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ABSTRACT

ihe subject o} this study is the development of a computer-aided-
design tool that filter designer; could use to obtain nonlinear phase
and nonsymmetric amplitude responses for surface acoustic wave deviceé.
.To aecomﬁlish this, a deslgn algorithm was developed that uses a Fast
Fourier Transform to realize thé time doméin transform of the frequency
- domain specifications required by the designer. From this timeldomain.
solution an interdigital transducer (IDT) ‘is. synthesized that will
éppro#imate the design specifications. The next step in the algorithm
is to analyse the synthesized IDT using an accurate charge distribution
model for the IDT (the charge distribution model is developed in this
thesis whieh gives the frequency domain response for the IﬁT). The
N frequency response is then compared to the input specifications so as to
_Jéenerate an error function. Th}s error function is then used to
predistort the input frequency domain specifications and the whole
synthesis/analysis procedure is repeated iteratively until an accgptable
solution ig obtained. The aigorithm is programmed and used to desaign 2
filters (3 separate IDT designs)  for the nonlinear phase and
nonaymmetrig amplitude specifications for television intermediate.
frequency (TVIF) specifications. Using ﬁhese designs, two filters were

‘fabricated and tested to show the validity of the algorithm.
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CHAPTER 1

INTRODUCTION

1.1 Principles of Surfage Asoustic Waves

Surface Acoustic Wave (SAW) devices (Figure 1.1) are essentially
transversal filtgrs whiéh, in the transmitting mode, are analogous to
end fire antenna arrays (Figure 1.2). The fréquency response 15 the end
fire direction is a function of the spacing -between the elements and the
reiaﬁi?gJamplitude and pha;e of the fields produced by each elemental

source. This Eesponse i3 given by:
. L =3k, x, + 4, ) '
I A, e X P % ' (1.1)

where: H(w) is the frequency response along the x-axis

A, . 1is the relative amplitude of the Lth element

2
kx is the propagation constant along’ the x-axis
= X, is - the position.of the zth element measured ‘from the

summation point

¢y is the relative phase of the Lth element,

Equaﬁ;on £1.1) 1s a summation of exponentials and it may be noted that
there are no poles {frequency at which the denominator goes to "zero) in
the expression.: This 1s due to the fact Qhat the receiving array is not
electnically connected to the transmitting array. This glves an added
degree of freedom from lumped element filter design.

1
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Figure 1,1: 2u=%  Acoustilc Wave Filters



In the receiving mede, tﬁe transducer is similar to a. finite-
“impul se response (FIR) digital filter as seen in Figure 1.2 where the
taps are allowed to vary in position and are welghted as to their
relative sample amplitude. The response of this reeeivipg‘system‘is
given by an eqfiliion of the same f‘or‘m as (1.1). ‘

Thus by varying the lengths of the,transducer fingers (elemental
amplltude or tap weight) and by varying the‘nger position (elements
position in the array or sample time in the digital filterlanalogy), a
desired frequency response may be wmet. The above analogies are_éhe

simplest explanations _possible which explain how SAW devices produce

filtering actiow:

3
N
s

“

1.2 ¥hy SAW Filters?

" This question is answered by the fact that these devices may be

;,r

made economically, and small and they do not require allgnment once the

device is made. Since the acoustic wavelength on the surface of the

“-substrate is approx1mately ‘I()“5 times the wavelength of the

corresponding electro-magnetic wave, the ﬁrinciples of microwaves may be

applied to the' 10 MHz to 1 GHz Jband, of frequencies. M so, the
technEEbgy/of production is planar lithography, i.e. micro-electronic
fabricatlon precedures, which are well established ‘as precise economical
production techniques,

The physical structure of a surface acoustic wave (SAW) fllter is
shown in Figure 1,3. Since the waves are very short { 35 uﬁ at 100

MHz), it is necessary that the surface of the substrate be very smooth.
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Any irﬁegularities in the surface will tend to scatter energy and thus

\ 2 5l

degrade the device response. As thgﬂname impliesr:surface acoustic

&4 -

e

waves are mechanical in nature and:%he}efore tﬂe electrical-to-
mechanical and mechanical-to-e}ectrical transduction must be
accomplished simply and efficiently..’ ?ﬁe most obvious, and thus most
common, solution to this transdudfioﬂ reduirement is to use- piezo-
electric substrates. Since application of an electrié¢ “field to a
piezoelectric.material cauéeé a mechanical deformatipn to theimaterial
then it is seen from Figure'1.3 that the application of vo}téges to_the
aluminum'finépré on the surface of the substrate will cauéé a beﬁiodic
deformatiop. ‘ If -the applied voltage is. alternated in a sinusecidal .
manner ;hen at those frequencies at which constructive interference
oécurs, acoustic radiation will develop causing mechanical waves ;to
'hropagéte along the surface. Since surface.acgustic wave velocities at@&
* slower than bulk“wave velocities;'the wave.defbrmation in the interior
of the crystalltends'to propagate anead of the surface deformation for é.‘
given wave crest. - This causes a "draggzing" effect on thé wave which
tends to pull the wave toward the surface of the orystal and is‘thd

cause for approximately 90% of the acoustic eners eing contained with-

in 1.5 x_ (where x_ = surface accustic wave length)jof the surface [1].
= ] .
from [2], the piezoelectric transduction prodsss is given by the

following pair »f ~quations:

[S] = [d] . [E] + [s°] : [T) (1.2a)

c . [e®] . [E] + [e] : [8]

0 | | J

(D] (1.2b)

n



where: [S] 1is the 1x6 stress veector measured in meters/meter i.e.
dimensionless

{d] is the 3x6 piezbelectbic strain tensor measured in meters/

volt +

[(E] is the 1x3 electric field vector in volts/meter
[s™] is the 6x6 compliance tensor for constant E field measured

in meterse/Newtoh
Cae

[T] is the 1x6 stress vector measured in Newtons/mpte?zﬁ

<
<

[D] is the 1x3 electric displacement density vector measured in
cc;ulombs/meter2 | .

fe ] is the 3x3 relative permittivity tensor at constant stress
(dimensionless)

[eo] is the permittivity of free épace

(el is the 6x3 plezoelectric stress constant tensor in

coulombs/meter2
[ ]

The point to note ‘in.thbse equations (i-2) is that

]
o
—
—

[
]
—

(31 = [dJ . [E] for [T]

[D] = [e] : [3] for [E]

il

o
—
(e
or
—

Thus from (1.3a), strain {3) i3 a rfunction of ap applied electric field
fE)-hhrouqh the piczcelectric strain coefficients (d). Therefore, the
@Mechanizal detformation is directly related to charge applied through
metallized regions on the surface which gives the electriecal to
.mechanical transducticn process.

Similarly, from (1.3b) the electric displacement density (D) is



a function of the mechanical strain (S) through the piezoelectric stress

eoefficients (e) thus relating the charge at the receiving transducer to

the mechanlcal deformation caused by an 1nc1dent wave.

1.3 D_e_aign_Leehmggea ' .
Referring to'(1,1) it is noted that there is'a strong

resemblance to the frequency domain response belng relatéﬁugto‘ }he

— ~—,

spatial domain &f the transducer fingers through the Fourier
transformation in a truncated discrete form, Initially, attempfs at a
desired frequency domain response were obtained by evaluating the
inverse Fourier transform. From the infinite,time domain.solution, a
Wwindow funetion was applied to realize a finite solution. Then the

finger length was taken as a function of the amplittde of the inverse

Fourier transform (IFT) and the finger's positioﬁ at the #*nw points of

bt
¥

the IFT. The polarity was obtained from the. zero croséingg_of the phase
response of the IFT. References such as (3], (4] and (5] illustrate
this technique very well. This procedure is shown graphically in Figure
1.4, The variation in the length of the fingers, known as epodization,
is equivalent to varying the amplitude of each -finger of a constant
overlap IDT since the acoustic amplitude in the fap field is a function
of the charge on the finger. Any'technique of varying the charge on a
finger in a manner equal to the amplitude of the inverse Fourier
transform solution will give the desired results, but the most'cemmon

technique is the use of apodization which is used in this. study.

Alternate schemes are: spectral weighting [6], series weighting [7] and
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Naturally, the next step. from the classical Fourier transform

design approach was to use a Fast Fourier Transform (FFT) [4], [91. 1If

the desiqed bandpass is symmetric about fo.in amplitude and linear in
phase, then the bandpass may be translated to baseband and the FFT
applied for the band from 0 Hi to some frequency above the band—édge.
The fesulting time domain fransform is finite in duration and of course
an appropriate window fugétfon méy Be abplied to reduce passhand ripple
and to suppress side lobes [9], [10].

It must be -noted at this point that the above techniques have '
been restricted to linear phase/symmetric bandpass- filter
specifications. While this is often desirable, there are many filters

that require different specificatiéns.

1.4 Arbitrary Phage

Working with baseband specifications, it is possible to obtain a
deviation from linear phase, if the specificatioﬁs are‘Hermitian. This
technique is illustrated in [3] and [11]. If the frequency domain
specification is symmetric in amplitude and anti-symmetrie¢ in phase
about theypéntre frequency (Hermitian specifications) then, these
specifications may be  Inverse Discrete Fourier Transformed (IDFTj to
give réal equally-spaced samples. 3ince, mdst SAW filters to date have
been deéigned on the basis of equally—épaced fingers, then this type of;
response is quite‘easily obtained using either the classiczal transform

or the IDFT.
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The above technique does not give a truly arbitrary pha;;T\\\\\\\\

'.responae; it 1s restricted to an anti-symmetriq phase response,

1.5 Arbitrary Amplitude

Split electrodes have come to be used in general so as to
eliminate rippie dué to reflections whichladd constructively at certain
frequencies [1]. Since the spatial sampling with split electrodes is
twioa that of single electrodes, it was noted in [12] that the amplitude
response could be made non-symmetric by giving different lengths to each
half of the split electrode. In effect, the éynchronous frequency
(frequency at which finger spacing resonates) is at twice the centre
frequenoy (fo) of the desired respoﬁse. Thepe is also an image at the
frequency f = 3 fo. So long as the desired response and the image are

. . -
constructed so as ﬁo be symmetyic ébout the frequency f ='2 fo then the
filter may easlly be ponstructed using the previously discussed design

techniques. Note that' this response 1s also Hermitian (i.e. symmetric

amplitude and anti-symmetric phase about the frequency f = 2 fo).

1.6 Bullding Blogk

" The ngxt obvious development to realize a given response was tol
design a bank o;"filters that would be driven and detected in parallel. .-
Each filter would be a plece-wise fit to the desired response. These
concepts (minus experimental results) are given in [13]. From these

concepts, evolved the idea of combining the building blocks into a

single IDT (interdigital transducer) pattern, which was shown in [14].
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. ‘ i’ ‘
This technique has the advantage' ¢f being simple and effective 4In

producing responses to specifications that are non-symmetric in

“'\_ amplitude and non—lihear_in phasé; however, it 1s still a plece-wise

fit._ )

The most elegant solution to the arbitréby Phase/Amplitude design
problem is given. in [15]. Essentially, this technique combines the
concepts deseribed in Sections 1.4 and 1.5. By using the split
electrode concept as Eggcribed before, a Hermitian function is
construéted about f = 2 Fo where fo is the centre frequency of the
desired bandpass.

The desired amplitude response must be imaged at £ = 3 fo such-

.that a symmetric amplitude function 1is obtained about f = 2 ﬁo.

-

Similarly, the desired phase respense must be antinsymmetpically imaged
at £ = 3 fo 30 khaf the resulting specifications give a real equally
spaced solution when tha %nverse Fourier transform is obtained. The
other interdigital transducer (IDT} is designed to select only the
desired bandpass and to reject the inage bandpass. OF course the other
IDT ﬁay pe Jdesiagned 571 sinzle bandpass linear phase filtef or it may
aave 2 Jdual gandpass gpecilication so long zs the hizher frequency image
L3 1t some. Craguency ornher than the upper image of the first IDT.

These concep£5 are ¢llustrated in Figure 1.5 and will be further

developed in Chapter T where these concepts are refined.
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1.8 sScope of Thesis
' | Sinée the development of surface .acoustic wave (SAH).devioes for
filfer applications, there has been a‘need to have a design technique
that %llowed for arbitrary amplifhde -énd phase specificgtions. - The
easlest, and thus‘tbs first SAW filters obtained, had linear phase and
symmetric amplitudg rZéponaes;.however, ﬁanyl§§§tems require a nonlinear
phase and a non-symmetric amplitude response. The eiceptions tq the
rule of lihear phase/symmetric amplitude responses for SAH'; have been
the "chirp" filters used in pulse compression for RADAR systems and some
other concepts thét have been explained in thislchapter. The'responses
of these filters were generally limited £o linea; phase/non-symmetric
amplitude or anti-symmetric phase/symmetric amplitude. The only
publication known to‘this author that desoribes a design algorithm for
arbitrary’ phase/amplitude sbécifications is given by Reference t16].
This algori%hm reéuired a "cut-and-try" optimization loop since no
modelling of the device was included in the algorithm. It must be
emphasized that no synthesis procedure presently available will give a
SAW response as predicted by the synth35137 ' Thus the algorithm as
described in this thesis involves: (a) synthesis (b) modelling of the
synthesized IDT geomsetry (interdigit;l transducer) (e} obfaining. the
ffequency response of 'the IDT based on the model (d) comparing the
response to the desired specification and thus creating new pre-
distorted specifications to be used in a new synthesis. Thus, the

geometry of the ¢transducer 1is obtained in an iterative nultipass

optimization loop. This procedure is shown in Figure 1.6 illustrating

L
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"generated (Step B) which is stored

“the design procedure.

1.9 Deseriptiohgf A
\'\ .
The.'algorithm described. in this thesis begins with the
- '

specification in thﬁ’ frequency domaip of the insertion 'lqss and the

phase charaétg?fgfiés\Qgsired for the filter {Step A of Figurg\1.6).
' | .

From these criferia, a set of frequency domain,equally-spéced samples is

or, future reference.' These complex
\ _

nhmbers are then fed into a Fast Folrier Transform (FFT) routine (Step

C).. The output of the transform if\ then sorted and a Kaiser window

function is applied (Step D). The next step gives the Dirac-delta-model
~

({11, 21, (3], [4]) of the IDT by selecting the position and length of

1

each finger of the IDT in the time domain (Step E).which is stored gn
the system mass storage. " From this model, the physical cha;ge
distribution ﬁodel is obtained'for,the transducer (Step F) by solving
the equations for the electrostatic solution for the mefallized
transducéﬁ pattern. This is done in a numerical iteragive mannér. ‘Dnece
the physiczal médel has been obtained, then theﬁ far«field f(requency-

response 1s obt?ined (Step~G)'which is” stored on'tﬁétsyStem..fPlots of
the speeificﬁt%ens, Lhe ;podi:qtion (pattern showing finger lengths'and
no®tions) function and the responses are pﬁoduced‘along with printout
At :né izsociated numerical wvalues. ff the respohse is.not acceptable
then the orizinal speci{icat;ons to the FFT are distorted in such a way

such that the error is minimized (Step H) and the process is .repeated

from Step C. -This process is repeated until an acceptable socluticon is

S
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ob;ained gt.which point the mask'for the IDT géometry may be made (Step

I). From this point on, standard lithographic techniques are used to -

produce the SAW filter. | ‘ ‘

. A describtiom of the alporithm's significant elements is given
including the following topics: v
Chapter 2: - the synthesis of the transducer geometry using a Fast

Fourier transform technique

Chapter 3: - development of the charge diétribution model for the.IDT
‘;hatrdﬁas syﬁthesized in _bhapter 2. The mathematical
aévelopment is given in Appendix I. |

Chapter #: - development "of the far-field frequency response analogous
to an end fire antenna array;

Chapter 5: - development of the numeriecal optihization techniques Ehat

| are used to ﬁinimize the design errors.

