar-
flow clean cabinet

Wray 3t' f4 Processing coPYing
optinized for 25 to 1

1 second at f32

5 min. in Kodak D19 DeveloPer
at 68oF

30 sec.

2 nin.

5 min.

Contact Printing

For contact printing the same set-up is used viz. , the first
stage reduction camera änd the copy-board ilh.rnination. The same size
and type of filn is used with the enulsion side facing with that of the
transpaïency, vacuun held in the camera and then exposed to_1_sec. at
f/:-.l, with tare illunination of the copyboard. The exposed filn is then
procássed according to the instructions nentiotred in 'Processingr stcp.

83. Second Stage Reduction Camera

Lens



Figure B1 Optical bench system and first-stage reduction camera
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Working area 1

The second stage camera nountable on the same carriage board
is shown in Figure 82.

Processing

Clean plates Gas blast from 50 P.s.i.
dry nitrogen suPPlY

Expose

Filtration

120 sec. at f5.6

Reduction range

Plate size

Type of plates

Plate support

Soaking

Develop

Stop

Fix

Wash

Clear

Rinse

Wetting agent

Dry

20X to 35X

2tt x ztt glass Plates

Kodak High Resolution Plates

Spring pressure against
S-point support studs
defining image plane

3n
I

3l
x16

All chemicals vacuum filtered
through No. 1 PaPer

Soak exposed filn in dflsti11ed
water for 2 nin. at 6B-F

5 rnin, in Kodak D1-9 DeveloPer
at 68oF

30 sec.

45 sec.

in Kodak Stop Bath

in Kodak Fixer

in running distilled30 sec.
water

1r." mín. in Hypo Clearing Agent

in running distilled5 min.
water

30 sec. in Kodak Photoflo

Air dry standing vertical in
laminar-flow clean cabinet

If the pattern is designed to a single stage reduction ratio,
then the exposure tining is different than that presented here.
Typical vatue in such case was found to be equal to 40 sec. at f5.6.
Note that no reversal process (contact printing) is necessary in this
situation and this ruvãr considerable anount of time in photographic process



(a)

(b)

Figure 82 Second stage reduction camera (a) front view, and
(b) rear view.
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B4 Substrate Preparation

polished crystals were obtained fron Sawyer ReseaÎch Products,
Inc., (U.s.A.), however, clean dust free surfaces are necessary for good

adhesion of the alluniniurn metalization to the substrate and the cleaning
procedure adopted here is as follows:

lst cleaning 2 nin. ultrasonic cleaning
with Tricho lorethYlene

2nd cleaning 2 nin. ultrasonic cleaning
with Decon 75 detergent
solution

Srd cleaning 2 nin. ultrasonic cleaning
with distilled water

4th cleaning 2 nin. ultrasonic cleaning
with isoproPYl alcohol

Sth cleaning 2 nin. ultrasonic cleaning
with Analar DiethYd Ether

fmmersion in a vaPour bathfinal cleaning

The ultrasonic cleaning bath and the vapour degreasing bath
used for this purpose a1.e shown in Figure 83. It is to be noted that
two or three tép"iitions in the final cleaning, i.e. in the vapour
degreasing bath, nay be necessary for obtaining a fairly clean surface'

85. Metal Coatin

After final cleaning in the vapoul degreasing bath, the
crystals are then transfered õn the substrate heater block, which has

beên previously arranged in the vacuum coating unit. The required amount

of metali-zation is eslimated and the tungsten filanent is loaded
accordingly before transfering the substrate onto the heater block and

then the vacuum chamber is scaled carefully. The metalization apparatus
arranged in the vacuum coating unit is shown in Figure 84' The coating
of the specimens is as follows:

(1) Pump down to less than 0.2 torr. with the rotarl PumP'
swiich on the diffusion pwp, and naintain this pressure
with a gas inlet valve.

(2) The crystal surfaces are further cleaned by applying
an ionic glow clischarge, obtained by applying a high
voltage (ãtv at BnA) between high-purity_allurniniun
electiodes. The glow discharge is run for about 10

minutes.

(S) Heat the crystals to 200oC. The heater upon which the
crystals are placed, contains 4 quattz iodide lamps

each rated 100W and run at 10V, 154 DC' The block
temperature is nonitored using a chrome-alumel thermo-
couPle.
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(a) (b)

Figure 83 Substrate cleaning apparatus (a) ultrasonic cleaning
' bath and (b) vapour degreasing bath.



Figure B4 Metalization apparatus arranged in the vacuurn coating unit.



(4)

(s)
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-4Close the gas inlet and evacuate to less than 5 x 10 torr.

The tungsten filament is heated slowly, so that the
alluniniun wire warped around the filament is nelted.

(6) Evaporate the alluninium quickly (to avoid grain growth)
using 254 for about 10 seconds.

(7) Switch off the unit and open the flap valve to let the
air in for cooling the substrates.

(8) Transfer the crystals into the laninar-flow clean cabinet
for photofabrication.

86. Photoetching

The nethod used to produce the electrode patterns on the
substrates involves contact-printing the transparency onto a thin film
of photoresist spread over the netalized substrate, and then innersing
the developed resist irnage in a chemical etching solution for removing
the r:ndesired portions of the metal film. Most of the work is carriecl
out in a laminar-flow clean cabinet which is shown in Figure BS (a) .