Chapter 6: - notes.on programoing of the algorithm.

Chapter 7: - expergmental results of two’ attempté at television
intermediate frequency (TVIF) filter specifications. The
fAr filter has a single bandpass non-symmetric, nonlinear
phasé IDT in tg; device. The second filter uses a dual.
band Hermitian specif‘icat&on centred at 55 MHz for the IbT.
Both fiiters have the same single 'bandpass réctangular
linear phase receiving IDT: |

Chapter '8: - conclusions and some suggestions of how the algorithm might

further be developed and refined.
\

et



CHAPTER 2

"SYNTHESIS OF THE INTERDIGITAL TRANSDUCER

2.1 Mﬁﬂ&_m:imlmamm

An efficilent method for obtaining the time domain transformation

from the frequency domain specifications.is the Fhat\Fburier Transform
(FFT) algorithm. This procedure 1is adequately described in many
references such as [9] and [17]. The actual transform routine may be
written by'ftﬁe filtér designer or, if availaple, a computer systém
scientific subrbutine package may be used.

Typically, a FFT works with lowpass specifications, and then the
frequency-shifting theorem is applied to produce the desired bandpass
response.. However, the lowpass specification restricts the design . to a
symetric amplitude and anti-symmetric phase response as is seen in
F;gure 2.1, To overcome this limitatien, it is necessary to consider
the desired bandpass and sample both below and above the centre
frequency. To‘increage the sample density in the region of interest, it
is necessary to frequency translate the desired bandpass such that only
the adjacent stop bands will be considered in the pranaformation. -This
is 1llustrated in Figure 2.2, After the transformation, the sample rate
of the time dopain solution may be increased_so as to bring the passband
up to the desired frequency. However, for example, if tgg reglon from f
= 1/2 fo to £ = 1 1/2 fo is transformed;sthen the mathematics imply
image bandpasses at f = 0.0 Hz, 2 fo ete. (where fo is the centre

18
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fre&dency of the bandpass). In bealitj; the physaical natupe of the
surface acoustic wave intergigital transducer (SAﬁ IDT) prevents this
from happening at the lower freguencies yhile the upper harmonics may be
suppressed, if necessary, by simple RC external filtering techniques.
This is usually not necessary as the amplifiers will be chosen Such‘that

they will pass only up to, and including, the frequencies-offinterest.

—

-,

Tﬁus, it 1is feasible to restrict the region of the frequency
domain to be transformed and theﬁ;fore reducd the required number of
samples. This is necessary 1if the computation is to be kept to =a

reasonable amocunt of time ﬁnd storage.
It should be noted at this time that the length of the IDT is

determined by: the number of samples in the transformation and the band

of the frequency domain. From [17] it is stated that:

N &t =T
Ap o 77
N 4f = RLBW x FO
where: N is the number of samples in both the frequency and time
domains ’ T

At is the time domain spaeipg

Ap i3 the frequency domain spacing

T is the perlod of the time domain belng considered thus the
IDT's length

RLBW 13 the relative frequency domain considered

FO is the centre oY the frequency domain that is transformed.
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It is easily seen that: T = N/(RLBW x FO). By choosing RLBH to include
.only the peaeband and adjacent stopbands of interest the length of the
IDT corresponding to T may be ohosen by selecting the appropriate value
of N. The length of the surface of the ;ﬁbetrate covered by the IDT
will be given by: L = v T
where: L is the length of the IDT

v 1s the 'eurface acoustic wave velooitj oorrected for

metallization ‘

T 1s the pericd in time covered by’ the-IDT.

2.2 Anput of Fast Fourder Transform

In the programme written to illustrate this algorithm the input

DATA supplied by the designer is as presented below

f
(a) IG is the power of 2 that specifies the number of sample points
AN in the frequency and time domains which will be transformed.
| Typically IG = 6, 7, 8 such that there are .N = 32, 64, 128
points. .
fb) NP is the number of points in the frequency domain specified in
'terms of dB of‘lnsertion loss and degrees of phase deviation from
linear phase. |
!
(c) RLBW is the per unit bendwidth to be transformed. Typically this
is from 0.5 FO to 2.0 FO. |
(d) FO is the centre frequency‘of the region to be transformed and is

usually chosen in the approximate centre of the desired bandpass.

Unjts are MHz.
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(e) next follow -the NP specifications which are given as:
(1) the frequency in MHz
(11) the insertion loss in dB

(1i1) the phase deviation in degrees.

The specificétions are entered-fncm'the lowest frequency through to the '
highest frequency. All specified frequencies must be contained in the
region to be transformed and a linear interpolation betueen points is

assumed,

2.3 Conditioning the DATA
Having obtained the raw DATA, the frequency domain samples must

be generated in the form re uired by the FFT process. The region to be

tranaformed is divided into N X G frequcncies between (1 -~ 1/2 RLBW)FO

and (1 + 1/2 RLBW)FO. The points Below _the first specified frequcncy
are given the sape specifications of insertion loss and phase as the
lowest supplied DATA point and the points above the highest specified
frequency are given the highest frequency point's 3pecifications. 'All
of "the points in betueen‘are given specifications obtained from a linear
'interpolaticn between the adjacent DATA points. Because of the discrete
equal spacing of-the specifications; it should ncw be obvious why the
transformed region is minimized, otherwise ah exceséively large number
of points would be required so as to accurately rep}esgpt the desired
conticuous response Ey the sampled points. N

Next, the specifications (which are stored on the system mass

storage for futurc comparison} are transformed to the rectgngular linear
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co-ordinate system as a set of N complex numbers. Since FORTRAN IV is

the system language, the complex numbefs are legitimate input ‘arguments,

2.4 Interpreting the FFT Qutput

After applying the FFT routine, the résulting set of numbers
(usually complex) must be.sorted because of the “ﬁit—reversed" order of
the output as 1s shown in [i?]. These time domain samples are then
transformed into the linear-polar coordinate system with the amplitude
vector allowed Qp havé both positive and negative values so as to

~eliminate phase ‘discontinuities at the nulls of the amplitude response.
At these‘points, the phase changes typically by 180° 1if the amplitude is
restricted to positive values: '

Thé phase of each one of the samples at this sbep_in the process
will be restricted to the range of -90o to +90°. Therefore it 1is
necéssary to remove the discontinuous steps between samples. The result
of this process is a continuously ihcreésing phase response (with. linear
interpolation between sample points} from the first through the last
sample point. The centre sample (N/2) is taken as t = Q and is taken as
the reference for the céntre of the IDT to be developed from these
samples.

It should be noted that since the bahdpass being transformed is
not at baseband, then the transformation will have a linear phase_
component as well as the phase deviation from linear phase which gives
rise to the discontinuities mentioned above. Tnis is analogous to the

phase response of an intermediate frequency in communications theory and
+
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is 1llustrated in Figure 2.3.

2.5 Pirac-Delta Model

Having 6on;litioned the time domain response as described above ;.t
is now. possible to synthesize the IDT. In prihcipie, the fingers of the
transducer are placed at any point in the ph;ase response that has a
phase of 00‘. £180°, *360°, tgzioo‘ ..». Those phases that 'are even
multiples of 180° 'will have a positive pad conne'c't;ion and those with cdd
multiples of 180° will have a negative pad connection. The length of
the finger overlap wiil be.soaled according' to the amplitude response. at
the appropriate phase position. The amplitude response 13 linearly
interpola'ted between the evenly spaced samples of .t,he Fast Fourler
'i‘ranst‘om solution.

It 'should be notled alsc that the negative amplitudesA will be
interpr:c_sted as a change of the rail connection that was obtained from
the phaa; ¢riterion. While this process seems more cumbersome than
restricting the amplitude response to positive values and working with
thé discontinuous phase response, it actually reduces the number of
samplea that would be required to accurately establish finger lengths

and positions in the .region of the discontinuities.

The above procedure is shown schematically in Figure 2.4,

2.6 Limitations of Dirac-Delta Model
At this point the raw DATA of finger length, pad connection

(polarity of finger) and the position in the time domain has been
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obtained. 1In the past, most designers havé simply translated this DATA
to phe surface spatial domain of the acoustic medium producing devices
on this basis. Since that technique hag produced experimental results
with up to 15% deviation from the thedretical predictiona, the next atep
in refining the design . process is to use a more accurate analysis
technique and from this, hopefully, .to be able to design another
transducer with.updated input\bbeoifications such that the results of
the next synthesié will be cloaer to tﬁe desired specifioaéions. In the

next chapter, a more accurate model will be described.



CHAPTER 3

CHARGE DISTRIBUTION MODEL OF AN INTERDIGITAL TRANSDUCER

3.1 Charge to Agoustic Deformation
It has been suggested [2] that the acoustic wave generated by a

finger of an interdigital transducer (IDT) is related to the charge

" distribution on that finger by the following relationship

k

3 ' -jki(x-x )
a = EZEF%§7E Juw q(xo)-e ‘ dxo . (3.1)
. . A . )

where: ag is the acoustic wave deformation at x

24V ' - |
kg = 7 is the surface wave coupling constant
w is the fFEQuency of excitation in radians/sec.
€ is the effective dielectric constant .
tL  is the length of the finger

r

q(xO) is the charge on the finger as a function of X
k is the SAW propagation constant in the x direction
X. 13 defined as that region of -b ¢ x g_b on which the

finger is deposited

These quantities ar; deplcted in Figure 3.1. The quantities on the
right hand side of (3.1) are all known except for the charge

o distribution funetion q(x ) and it 1s this quantity that needs to be

- 29
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B _‘

established.

| Before . solving for q(xo), it is' necessary to point out some

| assumptions that are made with respect to SAW IDT's. Firstly, as has
been stated in the introduction, " the épodization (variable finger
length) is %éken to be equivalent %o varying.thg applied voltage "(and
thus the charge sinéeladjacént fingers form the plates of a capa;itor)
to each finger of a constant overlap IDT (i.e. all fingers have the séme
length} . Th}s approximation is quite accurate for longer (gfeater than
10 Ag [18J‘\wheré ls is the SAW length and finger centres have
approximatel; a lsfz separation) fingers near the centre of the
transducer. Those fingers that are shorter or near the ends of the
-array require correction factors to account for mechanisms quch as
diffraction. ' Secondly,” so as to make the solution tractable, the
‘electrostatic prohlem is taken as a two dimensional situation (y = q(xo)
" as a function of x).‘ That is, the charge distribution is assumed to be
lconstant oGer the length of the finger to a first approximation. The
end effgcts of the shorter overlaps will be compensated for empirically,

1

by scaling at a later point.

3.2 Electrostatic Potential
The electrostatic potential, at some point x on the surface of
the substrate, due to the charge q(xé) of a finger centred at x = Xy = 0

is given to a first approximation by [18] as:

A(x) = -

T £

S q(xo) 1n Ix-xol dxo \(3.2)

&y £ X - \

w
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The X-Y plane is takenf to be throﬁgh the centre of the apodization cl:f
the IDT and it 1s assumed that the fingers are. apparently of infinite
length. ] |

For ahy point xp on the x-axis of: the substrate, the. voltgge
potential will be given by the summation of. the electrostatic potentlals

of all the potentials for all the fingers in that IDT

1 L . ' )
- 151 S q,,(xo) 1n Ix,,-xol dx (3.3)

“.1..9. ._ V(xp) = - T

Ay

| o A
where the % subscript denotes the particular finger of the array whose

charge effect is being evaluafed. Also, X, 1is the distance from the
point xp on the substrate to the centre of the Lth finger, thus the
0

origin of X, is x = x_ = 0 for each fing and is r'édef‘ined for each

finger.

3.3 Lharge on a Finger
The ¢harge 'distribution on a single metal strip has 'been shown to'
be given by [19] as:

c
o]

q(xo) = "‘;2/_2);2 (3.4)

1 &)

and it has been suggested (18] that the charge distribution of a finger

in an IDT array can be modelled by: ‘\D
C. +C c, ¥
3 S -
q(xo) = 5 5 (3.5)

- X
o}
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where: Co, C‘l ‘and 02 are constant coefficients that are a fudction of

the finger's position in the transducer and b 18 1/2 the finger width.

The 1linear term deviation, C1)~:o in (3.5), from the. isolated strip‘

distribution of equation (3.4) 1is caused by the fact that a finger

nearer one. end of an =IDT than the other will have a skewed or non-

' 2
symnetric charge distribution. The quadratic term corresponding to szo

is due to the proximity of other fingers on either side of the finger

under consideration which tends to attract more charge to’ the edges than

' Wwould be the case with an isolate‘a strip. Thus, the problem has now

been reduced to finding the coefficients, CO' C.I and 02’ for each finger

of an IDT.

-4 Finding the Charge Distribution Coefficients

Since all the fingers of theAIDT are connected in parallel to
either the positive or negative rails,l it is known that the voltage
boundar'} condition ;ill be V/2 at any point on the f‘ingers. By
selecting the outer edges and the centre points of each finger, then 3
equations may be written for each finger at which the electroatatic
potential ‘may be calculated. - The electrostatic potent.ial will be a
function of the charge distribution on all of the fingers in the IDT
array and these charges may be arranged such that the potential due to

the charges will equal the bounclar'y value of the applied voltage (again,

Nis pointed out that the ~voltage on each finger 4s tak‘en as the

relative length of that individual finger multiplied by the applied

voltage and the finger- is assumed to have a length equal to the longest

¢



finger overtap). Thus for each finger, there

equations:
0 1n [x,-x_|
1 L 'X £ o
V., = - S N Chs A dx
ik T Sp = 0% /b - x .
-b L °©
2 s
0 x lg {x -x |
& L “o
+ C dx
18 ,32 _ x2
-b ') Qo .
N .
i x= 1n }x,-x |
® %o %
+ € 3 dx
2 /
2 bi - xi :
_bE
where: 1= 1, 2, 3
k=1,2,3, ..., L
. ¥
putting:
+b
L
1 o 1n lxz_xo
Potk T T T e 5 9%,
£ ) Yh, - x
- x P
£
o]
2 )
: X ln |ki—x0|
D:JT?.!{;_?:E "\ 2 P2 d
‘ f L ¥b - X
b R o}
A
s ¥ 1ln |x -x
1 AR £ o
¢2lk - €, \ e ) d
£ J /bﬂ. - X,
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Wwill be the following 3

(3.6a)

(3.6Db)
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i Thén a set of equations may be written:

. . - -
Cos ¢ S [V,

C C c v : '

301 . P02 + by - 12| + 9y + 4 22) = |2 . (3.7)
‘ : : .
Cot,| “1L] REA RN

where: ¢0, ¢1 and ¢2 are L x L matrices and i = 1, 2, 3 corresponds to
the 3 points on each finger i.e. the two edges and the centre wher? the

potentials are calculated and then equated to the beundary values. )

\

N
The authors of [8] wrote this set of equations as: )
Con| Vi |
C v
. 11 21 ‘
Corl Y3,
b ;I:}; (3.8)
CoL | iy
Cipt Vle‘ .
c Js_ v |
! 3
L el 3L

where 3 is a 3L x 3L matrix.

Then,lthey inverted f to obtainlthe coefficiants o' the charge
distribution maprix. It is obvious that Lhis technique is restricted to
relativaly small probloms {they Lllustr1ted the process With a 13 finger

Tranaducer) | thus larze realistics IDT's must be §olved in a different

manner .

L}

In (3.8) it is noted that V12 = sz = V32 for each finger, -thus
the set o{iggyations may be arranged as in (3.7) and the left hand side

may be evaluated for ‘initial guesses of C C., and C,, as:

Og? ~1p
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o 1 [

where 1 = 1, 2, 3 which corresponds to the 3 points'oq each finger under
considerétion. .

By comparing the calculated P,y to the imposed boundary valjpe Voo
it is possible to relax the coefficientS‘d;l, CTL and sziin sudh a way
that P11, Pza and PL3 are made to be équal to Vl within an acceptable
error criterion. Onge this has been accomplished, then applying the
optimum wvalues of COi, C12 and sz to (3.5) will give the charge
distribution for each finger of the transducer. B

The initial guess for 901 is takén prqportional_ to “the
correéponding fingérs amplitude from the FFT solution while C

28
are set to zero. Then the potentials Pyqr Ppo and PL3 are calculated

12 and C

and the relaxation process is begg&. Referring to Figure 3.2, the -
relaxation of COL is taken as:

0z
t+1 t

C = COﬁ L1 + Bo.(vl - P.,)] | (3.10)

L2
where Bo ia a constant that includes 3caling and an over/under
relaxation constant. The t+1 subscript implies a newer value than the t

subscript.

The initial value of 012 is taken as:
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Figure 3.2: Relaxation of chafge distribuytion coaffi&ients
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C = T - (3.11)

where lc1 is a relational gconstant. In the following passes C1!. is

relaxed as:

Cin = Cyy 1 +B, (1?,‘3 - Ppy)d (3.12)
t+1  t

where B, 1s a constant including the under-relaxation constant.
\

-
-

The initial value of sz is taken as:

v, - 12 (P, + P, )
L 23 2,

022 = K.g. (3.13)

where K2 is the equations's relational constant. There after C2n is

relaxed as:
021 = sz {1 + 52 (VL - 1/2 (P!'3 + P .11 ' (3.14)
t+i t

L1

Ry
where 82 is the constant as befors. No proof is offered in thi§ thesis
.as to why the numerical technique causes the potentlals to relax into

their boundary values. The routine has shown itself to cause P 13

21" “g2
and P£3 to tend toward Vl for successive passes and produces deviations
from VL of less than 1% in 3 passes for those cases that have been

_Avivestigated. \

The only quantities to be established now are the integral

“functions ¢01, ¢1i and ¢21. While the solutions to.these functions must

have been obtained by the authors of [18], neither the development nor

the functions themselves have been presented in the literature.
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3.5 | Ihe Integral Functions
l Considering the equations.(3.6b) and putting:

b
C 1n |x-x0|

I, = - | ———— dx
10 _\/b‘_?z_xo o

-b

I = - d

‘ It - L T dx O (3.16)
o

where the subscript ¢ has been dropped. Then it may be shown as is

given in Appendix I that the solution to these integrals is:
b : .

I‘IO =5 1n (2) . X for x = 0
2 .
Ig=rln rm—— for x| > + b
P+ vl - (b/x)
1?0 = 0 for -=b <« x < + b
; —2 . |
I?O = = (y1 =~ (b/x)° = 1) for x> +0
Loy = #5 vt - (0/x)¢ - 1) for x < -b
5 ]
v T T Llin 2y - Tl for x = 0
Y [
; ol z : — 5 1 b2
30 - E [(;) in | ——4_2] + :/1;(b/X) -1 - E (;)j

T+/1=-(b/x)" for |x| > b

(3.17)
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sg\ . '
These functions are shown graphically in Figure 3.3. The result; have
been normalized such that the arguments of the logarithms are
dimensionless and such that the integrals disappear aé x + =, This at
first may seen strange since x is a variable; hqwever, it is noted that

the resulting variable is b/x and this is a variable of x.

3.6 Summary
Thus, by applying the results of the integral equations (3.17) to

(3.3b) for the appropriate conditions of x,, the potentials at each of

2?
the 3 point's on each finger may be evaluated using (3.9) with the

values of € 5 C,, and €,, being found as described in Section 3.4.

Once this has been done, then an acceptable solution . to the charge
<ot

distribution on the IDT has been found (through (3.;)) and the results
may now be applied to (3.1) so as to calculate the acoustic far field-

radiation and thus obtain the frequency response of the IDT, This will

be described in the next chapter.
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4.1 General

CHAPTER U4

L]

FREQUENCY RESPONSE OF AN INTERDIGITAL TRANSDUCER

Recalling equation (3.1)

kh‘

‘ s \ -jkx(x-xo)
T ) dalx)e SCTE
: A

where the above quantities have been previously defined, it is now

possible to calculate the accustic deformation at some point x_. By

using the superposition of the waves generated by each finger in the

transducer, and applyiﬁg the appropriate solutions to q(xo) as

-

established in Chapter 3. Then at-some point x_"the respohse will be
given by:
- L o
H(w) = I a .
’ L= st
— +b,
I ks L _‘jkxxi‘. ‘\ ‘ +jk_x
= T =TT v . - X
T2 Vw e /L = .\ ql(ho) 2 d:(o
I 2z "
-b,
; pl kaxo
L ~-Jjk X, ; a
=Kk e C ‘ dx
ok ;2 o
221 o Tby - X
..b2

y2
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bz Jk.ox
x e XO
-To
+ C1L gz—:—;? dxo
'3 o
_bz
b Jk.x I
’ b “L x2 e x o
* Cy X/'z—-z dx, (4.2)
b- - x
5 °
. -
where all of the constants Thaye been grouped into K. Thus the 3
B a R

integrals of (4.2) need to be evaluated. _ -

LS

4.2 - Integr So ions

From equation (4.2) the integrals that need to be evaluatgd are:

B j k.x
" e x"o
I = L T dx
10 A /%2 - Xi o}
-b
b J kxxo
N X 2 .
. o ~
I = ‘ ——— dx
=0 . /b2 - xi
~b
b > j kxx
X~
I30 = ‘bé e de“
- '3 - X

0
@
The solution to these integrals is given in Appendix II and the

are:

(4.3)

results



. by
. Ig= Jo, (k, b)
‘ I,y =3J.b Jy (k, b) .
2 - -1 .
130 = b [JO (kx b) = (-kx b) J, (kx b}l RECRD

Wwhere: JO and J1 are Bessel functions of the ist and 2nd kind
kx is the'propagation constant
b is 1/2 the finger width.

As before in Chapter 3, the normalization has been.done.with respect to

X.

4.3 The Acoustic Wave ' ‘ .

| In general, the-frequency'Eesponseﬁof_an IDT isAevéluated at the.
centre of the transducer {which corresponds to t=0 and k:b). However,
since this algoriﬁhm deals with resbonses that.are not the same iﬁﬂbgth_;
directions, it is necessary to evaluate the response outside of the IDT
in the direction in which the wave is desired to propagate. Substi-

tuting the solutions (4.4):into equation (4.1) gives:

—kax - —

| I ke o 2\\ I (k b) “o
‘a_ = ?ﬁ-—;r‘ (35 (k, B, Jbdy (ke bY, BT <J(k b) ‘Tc;_b—” - ¢,
.j kéﬁ e—kax | . | .-J1(kx b) FCE]
T T (g, ), JbJ,(k b), b Uyl b) - kb >14 €,
. __CE_.

(4.5)
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. 1
Now by applying these. results to (N 2) and doing the summation over the

whole IDT under consideration, then the frequeney domain response may be

obtained.

4.4 Summary

Thus,.the frequency response of ﬁhe IDT will be given by

. L= k x, .
H(Iw) = K, :1- e [3 7@ ¢y, qo (k. b,)

B
(4.6)
' . Ji(k b,)
* * . . 2 X 2
- Yub, C, Jylky by) + 3'@511 by Jplky by) - T]

Then H(w) is evaluated at each frequency w, at which the specifications

have bgén established. - By comparing the specifications to the responses
N . , .

at these specific -frequencies, an iterative d951gn technique may be

developed so as to make the response approach the specifications. This

iterative sbheme 1s described in Chapter 5.

an
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CHAPTER=é

NUMERICAL OPTIMIZATION

1

) ) ™
5.1 General

The sythesis procedures available to designers at this time all
iﬂvolvg delfa ,fﬁnctions_ in the time domain frbm which the finger
geometry is:established. Since delta funotions imbly filémentar} line
sources (or taps in the receiving mode), thia‘delta modei does not
adequately describe tﬁe physical,response‘bf-the interdigital tran;-

_dueers (IDT). - Al'so, applying a window function causes distortion of the
desired bandpass by broadening the bandpass and- rounding the edges. _It‘

is mainly because of these..reasons that an iterative design technique is

required if the desired response is to be met more accurately.

5.2 Error Function |
Referring to Figure 5.1 an error function 1s calculated by
substracting the calculated response of'the'synthesised InT from the
originay specificahions.. The amplitudes arehleft ‘on the logarithmie
ecale so that the error function is‘ not "hard . limited" at zero
amplitude. In Figure 5.2 it is seen that if the error function (times
155 over/under relaxation constant) is greafer than the original
specification and is added linearly to tﬁe~speqif1cations'then negat;ve )
amplitude specifications result. These would have to be interpreted as
phase reversals of 180° to the specifications which would cause
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(including under—
relaxation constant)

Fizure 5.1: Devélonment of error function and predistortion
of specifications ‘
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oaoillationalin‘thé numérical process. By creating the error functioﬂ
on the logarithmic. scale theée problems are eliminated. The phase error
fuueti&n creates no such problem and is thus ieft in whatever angular
linear measure is used in the routine. Thus, the errer functicns are

given as:

'RHERR(mi) = MDB(mi) - RMDB(wi)

RPERR(w,} = PHASE(w;) = RPHS(u,) a (5,1)

. ~. !

where: RﬂERR(wii is the amplitude error in dB
MDB(mi) is the desired response in dB
RMDB(mi) .13 the IDT response in dB
RPERR(mi) is the phase error in degrees
PHASE(mi) is the desired phase in degreéa

RPHS(wi) 1s the phase response in degrees
d

The error fuﬁction is- calculate& at . each wy of the input set of

-

specifications.

5.3  Predistortion of Specifications

Once the error functions ha;e been calculated, then the error,
r*"nm.'Ltiplia_d by an under-relaxation factor, is added to the specifications
that are fed into the Fast Fourier Transform { FFT) s}nthesis process as
described earlier. An uﬁﬁer—re;axation factér of 0.5 has proved to be
the most efficient since higher values (up to 2.d) caused oscillations

in the resulting numerical solutions. Thus, the specifications‘that are

fed to the synthesis routine are:
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* +

.

MAG(w,) = MAG(w;) + 0.50 x RMERR(w,)

t+1 t t
PHSE(mij = PHSE(w;) + 0.50 x RPERR (w, ) ' ' (5.2)
t+1 t g ‘

where: MAG(mi) is the variable amplitude 1hput specifications to the
. FFT in dB
PHSE(mi) is the varlable phase input specifications to the FFT

1n'degr§ea.

The subscript t+1 implies the set of specifications that follow the pass
where the t specifications were used. This process of predistortion is

shown in Figure 5.1,

5.%  Summary
The iterative design process has been-presented and begause of
‘the complexity of the‘problem, a totally automatic design algorithm is
not suggested. It has proved expedient to build fﬁé system as an
" interactive combutef»aided-design (CAD) technique which allows the
designer to view the'resﬁonse of each synthesis., From these plots and
numerical‘results, the designe; is able to decide if the results are
acceptable or if the procedure should be restarted with different design
‘constraints.
It should also be noted that there is no need t6 optimize the
phase criterion for amplitudes of less than -20 dB for 'examgle.
Normally the phase response is only of intereat in the bandpass and not

in tpe stopband.



CHAPTER 6

PROGRAMMING THE ALGORITHM

© 6.1 General

To illussrate the design algorithm described in this thesis, a
‘ series ofrprogrammes have been written in FORTRAN IV for the .LDC-6400
computing systsm as McMaster University, Hamilton, Canada. The
programmes have been written for "batch" submission but could beAused in
an on-line interactive mode. Once developed to the point of'having the
design system on-line; then a further breaking up of the programmes 80
that routines such as analysis could be accessed at any time would be

advantagous to the designer.

6.2 SAWINIT

Referring to the flow chaft in Figure 6.1 the input‘Dﬁjh reqsired
by‘SAHINIT has been described in detail in Chapter 2. Recalling Section
2.2, block 1 of Figure §.1 requires:  the power of 2 (IG) that
determines the number of samples (N) in she FFT; NP which is the number
of specifications; the number of samples in the FFT; NP which ;s the
number of specifications; the relative bandwidth of the transformation
(RLBR}; the centre frequency (F0) and sheszbllow the NPP specificstions
of FRSP (NP,3).

Next in block 2 of Figure 6.1, the frequency domain from fi=

(1-RLBW) x FO to f = (1 + RLBW) x FO is Eékided into N = 2IG frsduency
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Store DATA

10..

Time Domain Sol'n.

Store IDT

Read in DATA
5
2. | L
Condition DATA W -
\
3.
FFT
\
2. ‘
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L 4
5. .
Synthesize IDT
6. .
MODEL
/
7.

Freq. Domain Response

3 Passes

Store Response

8 ‘ -

DATA+ PLOT OUTPUTS'

Figure 6.1: Flowchart of programme SAWINIT
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points coded aé' FREQ(I). At each of these frequencies a desired
specification MDB(I) for amplitude and PHASE(I) for phase is generated
as a linearly interpolated flt to the DATA of FRSP. Those frequency
sample p01nts below FRSP(1,1) are given the specifications of FRSP(1,1)
and those aboce FRSP(NP,1) takes its specifications.