86.1 Photoresist Coating

The first part in photoetching process is applying the photo-
resist coating. The various steps followed are indicated below:

(1) Dilute one volume of Kodak Thin Film Resist (KTFR) with
two volumes of KTFR Thinner and nix thoroughly.

(2) Assemble a carefully cleaned stainless steel 13 run.

Swinney filter-holder by placing, in order, upon the
stainless steel support screen a L.2Vm Gelnan Acropor
filter membrane (AN-1200), a 10¡rm Millipore Mitex filter
(LCWP0 1300) and a Millipore glass prefilter (4P2501300).
The micronrange filter assenbly is then fitted to a glass
syringe.

(3) The diluted solution is poured into the syringe and
some portion of it is ejected out into waste to nake
sure that there are no air bubbles in the syringe.

(4) The metal coated substrate is clanped to the spinner
head (see Figure 85(b)), the resist is then ejected
on to the surface from the syringe, making sure that
the whole surface is covered fu11y with the resist.

(5) Fit the safety cover, run the spinner for 30 seconds,
wait for it to stop and renove the cover.

(6) Unclamp the substrate, tralsfer i! to a hot-plate
and bake for 20 min. ât ezoc (18ooF). The ternperature
is controlled through a therrnostat and nonitored through
a thermocouple probe.

(7) Allow the substrate to cool.



Figure B5

(a)

(b)

Laminar-flow clean cabinet for photoresist work
(a) clean cabinet with inlet filter at right,
outlet filter at left, safe light housing at the
top and the alignment microscope in the left fore-
ground, and (b) a closer view of the syringes
fitted with ¡nicronrange filter assembly and the
spinner assenbly for the substrates.

Ft #
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The second part in the photoetching process consists of
exposing the photor"rirt-coated surface with the photographically
reãuced-transþarerrcy to the W source. The exposure jig.and the lanp-
house are shorvn in Figure 86. The jig is first loaded with the
211 x 2n glass transpaiency (enulsion side up) and then the resist
coated substrate is placed face down onto the glass transparency'
aligning carefully with the pattern. The jig is closed and evacuated

thróugh-a non-ret;Tning valvã. The exposure jig is then placed over
the exposure aperture in the larnp-house and exposed to 50 sec. and

then rãturned to the clean cabinèt. After releasing the vacuum from
the jig, the crystal is removed and allowed to cool'

Note that if the tlansparency is produced from a computer
plotted pattern designed for a single stage reduction ratio, longer
ä*por.rt"'timings are necessary than 50 sec. and typical exposure tining
in this case hlas found to be equal to l- min. 30 sec'

B6

86..2 Exp o.sins to W Source

86.3 Devel ins Exposed Photosensitive Resist Coatings

The third part in the photoetching pÏocess consists of
developing the "rçotèd 

photoresiit itt the proper developer. The various
steps followed are indicated below:

(1) The KTFR developer of appropriate quantity is taken
into two clean beakers àn¿ tire substrate is immersed

sequentially into the two beakers for 20 sec' with
continuous agitation in each beaker.

Imnediately after development in the second beaker,
the cryst"i it taken out and a tl'rorough flow of
KTFR Rinse from a squeeze bottle or syringe is applied.

Allow the substrate to dry and examine the resist
image under a microscoPe.

If not satisfactory, the resist pattern is rernoved

fron the substrate (by irnmersing in a JLI stripper)
and the entiïe process is repeated from 85.1, i'e'
starting from a fresh photoresj-st coating'

(2)

(3)

(4)

86.4 Etching

The final part in the photoetching process is etching or
renoving the unwanteã netal fron- the substrate. The steps followed
for this process are indicated below:

(1) Postbake the crystal orl hot-plate to,.,reno-ve all
traces of the sôlvents at IZO"C (250"F) for 10

minutes and al1ow to cool.

(2) Make up etch solution (for allurniniurn) using

16 Parts concentrated H,POO

2 Parts glacial CHSCOOH

1 Part concentrated HNot



(a)

(b)

Figure B 6 Contact printing apparatus (a) contact printing
jig, and (b) the lanp house cont'aining W source'

{æ'
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1 part HZO

(3) Irnmerse the substrate in the etchant warmec{ to 90

and agitate steadily.

oF

(4) Observe the crystal surface carefully and withdraw
inmediately as soon as a clear pattern has appeared
on the surface and rinse under running distilled water.
Note that if this is not followed, further etching will
produce under cutting of the pattern beneath the resist,
resulting in a darnaged SAW device.

Dry in the clean cabinet.

A further post-baking or allowing the crystal to dry
sufficiently (preferably on overnight) is necessary
for renoving the photoresist on the pattern. Lnrnerse
the substrate in the resist-stripping bath warned to
g0o¡ (50oc) and agitate gently foi z nins.

(s)

(6)

(7) Remove the substrate frorn the solution and rinse under
running distilled water.

(8) Dry the substrate in the clean cabinet. The device is
ready for rnounting in the jig for experinental purpose'
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