-For the first pass the input speoificétions to the FFT {block 3)
are given the values of MAG(I) = MDB(I) and PHSE(I) = PHASE(I) which are
then transformed into linear'rectahgular complex_numbér3~for the
transformation,

The oﬁtput of the Fast Fourier Transform (FFT), is then sorted
(block 4) so that the sampleslare ih their correct order and so that t =
0 sec. is in the céntre of the time domain‘solution i.e. the time domain
solution goes from - T/2 ‘to + T/2 .and: thus has its maximum amplltude
near the centre of the domain.

’

Y . y - !
‘Nexb\a Kaiser-Bessel window functloq'of:'

Ty LC16/1) (A2 - [NH-I|2)]
" - M-I

WT(I) = J [8 0]~ /-’
0 . .

is applied to the time domain. samples [20] .where: »

Jo.is the zero order Bessel function

N is the number of samples in the transform

NH = N/2

I is‘tﬁe sample .from 1 to N
This is done ﬁo reduce the side lobes at the expense of broadening the
bandpass and rounding the edges of the bandpass, From-Step 4 the finite

time domain solutions to the frequency domain specifications are plotted
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’

. v . ' ' /
in Step 10. . . ///
Having obtained the time domain solutions, the next step 1s to
synthesize the IDT geometry (Step 5). - Af%g " removing the phase
. . , .
p
discontinuities as explained in Chapter 3, the linear phase component

due to the centre frequency is added tq,fhe phase respdnse of fhe tige

domain solution as: ‘ .

" ¢(I) = 360.0° x FO x DT x oI
where: FO is the centre resonant‘frequency in MHz
DT is the sample separation in micro-sec.
I 1is the sample number (I =1, 2, ..., N)
Having changed the time domain sampléi above -then the finger
lengths, positions and polarities are evaluaged as described in Chapter
2 givinﬁ:
L .1s ,the number of fingers in IDT.
LEﬁ(I) is length of finger and sign dives polérity
T;M(I) i1s the time position in trahsducer structure relative to its
physical position.
Thé basic IDT information of L, LEN and TIM are stored on the system
mass storage (Step 11) so that the actual IDT geometry may be generated
by the programme TAPEJOB if the designer wishes.
The next atep of the qhargé—diatribution modelling for thé
sythesized IDT is performed in Step 6. This procedure is described in
detail in Chapter 3. The subroutine MODEL also caleulates the acoustic

response of each finger of the IDT from the charge diatribution

coefficients as described in (4.3) but without the phase delay E—kax!.
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This information. is presented as complex numbers Iin .the array AR(L)

which is fed to the next routine FRQRSP (Step T). FRQRSP calculates the

actual ’ frequenoy domain ‘response of the transducer in the forward
direction. This response (RMDB and RPHS) is stored on the system mass
storage (Step 12) for use in SAWOPT. The final‘step of SAWINIT is to
generate: the input specifications and the response in both.plbtted and

numerical fornm. - Also, the time domain solution is plotted From this

output, the designer can decide if the input specifications are valid or

if the response meets his requirements. If further refinement of the

design is wished then the programme SAWOPT is run as, is described in the

next section. The listing of SAWINIT is given in Appendix III.

.3 SAWOPT

The programme SAWOPT (Appendix IvV) 13 the same as the programme

SAWINIT except for Steps 1 and 2. In Step 1, the desired specifications
MDB and PHASE are obtained along with the predistorted specifications,
HAG and PHSE from the last pass of either SAWOPT or SAWINIT which ever
preceded this run. The responses of the last synthesis, RMDB and RPHS,
are compared to MDB and PHASE and then MAG and PHSE are distorted
.further as is described in Chapter 5. Then the whole process as ‘in
SAWINIT is repeated. This_ is shown in the flowchart of Figure 6.2.

‘ The deéigngr uses SAWQPT in ;ucceasive passes in an attempt to
minimize the error functions, RMERR and. R?ERR (Chapter 5), until a

usable design is obtained. . When RMDB and RPHS are acceptably small, the

%
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“designer uses the programme TAPEJOB to generate the transducer_mask :
outting inatructions. TAPEJOD, 1s desoribed next.
: : Ve

6.4  TAPEJOB ,
| The programme TAEEJOB ‘takes the information of L, LEN and TIM
(descr;lbed previously/)/s'md generates outf‘.ing instructions for a compﬁﬁer
controlled 'cut':t‘ing table available at the University of Waterloo. 'Si'nce‘
this'is a programme ‘unique to this University (and Waterloo); details of
TAPEJOB will not- be‘ given. The <f:mogr'aumma listing i3 given in Appendix
V. | . . .
Also a plg;:.r is generated by TAPEJOB from the cutting instf;uctiéns
80 as .to verify that the in;tatruct;iona_ are correct before cutting the

mask.

4

..

6.5 SuUmmary. | : )

'Initially the designer enters hié desired specifications into
SAWINIT. He t';hen uses SAWOPT int;eractively until an accep.tagle
tr‘alnsé:ixcer has been designed. ~Then TAPEJOB is wused to prodliééf —:the

cutting instructions for the IDT's mask.

o’
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EXPERIMENTAL RESULTS

The programmes described in Chapter 6 have been applied to the
design of two television int;er'mediate frequency (TVIF) filter designs.
Two such filters have been produced. which involve the design of‘ three
IDT's. The one IDT, arbitrarily cal-led the receiving IDT, is designed
as a symmetric linear phase transducer' and is responsible for obtaining
the stop band inser'tion loss of 50 dB vor bet.ter. - This transducer is
used as the receiver in both filters. The transmitﬁing IDT of tne first
filter is a single bandpass with the non-syﬁnetric and non-linear
specifications of the TVIF. The second f‘ilter'r has a duall bandpass .
transmitting specification such that the lower bandpass has the requined
TVIF specifications (Figure 7.1). fThe upper bendpass is the image of
the lowe ndpass s_uch that the\‘specificat:ions are Hermitian about.a
centre fl:'equency of 55 MHz. As a result this IDT can be fabricajced with
single finger electrodes since the synchronous frequency (frequency et
which periodic finger apecing resonates) is placed in the stop lv.nd.

-~

This -allows for) a relaxation on the tolerances of fabrication. The

-
H

receiving IDT accepts only the lower bandpass .~
The receiving IDT and the first transmitting IDT have split

electrodes while the second transmitting IDT has single fingers,

58
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7.2 Filter Specifications .
)h/‘\n\. .
: e ideal " (selid line) and Cypical compromise (dashed line)

filter specifications [21] and [22] are given in Figure 7.1. Since the

Specifications for TVIF standards were produced at a time when only
lumped element filters were feasible, the phase response was allowed to
be non-linear so that television receivers would not require expensive

phase equalization networks. The transmitted signal of commercial

Lelevision is predistorted so that the product of the predistorted

Tignal and the TVIF will give a linear phase video signal to the

monitor. The phase specification is actually given as group delay: .

d b .
b= ~7"7 ' . (7.1)

T odw
where: D is the group delay in seconds
¢ 15 the phase in radians

v is the angular frequency in radians/second

but for the purposes of this thesis it has been converted to a phase

specification as a deviation (rom linecar phase in demroos,

v .

7.3 Sinzle Handpasyg Filter
The first filter designed and built has a single bandpass
speeilication, The solution of the ZOLh pn;s of SAWOPT o the

transmitting IDT and the 15th anS of SAHQPT for the receiving IDT wero

used L0 produce the filter mask shown in Figure 7.2.
Photosraphs of the response of this filter are given in Ficure

7.3 and an X-Y plot of the 10 MHz about the centre frequency is shown in |



fle bandpass filter

pattern for sin

fask

1

Figure 7,2
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Figure T.4. It\is noted that there is an error of approximateiy 250 kHz
1ﬁ the bandpass\:(sob high) . that is due ?o an error in the final
.reduotion ratio. Aigg the stop band at f_: Hf.25 and-f = 47.25 are not

met. A redésign of thé\receiving transducer would resolve this probiem.
N .

\

7.4 Dual Bandpass Filter

The second filter bullt has a dual bandpass Hermitian
specification (Figure 7.5). The receiving transducer aceepts only the
lower bandpass and rejects the upper. The ut“ pass of SAWOPT for the
‘traﬁsmitfing-IDT and as before the 15th;pass of SAWOPT for the receiver
Were_used to produce the second filter mask of Figure 7.6. Photographs -
of tﬁe ;gsponse of the second filter are given in Figure T.7 and an.X-Y
plot of the 10 MHz about the lower bandpass centre frequency is shown in
;1gure 7.8. As befgre the response|ia approximately 250 kHz high in
frequency and the tfaps at £ = 41.25 MHz and f = 47.25 MHz are not met

becaﬁse of the receiving transducer's response being too wide.

7.5 Measuring the Responses

An H.P. BUOTA network analyser system (Figure 7.9) was used to
obtain the filter responses. Since there is no normalisation iﬁ the
'system, the phase measurement requires an equal length in tﬁe'reference
channel. The only feasible way to account for the acoustic delay in the
filter is to use a SAW delay 1line. Therefore, a delay line was
constructed using two receiving transducers placed at the appropriate

phase centres (corresponds to t = 0 or r = 0) for the receiving and
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Figure 7.9: Measurement system for testing filters
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transmitting IDT's in the master mask. The delay line mask is shown in
Figure 7.10 a the response is shown in the X-Y plot of Figure 7.11 for
the bandpass region. Another approximateLdelay line was used to show

the linegr phase/in Figure 6.11.. The amplitude response is pwige the

response of a _sAngle receiving IDT and it is obvious that this IDT needs

.. to be redesigned if the traps of the TVIF responses are to be met. The

ripple in the phase response is due to electromagnetic feed through in

the package for the approximate delay line (a dual inline package which

did not provide adequate shielding).

7.6 Summary.

.
v

The experimental results given in this thesis are used as

illustrations of how the algqpfthm works. Further design work (redesign
’ /.

of receiving IDT) would be required to obtain a\valid design that would

meet the trap requirements. The filters tha% have been designed,

~

fabricated and tested indicate the validity of the design process and

“

congidering the lumped-element compromise filter (dashed lines in Figure

6.1}, the obtained %esponses compare quite favourably. Thé receiving

-

. IDT theoretical response predicted the wide bandpass as was obtained.
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— : CHAPTER 8

L] ’ ™
CONCLUSIONS , n\\‘\w

8.1 General
A design algorithm has been produced prised of the following
elemenﬁo:
B (a) Synthesis _ o _ . ST

(b) charge distribution model analysis : ‘_ e
(e) -froquency domain rosponse ’
(d) .nume;ioal optimization of* design to realize a desired
response. |

The glgorithm has been prognammed and the model has poeni-developed
mathematically ggd:then some diffioult filter responses were attempted.
The designod fllters were fabricated and tested snowiﬁg‘tnsialgorithm,
the programmes and the model to all be quine valid.

"Because of the broadness of this innestigation most of: the anens'
that go to make up the algorithm could not be investﬁigatedras much.
depth as Hould be desirable. The following sections suggest areas of

further research, development and refinement-.

; T . S
. . . K
8.2 Svnthesis = | RS' .

In the synthesis, furthér work needs to be done to establish the

‘ Piha%ﬂsffect og the windowling function. Some windows such as Bartlett,

Hamming and Hanning [20] were investigated in the corrse of this study
" . . 73

a
LN

'
- |
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but .the actual quantitétive results.of the various functions and their
" vAriable arguments have not been researched with respect to this design

algorithm. A series of SAW filters need to be fabricated and measured

(; - using the algorithm with various windoWs’to see what effect they have on
k,' - the resulting device with respect to design time, band edge rounding,
8lde lobe suppression and stop'banﬁ insertion loss. v

ey .
- L

8.3  Charge Distribution Model :
A The charge model developed in this'study'is the solution to the
4 modelléuggested in [18]. It has been used based on thé-claims of the
authors of [18],'however, fu;ther research on this model is warranted,
particularly gith respect to acéounting fop'variable finger lengths.
The numerical solution to fhe chdrée distribution céefficienta
" could be made.much nore ;ffiéient since only the nearby fingers %ill
have a‘aignificant effect on a fingéf's charge distributiog.
Alsdf it would be desirable if’thp.variabla finger léngth could

.

be accouited for in the model rather than using the approximation in
’

Chapter 33

»

8.4  Freguency Response | ' '
. - _ i .
The _frequpncy responsé of the model dces not include
-, consideration of finger edge reflections. Since s3plit electrodes or

,synchrdnous frequencies in the stop band have been used, this did not
present a probiem in this study. It 1s necessary under many other{

s

~conditions, however, to use éynchronous frequencies in the bandpass and
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' since.lithograpﬁy constraints at hiéher frequenéies preciude the uﬁe of
split electrodeé, accouting for finger reflgctions is necessary if
__passband ripple is to be avoided.

"Also, in much more advanced studies, diffractioﬁ in the far.field

could be included as well as accounting for the scattering at

(5]

apodization cuts (finger ends).

-

- LN
\

8.5 Optimization
f ' *

This area offers the greatest potential for further research.
Attempts at optimizing the IDT geometry with rqspect to the desired and
realized freqﬁeney responses were attempted iﬁ this study. -Hhilé some
poéitivé resuits ware obtained using this approach, the optimization was
not very efficient since the response at all frequencies changed if one
finger  was moved or changed in length. Direcﬁ manipulation of the .
fingers is desirable but has not proved to very efficient in terms of
computer fimev Perhaps using the tranéfonm a;g;rithm as described in
this thesis until very closé results are obtailned and then optimiziné
the IDT directly would prove effective.

Also, the poasibility of using gradient search techniques should
be investigated since the apodization function is well behaved near thg

.

. solution.

8.6 ‘S.marx T -

There are at 1least fﬁzg/fareas of significant potential for

funther research that will refine the design algorithm presented in this

. | ‘J_‘
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thesis. Since s‘uff‘ace acoustic wave filters offer such a significant'
improvement over lumped element filters in the 1.0 MHz to ] GHz region,
in size, ruggedness and realizable designs it is esseﬁtial that
effective and efficient design 'pacl-cages .be_ provid’éd to the des@gn
engineer that are easy to use and pr‘o‘vide usable results without in-
deptﬁ knowledge of how SAW devir_zes work. The study presented in this
thesis is an initial step in Br__oviding the design engineer with that

“fagility.

vl



APPENDIX I

- - Y )
SOLﬁEION TO CHARGE-DISTRIBUTION INTEGRALS

I.1 G.anm:al

The integral equations of Chapter 3 to be solvgd are:

o b . )
1n |x-x0|
Tig= - 2 5 X, (I.%a)
- X .
wb °©
b i
xo 1n ]x-xo]
’ = - . i 1
oo X 2. 2 dxo (I.1b)
. -b °
' ’?‘ b 2 ‘
xo 1n |x—x°|
- I, =~ dx . (I.10)
: T30 /gz _ xi o .

-b

¥

The table of integrals used in obtaining these solutions is Reference

(231].

I.2 I

using the transformations: ‘ e

Xy = bcose
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dx, = - bsine do
b2 - xi = baine ‘ (1.2)
(1) x = 0; making the substitutions of (I.2)
m
I‘IO = - Sln |-bcoss| de
oo |
' /2
= =2 1n (bcossd) de
LY T
= -2 ['é' 1n (b) - ) lr{.(2)]
Thus
Io=71n (2/b) for x =0 . ‘ (I.3)

(11) x = +b; making the substitutions (I.2):

\

T
I10 = - §ln b - b coss| de

| for @ = m the argument of 1n ;ls b - beosm = 21? and for 8 = 0 the

argument is >0 over region of integration which gives:

m
I“0 = - § In (b - beoss) de ‘
. b - /A° - b°
=- i1n { > |
Thus .
I..==1ln (2/b) for x = +b (I.4)

10



~T

(11i1) x = -b; making the substitutions of (I.2)

10 = ln [ b - becose} de

S

§ln [( 1) (b + bcos8)| ds
0

since (b + bcééé) 2.0 for 0 £ 8 < v then:

I10 z - iln (b. + bcose) de
g .
glves
I, = 1n (2/b) for x = -b (I.5)

(iv) x > +b; with substitutions (I.2)
T
I. = - Sln |x - bcose| de
0
since x > +b then argument of 1n is > 0 thus

m - .
I10 = - Sln[,(x - beoad) de

"y

which gives

110 = 7 1n ( /2 2) for x > +b (I.6)
SR X+ /x° - :

(v) x < -b; with substitutions (I.2)

5

hA
I10 = - §ln‘ |x - becose| de



80

o= - § In |(-1) (x + becose)| de
2 &

taking x > +b then argument of 1ln will be +ve over 0 L8 £ rif

" €-1) is removed giving °

o .
RET \ In (x + bcoss) ds
thus ‘ N
) 2
I.. =1 1n ( ) for x < =b : (1.7)
10 X + /xz - b2

Thus the first integral (I1d) has been solved for all the points on the

X-axis wheré the electrostatic potential will be calculated.

I.3

&
Solution of I,
Solving for 120
~ X 1n |x-x_|
0 0
Ipg = - #7'2__2' dx,,
EELA- R N
-b
b
~ -X
. « 0
z ‘ {ln |x-x_|] * szf:::ﬁg]-dxo
. Yb™ - X
) o)
-b
‘ L0 b d 1In [x-x_| -
- 53 ‘! . o
=y - x o In 1x-xoji - Q (rb~ = xo) ( dx ) dx



i

b

= /% - b2 1n |x-b} - /A2 - % In |xeb| -

1 Pl
S

b
(e
RS-
I.. = -\ Yb -x dx
20 g o} dx o
B o)
consider the transformation
U= X - X "X = X -u
o o
du = - dxo dx = =du
then
Xsb —s = d 1n |u]
_ \ —_—
120 = - F(b“=x") + (2x)u + (=1)u ™
O . -
xX+b
" (i) x = 0; taking (I.8) with x = 0
‘ ' b d In |—xol
- "» -F\E E -
I20 - 5 vb %5 T dx dxo
X .- o
0 d1n (-x )2
= - /bT=x P dx
3 o dxcj # 0
-b :
b _ d 1n (xo)
-]
= - ybT-x Jdx
. Q dx 2
0 ° 3
RE R P /ol
= - dx - \‘l-
0‘ —\O . @ 6 \'.O
b AT L
0 L]
= + dx - \
] | g Xy o] ﬁ X

/ba-x2
- o

rl"
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d In |x-x_|
. o]
dx dxo
o]
(1.8).
(1.9)
du (I.10)
X
dx -
0
2
X
o]
dx
‘0



Thus- I,5=0 forx=0 | (I.11)

(11) x = +b; taking (I.10) and putting x = +b gives:

N 4 1n vl
I,. = | /?b -b7) + (2bJu + (-1}u” ——— du
20 3 . du
b¥b
0
 /2bu - w N
= - \3 ——— du
. u
2b
/ 2 0 %
PR— 2bu + /ébu-u
= ~{/2bu-u® - /2bu 1n [ 1}
+ u .
: 2b
= 0
Thus I, =0 for x = b : S (1.12)

(1ii} x = —b;'taking (I.10) and putting x = -b gives:

-bzd Prcar: ‘ s d1n jul . |
120 = - 3 {(b"=b") - (2b)u + (-1)u T du
-b+b.
-2b —
- v-2bu - u
= - : du
\‘I ~-u
O .
2hb - -
? f@bu - u”
= - - du
1 u '
s 8
_— / G -
—_— — /2bu +.2bu - o | 2P S

-i*2bu - u° - /2y 1np{ " 1)
1 O

=0



Thus 120 =0 for x = -b

{1v) x> b; taking (I.10) gives

20
where
From (I.14)
and
énd

H]

kﬁ

N}

Y /6%x) + (2x)u v (SR
. u
X+b
x—b x{f,b x;b
S \ B \ du
=¥ ] - — - A
X+b 2 +b v x*b

x=b
S /(b2-x2) + (ix)u + (~1)u

X+b

.(b2—x2) + (2x)u + (-1)u2

b2 - x2
2 X
-1
. X=b
YU = 0
' X+b
‘(—_b
du
£+b U
3/2 1 t=2u + 2x x-b
== sin’ | |——————
4 A4 AU+ 4x2‘  X+b
x-b
N du
\ u /U

5 4 1n |u|
du

du

du
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-5 . axusapf-oand XD
= 75— sin [ = ]
/2 2 2 e 2
X -b |u|Alb-1¥x + Ux xob
s T X -~Db -
Thus combining the above terms into (I.14) gives
Izo:-n[/xé- z-x]_ for x> b _(1.15)
(v) x < -b; taking (I.10) gives
x—b‘-/22 '2dln]u|
1?0:— . {(b"=x=) + (2xJu + (—‘l)u‘——a-u—du.
‘ X+b -
-] x]|+b) "
= - __u du . -_
. ~(lx]-b) .
| x|~b
= -+ \ *— du
R u
| x+b
which is the negative of case (iv). Thus
120 = +f L'r"xe - b2 - x] for x < -b (L.18)

Thus the seccond integral has been solved
. @

for all the points on the

X~axis where the =lectrostatic potential was calculated.

8y
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I.4 .$£zJ.J.u;.an_9_f_I30
Solfing for ;30
® x® 1n |x-x_|
o o
I, = - — dx
30 X /bﬁ_xz - o
e
~-b
(i) x = 0; taking x = 0
® %2 15 x|
_ o o
I z - = 0 dx
'30‘ y b2 - X'Z L W
. . 0 -
-b .
b ¥ — -
e : Yo
= -2 L-[x In(x)])i- ; dx
. w} o © : /52 _ KEL
0 (S 0_
k
b2n 2 1
o=y () - 21 .
b%x 2 .
T ' = ;=) - = =
hus 130 > (in ¢ 5 ) > ] fop x ' Q
(ii) x = +b; taking x = +b then:
% %2 1n {b-x_)
)
I = - —— Ldx
30 T bt -k :
-b
o} ~
- -‘é l
= - [ ?] * [x_ In (b~x )] dx
Coeb® - xS °© . e "o
3 o
Integrating by parts gives:

<

85 -
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v

. ‘ ) ' ‘\ b . .
=[x A2y 2 2 . e’
Iy = [x, -X }n (b—xo)]‘\_ b--x: [1n (b-x.) - G dx, .
' b b - , °
- e e, ) 2 2 .
= b = x dx, - /b - Xy l? (b—xo) dx, . (I.18)

‘Taking one term at a time and applying the transfbrma;ioh:

xo = pcose . dxo,z ~bsing de
" —
dx0 i
/0% - %2 = bsine v de = - e
o 2
: ' b - xo

gilves for the 'second term of (I.18):

, b |
: WA
- S b~ x5 1n (b-x ) dx,
=b . ,
0

= S b2 sin2 § 1n (b~ b coz 8) ds
> .

i
i

Q | Q
2 \. 2 2 '
b in (b-bcose) de - D" cos78 1n (b-bcose) de
Lt L

b 2
x 1ln (b-xo)

. .
5 .
- b In (b-bcosd) do + dx
| X ;%2 - x2 0
0

-b o

-b" 7 ln [—

n



' == b° ¢ 1n (b/2) - Iy | (1.19)

Now taking the first term of (I.18) and applying the tranforma-

tion:‘

™~ " = b= : . = -
us=o>o Xy - . du = de
xo = b - dx ; -du
8 xO /bé - xg
‘ . I. ) -
gives: o b - x dx
- °
(b—u) /b I
" du
b‘lb
0 . — 0
+b /2bu - - o L 5 i
S —‘“-r:r*“-“du + Y2bu - u° du
b 3
- b2n 5
- b . (I.20)

Substituting the results (I.19) and (I.20) into (I.18) gives

b%n 2 2 b
I30-_-—"'é-‘—bn‘--bﬁlﬂ(5)—130
- . ” b 3
/_2130:‘b"'““(2)*2]
b211 b 3 -
.. (1.21)

thus f1ln (50 + Eﬂ- for x = +b

—
1
|

jo °
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(111) x = -b; taking x = —p

X, 1ln |-b-x_| y
I, ==« dx . :
30 Sﬁ JQZ - o | '
b o :

§ In [(-1)" (bex )|

/% 2 dxo
‘ Xo

-b
b 2. '
X, 1n (b+x°)

oz oa : dx
, VORI

transferring x = ~b to X = +b

I = +

-b 2
X 1ln (b—x )
30 °
b

"————-—/-————.dx
o
_ %o
and reversing order of integration -

b
X, 1n (b-xo)

I = - T dx
30 X /b2 _ x? o]

-b ©

which is the same as for case (ii)

be'rr b '3 o
thus 130 = = —E—'{ln (E? + 51 for X = =b (I.22)

(iv) x> +b; taking the region of x > +b
\
\\__.__/t_‘j

X o 1n [x-xol -
Ig == | == = dx
30 e _ xg_ o

-b



30

~—

since x > b then X-X5 > 0 for region of integration

» .
x, 1n (x—xo) .

2 2 d"c‘:"
A2 - x

30
o

| aa}
"
i
1
- J o, Y.

1]
{
o )

. x '
. o ‘
[x. In (x-x )] * { ] dx
(o} (o} '%F _ xg o

Integrating by parts gives:

: b
e x
- o
= [x Jga-xz 1n (x-x )] - Jbz-x (In (x-x ) -
o () o _ "o o (x-x_)
-b - o

R . R X, ba-xg )

=0 - /bz-x2 In (x-x } dx + — dx
o o o X = x, o

Taking the first term and substituting:

xo = boose i dxb = -b§1n8 de
) dx
Jbz 2 . bsine de = 2
X n =T /2 2
' b - X5

1 dx, .

89



Taking

glves -

0
2

b

v

x + /x° - b2

2 ] - I30

- bat In [

the™-second term and substituting:

u = x-xo

X=b

(x—u) /{ba-xz) + (2x)u + (-1)u2

. u
x+b .

x-b
CX /be_XE) + (2x)u + (-1)u2

u
x+b

Iduy

X-b
- X /sz;x2) + (2x)u + (-Du® du -

. x+b .~

R SN %

1]

4 .
Combining the res%lta (I.23) and (I.24) gives

T30

21I

2 .2

du

Il
]
‘ X + /X =b .
- bzw In [ ] - 130 + 7 [x /xz—b2 - x2 -

2

—

7/62u 1In [ > ] + v [x

-

. X + /xa-'b2 ' : //5*—5‘ > b
X «b7 - x -

2 )

2

[}

. 0
S'ln‘(x-bcose) do - S b2 cosaa 1in (x-bcoss) ds
L l N
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w . 2

T 2 . - -~ b-

Thus I.. = "{bz,ln‘[ } + x ,/xa-b2 - x2 -7}
30 72 s JRop? 2

for x > b~

(v) x < -b; considering the region where x < -b

b 2
| S X, 1n Ix-xol
I T - dx
30 /@2 _ ;? o
-b 0

7*2-[’2 . dxo

Xb xi in |(-1)(|x|+xo)!
b

transferring x -+ -x

and reversing order of integration

2 .
x, 1n (le-xo)

b~ - x
o

1
!
]
UC—-"DU’
N
3]
[» 9
»
o

Thus from case (iv):

91
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2

, " 2 b

- I3d = E‘{b2 1n L /;2——2] + [x| /x ~b; - x2 - 5—}
- |x] + /x“-b .

for x < -b (I.26}

I.5 Summary
Of course all the above integrals must have a reference constant
. ) ) ) o '
.such that 110 ""120 = 130 = 0 at |x| = %*w, This is found to be the

value of x thus the normalized solutions of the integrals are:

110 = 7w ln (2) ‘ . for ;'= 0
T . 2
s i = 7 1ln [ —] for x| > +b
10 1+ Y1-(b/x)°" |
‘ 120 = 0 for x = 0
;éo'z —r (V1= (b/%)° -1) - for x > +b
Lo = +1 (/1 = (b/x)° = 1) for x < -b
if 1 )

130.= ) [(lIn (2) -~ 5‘] for x = 0

nob2 2 L 1 b2

130 =3 {(;) 1n |_1 R /1m2] + Ah-(b/x)° - 1. - 3 (':) }
. for |x| > b
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APPENDIX II

SOLUTION OF WAVE EQUATION INQFGRALS

II.1  Geperal

‘To integral equations of Chapter 4 to bd solved are:

II.2  Solution to I10

putting X, = boosé

Yh - X, = baind

dx = -bsine de
o

93

(I1.1)

(I1.2)
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<\
T .
Sives_-' I'10 = X ekacose de
0]
T . ,
A S L
=J[1+kacosa-2! -33! cos”o
.0
N
(kb)" (w)®
+ Ty 036 + 51 cos 8 ...] ds
)
W
= (1 - 21 cosTe + cos’® ...] de
3 .
m .
) v (kb)2 3 (kp)
e +Jkb 3[0039-3—!-cose+_5!—cose...]de
0
C(kp)? 1 " (k0" 36 sinze . sinks
= [r - By [EB +Es:.n26] + T [E"-ﬁ- q + 32
G 0
T (kb)2 , i (kb)u i 1
+ 3 k b (sine| - —— (sing){cos 0+2) + "= (7 cos ¢ sing)
g 3! l 51 5
| - .10 Q
T
E ' 2
+ 5 g cosoda L..]
0
2 ] 6 '
(eb) ™1 (kb) .3 (kb)~.5.3
= b= 2.2 Y 43.22.40 "654.32.206 " ]_
+ jJ kb (0] : -

wk0)? o) (kp)®

+ -
2° 2242 222,

Tm.[1 -

> -

4=.6



=x Jo (k.b )
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Reference [24]

Thua'110 = % J_ (k b) i3 the solution to the first integral.

1I.3  Solution to I

20

—

i
LS
Using tranformations (II.2):
= bcos® ejkb-c oaf
A 2 2 2 3
{(kb) “cos“e {kb) “cos”e
= bcosol‘[ 1.4 J k beos 8 - 21 -3 31
(kb) Yeos™e (kb)2coss |
+“_“‘m—-——+\1_“§!———-...]de"
] (kb.)300336 (kb)scoése
-'-. Kk [k b coss - 21 + ‘ b1 . 1 de
m . )
1 L " S L
+ % [J (kb)“ cose - j-‘—'—'3! cos 6 + J 57 cos @ ... ] ds

1 kb 1 1 (kb)3 38
=k[0]+T[kb (‘z‘e-o-isinze)o- 3 (—§+
. ) .
(kb)° 1 o5 Y
+ "oy (7 008”8 sine)| + = co3 0 de) + ...
51 6 0 '6 _

—

. kbw (kb)3 3x (kb)5 5 3x
:Jb[‘—a—- 3 (E"‘)+ 51 (‘6") ('8"")

1

3ing2s asinie

4

L

32 )

0



b (kb)3 (kb)5 :
2dwb [ e o ———
2Ry TR 2

.=j‘ll'bJ1(kb)

Thus the solution to the second iritegral ia

Ig= 3 % J,(kb)

III.4  Solution to 130

Using the traﬁfomation (I1.2)

. T /i
I = b2 cos 8 e,jkboose de
30 .

b2 (1 - sinZg) eJKboosE .,

|1}
[ ey T

= b ejkbcoga

1
ho
OC.—*?#

]
(k b) + — [bsine ekaCOSB

o]

2 T b .
b”™ «x J0 {k b} - " J, (k b)

]

Thus the solution to the third integral is:

.2
130 = b x [J kb

96

. Reference [24]

x_
ST
.

.
d6 - S‘bz sin®p eJkbeose .
0

1 & .
b% n I, (k b) + b X [bsine] [-j k bsine e‘jkb?ose]de
0

T
§bcose gJkbcoso de]

1
(k b) - '—‘J1 (k b)]



II.5 snmmnni

The aolution te the wave equation integrala in the far field .

(1.e. outside the

Lio

20

30

where: Jo is the
J. is the

k 1is the

b 1is 1/2

-

transducer ragion) is:

Jo {k b)

[}

thJ.' (kt")

B
I‘[J (k b) —IC"I;'J (k b)]

5

Bessel function of the first kind
Bessel function of the second kind

propagation constant

the finger widgh
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. | APPENDIX III
SAWINIT .
| -

The following is a listing of the inif.ial -p_rbgr'amme SAHiNT‘. It
is written in E_“QRTRAN IV and operates under the NOS system for CDC-H000
computer syétems. System. libraries used are:

.(15 SSPLIB - scientific submutiﬁea package
(2)  PLOTVER - Vqraateolplottiné library package.

‘The files that arb saved are: TAPE 1 and TAPE 2.
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APPENDIX IV

SAWOPT

The following is a listing of the optimization programme SAHOPT
It is written in FORTRAN 1v and operates under the NOS 5ystem for
CDC-6000 computer systems. System libraries used are:
(1) SSPLIB - scientific subroutines package.
(2) PLOTVER - Versatec Plotting library package.
Files TAPE1 ang TAFE2 are replaced while the old files TAPEV and TAPE?

are renamed TAPE10 and TAPE20,

120



121

. _ 0°0=4¥3dyd (0'0Z-"11°(1)9dnW) 41
‘ (1)SHAY-(1)3aSVYHI=HYIdY
(Il9aWy-(1)adu=dy¥3awy

N’T=1 S0Z 0Q

*SNOILVDIAIODAdS J0 NOILYMOLSIQIud
T+HN=WN
Z/N=HN
1-ZN=N
(0*1-) soov = 14
£+3r=Y1
. INNILNOD
I=¥1 -(0°03"HI“ANV° 0003 (1)adW) 41
: . (I+
vmm=m~thuaz.Ava:mm.ﬁﬂvmasm.ﬁvam<=m.Avaoz.nHvommm {(0£’'01) avay
ZIN‘T1=1 0T 0@
G=Y1
T3A'D3'04709dS LA’ L'DI* 11 ZN (02'0T) avay
(008)22'(005) 10’ (005) 0D NOISNIWIQ
- (ETS)3ASHd’ (ET16) OYW’ (ETS)LAIY’ (€TS)SLIID
s.mﬁmvmxmm~ﬁmﬁmvmazm.ﬂmHmvN~ﬁMHm,>~ﬁm~mvx.ﬁmﬂmvmm¢=m.Am,mvmo:.AMAmu
vom:m.ﬁm~omvmmmm.ﬁoomvzmq.ﬂoomvzue.ﬂoomvm.ﬁcomvmx.ﬁocmu> NOISN3WId
(ETS)HY NOISNIWIA
TOVWI ‘de734‘ HLONZT ‘OVWI ‘Id ‘gdw ‘Ivay
N3T1 1vdy
OVW IV3Y
UV LAIH'A‘SLdd X3TdW0D

. . (0Z23dvL’0T13dVL+
.Nmmca.ﬁmm<a.e:mesonmmm<e.a:mzunmmmca.a:me:o.&:mzHu LSL WYYHO0Yd

01

"LdOMVS=LNdNI ‘ ZAVS

“NLJ

{ T} 3DUYHD

: (O SYEEETE ) H3Sn
SHIHLNS  °NDISEQ MVYS J0 SNOILVSIWILIO 3AISSIDONS SI00 WYHO0Ud SIHL °1dOMVS



122

(8w

aeoum~s.Nz~mmmm.mozz~oumm~zHa.m<.q,mmmozm TIVD
.No.ﬂu.ou.qm>.~m.Hm.s.mx~m.zHa~qu. 1) 13dOKW T11VD
. 0TbE="13A

(Z+HN) 03Y¥a=24

(Z-HN)03ug=14

Aq.:Ha.zmq.ommm~om~N~>ﬁszaoH 1I¥D

INNILNOD

sz¢aHuﬂ+mzvmnﬁH|H+=zv>

53.5H+H+mzvanaH+H+:zv>

NIA/WNNVY=1M

(WNNV‘D¥Y) 01 "11v>

ﬂzevamOmaﬂz\o.mHvuom<

ﬁmﬁcnumﬁumzva<oqmuzs

HN‘T=1 001 oq

(N3Q‘0°8)0o1 17vy>

(Z'X*ZN)YYLsSsHd T11YD

ANNILNOD

ﬁomnomv«sa.o.omm¢H+AHuzzvNnﬁHuzzvN
Aumromu*an*o.ommaHuﬁH+zzvNuﬂH+zzvN
HN'T=1 56 o0g

0°2/08dS-04=24

(Z'A'X*ZN)Ldal44 1IVD

(t)z=(zNn)2

{T)X=(zN) &

0°9=(zZN)x

ﬁu‘a~x.uH.z.memmvsmmz<m TIVD

ﬁmmmm.ocx.ommm.zvommaqm 1IVD
ﬁmumﬂmm.xw.ozﬁu.p<zmom
ANNILNOD.
AmHm.mmmuxqsznaHumamm
AmHmsmmm.AHgmmmm-mz<ueumm TIVD
ﬁo.om\AH,o¢zV«¢o.oaumzc
mmmmm*om.o+ﬁvammmuﬁHvmmmn
HHIWYR0S* 04 (1) OVW=(T) Oy}

001

S6

01Z
so¢



123

\
aNd
_ dolLs
(666 (N)A’ (N)X) L07d T77vH

(SHJY' 8AWY 0343 * N) DY ALd T1IVD

ﬁ«m:mmi~XQ-imm<mm«+

.xn.*mmmmu.xm~.mnzm«.xm.*moz*.xm..o<z¢_xm.«ommm*.xm.amﬁg LVYKY0J

‘284" 590 4’263 480 ‘263’

-

(¥D3d x*Z°34'403Q »'2°8d/ 4030 .+
»80 »’'Z"64d* xZHW *'C°83XS0HT) LYWUOS

INNILNOD
{I)SHdY+

..ﬁuumm4mmwmmvmmxm~ﬁvanzm.ﬁHumaL.ﬁHvo<z.ﬁHvomm@ (IST'9) 3r1um

vmmmm.ﬁuvucx.ﬁuumxmm.AH,mazm~AHgmm<mm\ﬁvanz.ﬁHvommm {(0€'1) JLIum

N‘T=1 01 0g
{€6179) 3alLiuym

{SI) Lvwuoa

e - (0T*0C3E) LYWHO4
' ‘ INNILNOD

X IX’ (1) N3T (08'2) dLIumM
{I)a8+(1)dx=ux
(1)8-(1}dx="1x

1'1=1 0L 0d

: T (1872} :3LTum
ﬂm.wﬂmhv LYWHQI
(G°0739%6I¢€) Lvwyod ™
INNILNOD

(I)gawy Ho.ooﬁn.aq.ﬁnumozmv d1

(1+

- XVWY=- (1) 8awd=(1)9awy
ZN’'T=I 0S5 oq
(41)9awyu=Xvwy

qm>.um.om.ommm.aa.p.oH.q.mz (0Z°'1) 3Llium

¢sT

14T
061

18

0g
0L

0E

o



124

(OVWI *Iv54Y) X Tdwo = M
(N/Idx*2)NIS = OVWI
- . (N/Idy"2)505 = TV3YY

N=1

. (0°1-)sS0o0v=14
ﬁzvm~ﬁzva.ﬂzux.ﬂmﬂmvwemm.ﬁm.mﬂmvammH.ﬂzvaaam.onmzmzHa
‘ OVWI Ivzy
m3~mr.3.mamm.ﬁhmm X37dW0D

Hm.x~x.oH~z~Hammvamm3<m INILNON¥EnNS

anN3
: : NHNL3Y
. ANNILNOD
< I 0L go nc.mﬁﬂi.mq.ﬁxumv a1
_ 0*09¢€+(M)z=(Y)z
; ‘ £7 01 0o
. ZT 01 0o ﬁo.Hmﬁ+.au.ﬁxUNV d1
0°09¢€-(N)z=(N)2
© IT 0L 09
R'T=% 01 oqg
(N)Z NOISNZWIQ

(2’ N) sdoshg INILNoudns

CovooLoLy

01
€1
[ vi

1T
A



125

ANNILNOD

N/(T'IM) 133140 9=())X

(M} 2=XYWY (XVWV°'LO* (M} A) 4T

vd=(M)z

Td=(4)} A

(¥d‘7a’14'¥Y) ¥v104 17v5
((IM)TL33)OVHWIV=TY

((IM}T2d4)Tvau=Ny

18 0L 09

08 OL 0D (T-M°0a°(T'1%)1dd1) 47

) T+IM¥=1}Y

0=1Y4

N'T=% zg oa

0° 0=XVWY

‘430¥0 LO3UUOD NI (1da) HOLOAA LNdLNo Ind
INNILNOD

: (2'I)333T=(1"1)1341
(I)Zldd = (I)1143

N’T=1 Q¢ oqg

JNNILNOD

dM + (T-M)TIdd = (M)zlaa

(M) TLATeNM = dp

_ 09 0L 09

: dM+ (M) TLa3 = (M)ziag

’ ) (T+4) TLAT MM = dpM

19 0L 09 ﬁaﬁ.xvemmm.so.ﬁw~xuammHv JdI
(C'A)13dTI4xM = UM

N‘’T=X 09 oqa

SS300Ud 14d NI YOID3A IXAN JLYINDIVD
_ T+ ~N~xvemmuuﬁm~mz+xuammH
(T'9%2)1341 = (Z'¥) 1331

HN'1=) 05 o0a
T+HN=KWN
/N = HN
T/1="1
9I1'1=W 0L 0q

r

of

<8

08

18

09

_(\



. . .ﬁzzv»uaommuzmq

T=H1

0=W

0="1

: INNILNOD
ﬁo.omm.oma&a*HvuzNIAH:zZVNnAanzVN
ﬁc.ommﬁom«sa*Hv+xN|ﬁH+zzvNn~H+zzvN

/ ) - - HN'T=1 ob og

’ (WN) 2=wz

‘.thmm AONANDIY¥L FHL 40 SILNINOdWo dS¥Hd ¥vINIT dHL NI dgy

"SATAWYS 1dag ayHg d0. LNIWIUONI FWIL any g1 La

) SANODIS-0UDINW NI d0l¥3d 1a1 aHg s7 g4

- N/l=1a

. agads/N=g

: : T-ZN=N

| . T+HN=WN
, 2/ZR=HN
ﬁocmvsz.ﬁoomvzmq.ﬁmzvN~ﬁmzvm NOISNIWIQ

ﬁmq~sz.zmq.ammm.om_ms»~mzwaoH ANILNOYEns

anaz

NENL3y
INNILNOD

SZ = (HN+M)Z
(HN+3)2Z = (y)Z
Mz = sz
SA={HN+¥) X
(HN+3) K= (3) x
(MX = gx

HN'T = ¥ £6 oqg
INNILNOD
XYWY/(I)X=(1)&
N'T=1 g8 oqg

o

v

LU



w«w

(I+NW)N3T=(I)N37

" HIT'T=1 05 oq

. T-W-0G2=NuW

. ‘ _ -3NNILNOD

" o T INNILNOD
. ﬁmm*ﬁAH|H+:zv>-AH-zzvmv+AH|H+szmv«zmuﬁzuommvzmq
: (M+ON) x5 (0°* T-) =NS

. Ly (Hd+T~1) ~=(W-05Z) NI L
ﬂﬁHnﬁ+zzuN+ﬁanzVN|v\ﬁﬂH|H+zzvN+ﬁx+ozv*o.omﬁvumm
. ) ‘ T+H1=H"1

: ‘ THh=W

- . ‘ L dN‘1=¥% 0f oq
.mmm)ﬁHm J0 mmHeHm¢qom.mz< mmauzmq.mmzHazH<amo

: 0T OL 09 (0°03°dN) a1
o.omd\nm.o+qm4:m|ﬁanzvN-Vumz
ST ONx0°08T=TSv¥Hd

: ’  0708T/(S* 0+ (I~T+WN) 2-) =3N
"SINIOd ILJdJd NIdmidg SUIDNIJ J0 ¥IEWAN FHL SIAIO dN
, : : - 0T OL 09 (6¥Z°0d°W) 41
. INNILNOD
Amm*AﬁH+HuzzvauﬂH+zzuav+AH+ﬁ-zzvmv*zwnﬁq+ommwzmq

_ . . ﬁx+mu'zv«.«ao...ﬂlvu2m

. LUx (HE+T=1) =(1+052) WIg

; ﬁAH+H;zzvNuaH+xszv\ﬁAH+H:zzvN:ﬂx+uz~*0womHvm:m
o . . . e T+H'I=H"1
ERRES T+1="1

A ’ . © dN'I=¥ 0z odg

"SHIONIZ 30 SATLI¥VIC QNY SHIONIT'S3AWIL. NIVLEO

: : - T¢ 0L 09 (0°03°dN) 41
o.omﬂ\ﬁm.o+qmcmm:ﬁH+zzvN+uumz

‘ - ONx0°'08T=TSVHd

) . 0°08T/(S"0+(I+T-WN)2Z+)=3N
‘SLNIOd 134 NIIMIFg SHIONIL 40 HIGWON IHL SIAID dN
_ C 12 OL GO (6v2°03"1) 41

~ HN'I1=I 01 odq
0°0=(05Z)WIL

F



———

128

0°08T-SHdY=SHdYH (0°0 LT WISY ANY" 00§71 T4SYH) 41
(Id/0°08T) »x((THSH/WISH) NV V) =(I)Sudy

(T xWISU+TexTUSH) LUOS=(1)9aWY
((I)LATId)OVWIV¥=WISH

({(XI)1aIy)Tvay=T4SY

: . @DNILNOD
D) A73a+(1)2GId=(1) IQIY
o ( (ONY) NIS’ (DN¥) S0D) X1dWDd=13a

(0°2/1L-(L)WIL-) x (I1)0AHIx I ds Z=ONY

: . 1'1=r 0Z o4

(0°0‘0°0)XTdWD=(1)1a1y

. ZN'T=1I 0T od

NOILVYYD3LNI Q1314 Hvd od

0" 0=XVWH

: (D°1-)s00v¥=14d

Jalvnivad 39 Ol SLNIOd Q3dIJdId3adS 40 ¥IEWNN SI ZN

S43493Ad NI ISNO4SIY d3SYHd FHL SI SHAY

g3 NI ISNOJSIY 3ANLITIWY SI gdwy

Ldd d0d SLNIOd ADNINOIUI 20 AVHUY SI 0FYHJ

SANODIS-0¥IIW NI SHUIONIJ JO NIVWOA TWIL FHI NI NOILISOd SI WIL
ALIYVIOd + SYJIONIJL 30 HIONIT FHL SI NI1

LAI FHL NI SYJIONIZ 40 ¥3gWwAN 3HL SI 7-

. : T+2/N=WN

: ) : T-ZN=N
ﬁszBon.ﬁwzummmm.ﬁmzvmnzx.Huzvommm.ﬁquHe.ﬁqv> NOISNAWIQ
- A'Tdd X37dK0D

LAIY X37dW0D

. : . NdT 1¥3Y

2

.ﬁeon_a~Nz_m:mm~mmsm.ommm~zH9\>.qvmmmomm ANILNOYEAnNsS

aNd

)

Lo L

NYNI13Y
. ANNILNOD
(I+NW)WIL={I)WIL

6
0s

4



129

D . |  0708T-(I~WN)Z=(I-WN)2Z

. 0T 0L 09

- 97 OL 09 (0°06~-*17°SH4A)} 4TI

7 ST OL 09 (0°06+°L1D°SHAA) 41
. (I-T+KN)Z-(I-WN) 2=SHdQ
¥T OL 05

(I4+WN) A-s{I+WN) A

0°0BT+{I+WN)Z={I+WN)Z

¥T 0L 09

; (I+WN) A-=({I+WN) &
0°08T-(I+WN)Z=(I+WN)Z

. £ET 0L 0D

¢T OL 0D (0°06-"L71"SHdd) JI

1T OL 09 (0°06+°1D°SH4A) 4T
(I+T~WN)Z-(I+WN)Z=SHdQ

HN'T=I 01 o4

T+HMN=WN

Z/ZN=HN
(ZN)Z’ (ZN) & NOISNIWIQ

(Z'A’ZN)HISSHd INILNO¥ENS

dng
NanLay

: B {¥D3Q x'£'0Td'y= SHd«D -
.xm.wﬂo + €°0Td 5= GQAWN"XS’ ¥ZHW »'1°Gd’ 4= 03dd s 'X5°0HT) Lvwyoa
v

INNILNOD

(WN} SHdY- (1) SHdU=(1)SHdY

0*00T-=(1)8awy (000T-*17° (I)gawy) 41

. ﬂxczm\avaazmyoﬂuoqaiommnvaozm

IN'T=1 0t oa

“8d NI 3ANL17dWY NIV1EO

{WN) 8GWH=XVYWH

‘ C INNILINOD
‘o.oma+m:mmnmmmm Ho.oahq.szm.azc.o.c.au.qmmmv mH

.

ST

1

1

11

bl

1z

0t

L
o



B I

130

. Id+¥d= ¥4 ﬁo.o.mo.Hm.az<.:.c.m;-mm_ d1

. . (H4/I4)NvLV= vd
: 01 OL GO (0°0°D3 YY) 41

ﬁm**Hm+m*amm¢acomuqm

g (0°T-)sS0ov=14g

"S33YO3A NI FITONY JLYNIGHO-0) H¥10d 3HI SI vdg

*HLONIT] dLVNIGHO-0D V104 3IHL S1 1d

“LUVYd AYYNIOVWI JLYNIQHO-0D YYINONVYLOAY IHL ST Iy

"LYVd TV¥a¥ ALYNIQHO-0D) YVYINONVLOAY dHL ST Yy

A¥d’1d) 01l(14d’yy) SLYIANOD uMV104

(¥d’1d /I8’ ¥Y) 4y¥T10g ANILnoydns

) : anNg

. © N¥NL3Y

) ﬁo.omﬂ\¢m*Hmumou*qmncm
. ﬁo.oma\qmaHmqum*qmnHm

: . (0°1-)S02v= 14

“LU¥d AHYNIDVWI 3LYNIGHO-0) HYINONVLOZY JHL SI iy
“LYVd Tv3AY FLYNIQHO-0D HYINONYLOAY 3HL ST uy

"S33TYUDAA NI TSNV dLVNIQUO-0D ¥vV10d 3HI SI vd

: "HIONZIT ILVNIAYO-03 H¥10d 3HL SI 14

(Id’¥Y) oL {vd’1d) SLUFAANOD Lo3y

_ o (T¥*¥¥‘vd’14) 1038 INTINONENS

" an3
_ S NYNLIY

. ) JANILNOD

: . £ET OL 09

(I-WN) A-=(T-WN) X

. : . 0°08T+(I-WN)zZ=(I-WN)Z

€1 oL 09

(I-WN)A-=(I-WN)&

Louoovoou

ooooL

01

9t ,



131

o

{uv

I=XVYWI

1°¢=1 0Z o0d

v/ ({DX-{2)x)=(1)m

INNILNOD
0°0=(€’'1}A
0°0=(z'1)A
0°0=(T’'1)A

TIAs (I)WIL=(1)X

(((I)N31)SEV 03T *XVWA) 4T

{({I)N3T) SgY=XVWA ({(IIN3T)S8Y LT 'XVWA) 41

.auqvmu.awqyﬂu.amqvcufﬂmqvx.ﬁmqvm.ANAVsz

21'1=1 01 od
0" 0=XYHA
1-21="1
(0°2)9017v="1v
(0*1-)800v=1d
(21)Yv)(€'005)AD

' (ZT)N3T NOISNIWIQ
CEI'ZI'TICNET vay

HY X371dw0D

.NUw~o.oo.qm>.mm.ﬂmﬁsxx.m.zHB-ZMA.Nquqmooz ANILNOYEns

anN3

N¥NLIY

. I¥="14d

K 0°06+=vd

ST 0L 0O

0°0=14d

0*0=vd

ST Ol 09

14=1d

0°06-=W&d
ET/2T'TT (14) 41
© ST 0l 09
Hm\o.omﬂiamu«m

'13-¥d= vd (0°0°37°I¥°ANV 0°0°3T°HY) 41

01

ST
€t

(A

1T
ot



=

182

. ’ INNILNOD
omHm\Ao.m\Aﬂm.Hv>+AH.HV>VuﬂthU>v*Umo+ﬁvaouAvao
AAHUm*o.mv\ﬁAH~Hv>1ﬁm.Hu>v*Umo+ﬁHvﬂuuﬁHyﬂo

T/ (T I)A-(I)NAT) 280+ (I)00=(I)0D

Z21'1=1 €% oq

£/1=W 5§ 04

! S°T=D40

SL'0-(0°2)501YeS°0=0f1Ig

. INNTLNOD
(E'T'(E'T)A’2D0* 1000’9 X*21) 104713 1IV¥D
(2'1'(2'I)A’22'12'00°9X 21)10d13 TIYD
(T'I(T'I)A‘2D' 10’0078 X 27) 10413 114D
Z1°'T=1 2¥ 0d

INNILNOD

Hldx{(I)02=(I)0D

21'T=1 1y 0ag

({Z'XVWI)A/ (XVYWI)NIT) SEY=HLS

(XYWL’ (Z'XVWIYA‘ZD TD°05°€*X*27) 10413 TIYD
' ANNILNOD
0°0=(1)2>

0*o=(1}10"

(I)NE1=(1)0D
21'1=1 0t oa
2/27=H1

*ONROJ- N3Jd9 FAVH SNOILISOd ONVY HLOIM YIONIJ
0/ (N x-(zT)X)=(217) g

INNILNOD
c.m\ﬁﬂﬂquxsﬁwvaxvnaHum

n/.\.-

eV

6¢

v

197

113

0Z

e

Lo



133

ang
NHNL3d

*dNNOJ N339 SVH WIONIJ HOvd Y04 ISNOdSIH DILSNOIV

\f\\\\)//(\ T ¥ FNNILNOD
° - (THV HYY) XTdWOo=(1) ¥y

& N TI0Ex (1)84(I) 108 TM=T¥YV
ﬁﬂxxﬁﬁnmuﬁonmv«mw;auvm*H3«ﬁvau+ﬁonm*ﬁHvou;qumm¢

/ {¥3I’1000°0°11rE’ T/ 1%) rsaa 711vo

(431°1000°0°10C8’0*1X) CSTE TTVD

TIA/(1)dxTdxIde0*Z=TX

= Z1°1=1 0L oa
: (Td«Ids0°2)lUBS=TM

"J3LNIYd ONV ANNOJ4 N3Zg AAVH SLNIIOIJAI0D

(P°STAL/ST'XS'OHT) IVKYOJ

1

GNNILNOD

dANILNOD

(E'T{E€"I1)A’2D/1D'00%8'X*27) 10413 11vD
AN~H.ﬁm.Hv>.~u.Hu‘oo.m‘xanuaomqm.qq¢u
ﬁﬁ.H.AH.HV>.NU.~u.ou.m-x.mquaomqm 11D
Z1’1=1 1% Od

dNNILNOD

Hlds {M)2o=(M)eD
ULl (M) TO=(A) 1D
g - HLd« (X} 0D=(¥) 0D

i . _ 1 27'1=X 05 0g

) : aﬁm.x<zHu>\ﬁxmsHvzmqumm<umem
ﬂm.xﬁzH.AN.x<sz>.Nu.Hu.ou.m~x-quaomqm 111¥D

0L

Zs
GS

1S

0s



134

anNg

OF OL 0D

0°‘0=58

(S"STIEL'SI*XS0HT) LvWHOd
(G*STHL'SI‘XS’0HT) LVWHOL

: . . i 0L 09
EIs (CITO+EZ T (D) TO+T I (L) 0D+ HA = MA

ir 0L 09
Tex (L) 0D+MA=HA

. 1 OL 09
mHaﬁnvmo+mHaﬁnvHuuﬂH«nnvou+ A= MA

N¥Nn13y

ANNILNOD

. Prier’er (ux) 41
(X8%S"0-0°"T-SE+TIsXHg) xS 0=F1
0°1-88=C1

((S840°1)/0°2) 901V¥=T1
{X9-0"1)Luds=sq

S¥ 0L 09 (070°3T1°9uV)JI

Xg-0"1=94Yy

Txx(UX/(0)a)=Xg

§v’ €v (0°0°D3° uX) 41
(CIX=(AT) Q5 (Z-NI)+(NI)X=¥X

Z1'1=r 1% odQ

(0°Z)901v="1v

. 0°0=YA

(21)22/ (212 (271) 0D° (218’ (Zz1) X NOISNAWIQ
: £I1'21’11 IvY3yH

ﬁszxH-x>.NU‘HU.oU.m~x.qukomqm INILAOYHANS

Sy
s
0s
vy
£y

b

184

oV
Ly

1:24



"133°

~/

B0YUUOYVUTLUUESOO = (§)8N

80V000900 = (€)aN

g0V000500TLO0SS00 = (¢Z)aN

H0r0009000L00T9005500 = (T)gN

d . (S)EN ‘(S)X NOISNIWIQ

- (HaA)HdE87 ANILNOYENS

_ anN3
: o - NYNL3Y
, (SL°6)HIET T11Y¥D
.4// i _ " dANNILNOD
. 861000 - ¥N = VYN
R _ . . V0 - 11X = 1A
y - . 0T'T=1 o1 og
. SL°S = X
9710095000900 = ¥N -
- _ (3so

YHd UVIANIT WOHd NOILVIAZQ LAIHTIE'S LG T’ 0°0* 1-'1¢) H3ALLA1 17v)
(NOILVYZ1QodV LATIHST’SZ T'G*T’ 0°0¢ T1°'GT) H3LLaT 11¥D
. (TR) L1797 3INILNOYENS

. ) . and
’ NUNLAY
(SL°6)HIBT T1IYD

ANNILNOD

P 0-1&% = X

2000000000000 T+¥YN=V¥N

- 01’T=1 01 0OQ

9¢0T0¥¥T0090009005S00 = VN

: s SL°S="1X&

. ﬂonecuHmHummmama:qumscmmm. 2 T'S T/0°’1°'€2) ¥waLLaT TIVD
(NOILVYDIJIDA4dS dSYHAH6T'0S LS T*0°“T**61) HILLA 1V
(TX)37187 INILNOMENS

ot

0t



136

)

L

(Z'sz*6's°L)
(z'sZ2°6‘5°1)
(z’gL*s’s 1)
(z'st°8's L)
{z’cz 8’5 L)
(z'6Z°8'S°1)
(¢'sL°L's°1)
(z'GL*6'6°1)
(2'sL*6°'S°L)
(¢'sL L's* L)
{e'6L 2’6" 1)
(Z'SL°T'G°1)
(z2’sL°5'5°1)
(2'sL"5'6"¢)
(2’6 15" ¢)
(€'6L"1'6° 1)
(Z‘S°01'9°9)
(€‘0°0'9°8)
(z’s*01‘0°0)

(€‘0°0‘0"0)

L07d 7IvD
L01d 11VD
L0Td 11vD
1071d 11vD
L0Td 11vD
LO1d 717VD
101d T11YD
101d TIVD
L01d T11vD
10714 11vD
L01d 11V
1071d 11VD
L0’1d T1IV¥D
LO1d TIYD
L071d 17VD
101d TIVD
L101d T11¥D
101d 1IVD
L01d TI¥D

LO1d T1TIVD .

N=N

(N)EL1d 3INIINOHAans

N3
NHNL3Y
dNNILNOD

T°0+(¥) A=9dX
S'I=X 0Z 0dq

g0900=D0N
GL76 = (G)A
526 = (V)&
5L°8 = (€)A
GZ'e = (Z)A
st*L = (1)

mcvocomOCOhoonocmmoo = mmwmz

0z



137

et

(I)N3T40°24G°* Y=
1'T=1 ¢1 0g
‘0°L)L07d 11v¥D
‘G L)L01d T1IVD
’S$*L)1071d - T1vD
‘0°t)101d 11IVD
‘0°L)1014 11vD
‘S°1YL01d T11v¥D
‘0°2)101d 711vD
‘0°2)1L01d 1IvD
S*1)101d4 T11¥D
S°T)L01d T1I¥D
S°8)101d 71vD
(£'8°01’5°8)101d T1VvD
(2'S*0T’0°0)1071d T1IVD
(€0°070°0)1201d 17Y¥D

N3 1v3yd
(TIN3T’ (TI)WIL NOISNIWIA "
(T'NIT'WIL)LAILIE INILOOHENS

N T e oy pmy a, p—
NMIONNONNN MO

GN3
NYNL3IY
(E€'SL°T*S°T) LOId T11IVD
. 3NNILNOD 102
(T'V&'y°1) 101d 1IvD .
(€E'¥A‘S°1) 101d 1IvD
SL'T+V 041 = VA
01’1 = 1 10Z OQ
ANNILNOD poe
(¢'69°8'vX) 1014 71vd
(€£68°8/¥X) 101d T1IvD
(2'S6°T/yX) 1014 T11vD
(€76L°T4vX) 1074 T1vD
S*T149°0x1 = WX
0T’T = 1 Goz oq ,



F

(XYWZ NLIWZ*XVWX*NIWX 0Z°GX*3IVOSZ*3TVISX)NILId 11VD
m . ’ . ‘ JNNILNOD
({T+D A (T+I)X* (1)K (1) X)NTLTId TIYD

) N’T=I 0T 0g
C{XYWATNIWA/XVHX'NIWX ‘0K OX’3TVOSA‘ATIVISK) NILId 11VD

. 0°0pS+=XVWZ

_ ) 0° T=XVWX

' . . (ZN) X=XVWX
0°0VS-=NIWZ

o 0° T~-=NIKA

_ . (1) X=NIwnX

fo o : dIVOSZ4GL"8-=02

dIVOSAxSGL €E-=CX

. 3TVDSXsG " T-=0X
S = , . 0°'0¥S=47VISZ
S°0=37TYISk

0°9/({T)X-(2ZN)} X)=31VvDSX

- . T-N=HK

T-ZN=N

o . (SL°6) 1181 T1IVD
_ . (eZ1)8L1d T17VD
: (ZN)Z’ (ZN)A' (ZN)X NOISNAWIQ
(Z'A'X'ZN) LdaL18 INILAOHENS

. anN3

: : NunL3ay

: . . : (E-'0°0'0'2T)101d TIYD
’ i INNILNOD
(2'AX)103d 11vD

(€'X'0°L)L01d T11v¥D

0T 0L 09

(2'A'X)101d T11v¥D

. (£'X'0°2)107d 11VD

1T 0L 6D (070°271° (1)N31) J1

0°Z+0 " 9 (({DIWIL-(TIWIL) /((T)WIL-CI)WIL) ) =A

01

0t

1T



139

(980’ (1+1)0344/ved’ (I) 03U} NILTd TIVD

0°00T-=98d (0°00T-°l1°8€9d) 41

: 0°00T~=vEd (0°00T-°l7°vad) 41

- . . (1+1)ag=gaq
: : (1)9a=vega

o -~ W'T=1 0¢ oOa
.ﬁxxz»~sz».x«zx.szx~o>.ox.mq<umm.mq<umxvzwaqm 1Y
. ) G°00T+=XVHWA

T°001~ = NIWA

JTYISAeSL° G~ = 0K

. 0°'GZT = 3TIVISK

ANNILNOD

({1+1)93ad " ’(1+1)03ud‘ (1)03a * (I1)03¥d)NIL1d 1TYD
W'Tl=I 09 0Q
ﬁx<zy.zmsw.xizx.zuxx~om.ox~mq<om>~chumxvzHeqm 119D

‘ T-N=W
T°08T+ = XVWA

(N)D3HI = XVYWX

- “; T°UBT- = NIWA

p Jdd-(1)034d = NIWX

g JIVOSR » SL°3~ = OX

(1)03YI+3TVYOSX 5 §° 1~ = OX

0°08T7 = 3TVYOSA-

0°9/(3a-(1)0344-(N)D3YI) = FTV¥IS¥
{1-N) /7 ({1)03aud-(N)D3UI) =44
(N)23Q’ (N)ga‘ (N) D383 NOISNIWIQ

- : ' (93080 ’034a ‘' N)DYALTd INILNOoYEns

and

NY¥nL3Y

(E-40°0'0'21) 1014 11vD

INNILNOD

((T+I) 2 (T+1) X’ (1) 2’ (1) X)NIL1d TIVD
.. N'1=I 0z oa

69

oz



140

Ty

¥ , ang
) NYNL3y
(€-‘0°0‘0°21)101d 17vD
{sL°s)a181 11v¥D
(N)E118 T11VvD
ANNTINDD

n/



ol

N | ‘APPENDIX v
‘TAPEJOB

The following 1s a listing Of the programme TAPEJOB which
generates the cutting instructions in" the format rqquires by_the qask
cutting facility of Waterloo. It is written in FORTRAN IV and ‘operates
under the NOS ayétem for CDC-6000 ooﬁputer'aystema. System libraries
used are: | .

(1) -PLOTVER - Versatec plotting library package

TAPES is- the information from TAPE2 or TAPE20 that results from SAWOPT .

or SAHINIT

TAPE7 is the cutting instruction file. . . ;

11 | ‘ ~
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APPENDIX VI

FABRICATION OF FILTERS

Once an -acoceptable design for a receiving and a transmittiné
tranéducer had been obtainec‘i,. the programe'TAPEJOB generated the
outting‘ instructions in the proper format and stored these 1lnst.ructions
Aas a file on the system mass storage. These files were accessed through
-8 facility of the Canadian Insitute of Matal Working which translated
the instructions onto paper tape. The paper tape was then taken to the
University of Waterloo where the Rubylith master mask was cut for each ‘
transducer at 80x scale.

After peeling the Rubylith, the masks were taken i:o Hughes-Owens
Reproduction Department 1n‘Hamilton where‘a k:1 reduction was done of
each mask giving a 20x negative transparency. *

These transparencies Here. then assembled along withrtt}‘e multi-
strip coupler on a %0 om x 25 om master filter mask here at McMastar,
This mask was tﬁen reduced 20:1 to give the final'positive.mask en a
Kodak 5 ecm x 5 em high resolution plate The camera system (in the
McMaster Electrical Engineering Department) is an HLC Microkon 1500
Microphotography Camer'a ‘system that has- a reaolution at 200 1line
pairs/mm. and a 2.5 om square lmage area. |

Having produced the final po'sitive mask, . it now remains to
prepare the substrate. The lithium niobaﬁe (L:LRBO3) substrates which
are 2.5 em in thg'z-direction and 1.25 om in thé_x-direction are
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prepared as follows:

(1}
(2)
(3)
(4)
(5)
(6)

(7

(8)

(9)

(10)

(113

(12)

18

scrub in trichloroethylene using cotton swabs for 2 minutes.
rinse with trichloroethylene. .

scrub in acétdne with cott§n swabs for 2 minutes.

rinse with acetone. |

serub in distilled water with cotton swabs for 2 minutes..
rinse with distilled water.

place on vacuum chuck of Heédway Research Inc. Model EC101
spinner, spin at 6000 rpm and rinse substrates with'pure filtered
methyi— or ethylééicohol for two minuté;. |
place in clean-covered petri dish and bake in oven at 850 C for
15 minutes. ‘ |

inspect under microscope for surface :contamination and repeat

steps (1) through (8) ir necessary (NOTE: all the above steps

are done on a clean air bench in as dustfree an environment as is

.possible}.

v

£
if the substrate(s) are acceptably clean then they are placed in

1

an Edwards Model 1283/1670 coating unit and are subjected to

-ionie (argon) cleaning at as low an atmosphere as is required to

maintain ionization for 15 minutes.

then approximately 3000 to 5000 ﬁ of aluminum is evaporated onto
the sﬁbstrate surface using tungsten filament sources. The
deposition rate is not critical since aluminum adheres well to
lithiun niobate, —~

allow the coated substrates to thoroﬁghly cool in the evaporator’

-



{y

’ . 11‘9 —

(4 hrs), then remove the substrates ‘via %olean. covered petri
‘dishes back to the ciean air bench with.the Headway spinner.

(13) place metallized substrate on vacuum chuck and sbin at 6006 rpm

ahd rinse su;faée with pure filtered methyl- or ethyl-alcohol anq

apin dry for 2 minuh. . |

(14) stop spinner and cbver surfacé with filtered Shipley AZ-13508
positive working photo reéist, then spin at 6000 rpm for 2
minutes.

(15) place resist covered substrates in petri dish and bake at 8509
for 15 minutes.

{16) the substrates are now ready to be exposed. Place final mask
with the emulsion side down on top of the resist covered‘
substrate us{ng.the 2.5 em x 1.25 om master maﬁk outline for
alignment with substraﬁe edges.

(17) expose to UV light soﬁrce for 1 minute.

(18) place exposed substrate in Shipley AZ develOpgr and observe

/

development (without agitation)} until all exposed'}esist has been
dissolved.. o : . : \\\_///’/

(19) rinse substrate with distilled water. :

(20) place sgbatrate in acid etch composed of 25 parts phosphoric acid
(HBPOHJ' 5 parts acetic_acid (CZHHO3)‘and 1 part nitric acid
(HN03). ‘Obabrve etching through microscope. Remove when etching
#s.complete.

.(21)7 rinse substrate with water and then remove unexposed photo resist

with acetone.



(22)
(23)

(24)

(25)
(26)

.use RTV as acoustic absorber at ends of acoustic paths.

150

rinse with distilled water and blow dry with.dry nitrogen.

using RTV silicone based adhesive, glue 'substrate to 2.5 cm x
1.25 cn Tekform butterfly package. _
using Kulicke and Soffa model 472 ultra-sonic bonder, Bond rail

connéctionsrto appropriate pin oconneotions of case.

test devige.



(1]

(2]

[31

(4]

(51

(61

(7]

(8]

(9]
£19]

(11]

REFERENCES

-G.W. Farnell and E.L. Adler, "An overview of acoustic

surface-wave technology", Final Report to Communications Research
Centre on DSS Contract 36001-3-4406, August 12, 1974,

B.A. Auld, "Acoustic fields and waves in solids", Vol. I and Vol.
II, John Wiley and Sons, New, York, N.Y., 1973.

J.P. Reilly, "Realization of -arbitrary frequegney responses using
surface acoustic wave devices", M.Eng. Thesis, McMaster
University, Hamilton, Ontario, Canada, January 1977.

D.H. Hurlburt, “The philosophy. and design of surface acoustic
wave filters", RCA Engineer, 19, 6, April/May 1974.

M.H. El-Diwany, "Surface acoustic wave bandpass filter synthesis

and design", M.Eng. Thesis, McMa er University, Hamilton,
Ontario, Canada, May 1975.

G.R. Nudd, M. Waldner and R.L. Zimmeﬁman, "Design of unapodized
surface-wave transducers with spectral weighting", IEEE
Transactions on Microwave Theory .and Techniques, Vol. MIT-22, No.
1, Jan. 1974, pp. 25-32. '
-

H. Engan} "Series-vweighting %b;-sqrface acoustic wave
transducers", 1974 Ultrasonic Sympdsium Proceedings, IEEE Cat.
#74 CHO 896-15U, pp. U22-42y,

K.R. Laker, E. Cohen and A.dJ. Slobodnik, "Electric field
ineractions within finite arrays and the design of withdrawal of
welghted SAW filters of fundamental and higher harmonies", 197@

Ultrasonics Symposium Proceedings, IEEE Cat. #76 CH 1120-55H, pp.
317-32i. : -

ALV, Oppenheim and R.W.S Schater, "Digital signal processing",
‘rentice Hall, Ine., Englewood Cliffs, N.J., 1975,

3. Haykin, "Communications systems", John Wiley and Sons, New
York, d.Y,, 1978.

J.P. Reilly, C.K. Campbell and M.S. Suthers, "The design of SAW
bandpass filters exhibiting arbitrary phase and amplitude
response characteristies", IEEE Trapsactions opn Sonics and
Ultrasonics, Vol. SU-24, No. 5, September 1877, pp. 301-305.

151

-

»



(12]
[13]

- 4]

[15]

6l

(171

(18]

(i9]

(201

152

L)

R.F. Mitchell and D.W. Parker, "Synthesis of acoustic-surfaoe-

wave filters using double electrodes", Electronic Letters, 1974,

10, p. 512.

R. LaRosa and S.J.. Kerbel, "Synthesis of transfer functions by
parallel-channel SAW filter banks", 1976 Ultrasonics Symposium

~ Proceedings, IEEE Cat. #76 CH 1120-55U, pp. 322-327.

R.L. Miller and A.J. DeVries, "A simple building block method for

design of SAW filters having nonlinear phase respense®™; 1976
Ultrasonics Symposium Proceedings, IEEE Cat. #76 CH 1120-5S8U, pp.

553-557.

T.J. Boege, G. Chae and W.S. Drammond, "Design of arbitrary phase
and amplitude characteristics in SAW filters"” ,s 1976 Ultrasonies
Symposium Proceedings, IEEE Cat. #76 CH 1120-58U, pp. 313-316.

R.F. Mitchell, "Surface acoustic wave transversal filters: their
use and limitations™, IEE Conf. Publ. 109, 1973, pp. 130-140,

A} .
E.0. Brigham and R.E. Morrow, "The fast Fourier transform", IEEE
Spectrumy Dec. 1967, pp. 63-70. °

H. Skeie and Ronnekleivu "Electrostatic meighbour and end effects
in weighted surface wave transducers", 1976 Ultrasoniocs Symposium
Proceedings, IEEE Cat. #76 CH 1120-53U, pp. 540-542.

E, Halten, “Elektﬁicitetslara", Stockholm, Sweden, 19%@, Pp.
56-59. ' '

F.Jd, Harris, "On the use of windows for harmonic analysis.wifh
the discrete Fourier transform", Progeedings of the IEEE, Vol.
66, No. 1, Jan. 1973, pp. 51-83.

J. Zucker, "Surface acoustic wave devices", GTE Laboratories
Profile, Two / 1974,

J. Papay, "Private communication®, Electrohome Ltd., Kitchener,
Ont., Canada, 1976.

S.tt, Zelby, "3tandard math tables", The Chemical Rubber Cbmpany,
HRFEMN
d.r. Ipisgel, "Mathematical Handbook of Formulas and. Tables",

Schaum's Outline Series, MeGraw Hill Co., New York, N.Y., 1968.



